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Abstract

This thesis is devoted to search for heavy, neutral, supersymmiet
Higgs particles H and A in the HA ! ! + hadrons + X decay
channel at the CMS detector. Standard selection procedureased
on consecutive cuts on basic physics objects, has been implerednt
within the object oriented framework for the physics analysisf the
CMS experiment. Full detector simulation and reconstructionsoft-
ware was used to determine the CMS detector discovery reach imet
< ma;tan( ) > plane for 20 fb ! integrated luminosity (one year with
low LHC accelerator luminosity) for the representative choicef the
MSSM parameters.

Various detector systematics e ects, in particular those arisign from
uncertainty on the absolute calorimetry energy scale, were viesti-
gated.

Analysis of agreement between the Next to Leading Order calctilens
for the gg! bbH production and PYTHIA used for the simulation
was examined.

A method for estimating the tagging e ciency from the experimen-
tal data was developed.
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Chapter 1

Introduction

The Standard Model (SM) of elementary particles describestaractions between
elementary fermions: quarks and leptons. The SM is a quantum le theory
with the underlying SU(3)c SU(2). U(1)y gauge symmetryml[ZBS]. The
forces are carried by the gauge bosons: massless gluons for thengtiioterac-
tion preserving the SU(3} symmetry, massive W (my = 80:4 GeV=c?) and Z°
(mz = 91:2 GeV=c?) bosons for the broken electroweak symmetry SU(2) U(1)y
and the massless photon for the U(%) remaining after breaking the SU(2)
U(1)y symmetry. Precise experimental tests performed in the last deses of the
XX century show perfect agreement with the predictions of the SMrhe only
uncon rmed element of the SM is the mechanism of breaking of ¢helectroweak
(EW) symmetry group.

The most popular realisation of the EW symmetry breaking is spoaheous
symmetry breaking (SSB), with the Higgs mechanism, which is resed by the
vacuum expectation value (VEV) of a new eld, the Higgs eld. TheHiggs
mechanism will not be described in the detail here, since it wagmained in many
articles and textbooks, e.gf[éf; 5]. The Higgs mechanism leadsmassive Z and W
bosons and the massless photon. Also fermions acquire mass by intgoa with
the Higgs eld. In the minimal theory there is also at least one ne particle { the
Higgs particle which is elementary massive scalar particle. Inare complicated
theories there can be more Higgs elds, like in the two Higgs dolgh (2HD)
model, where there are 5 physical Higgs bosons:,h, and h .

There are also other models explaining the symmetry breakinlike the tech-
nicolor, which uses dynamical symmetry breakin&[6], or intducing additional,
warped, spatial dimensionsﬂ?]. Although all above mentioned adels explain
the EW symmetry breaking they have another phenomenologicptoblems which
make them less plausible than the Higgs mechanism.



1. INTRODUCTION

Even assuming Higgs mechanism, the SM does not give answers to many
important questions, which include:

the mass hierarchy - the Higgs mechanism does not explain the maakies
the scale of neutrinos masg[S]

the hierarchy problem E9]

too small CP violation for bariogenesi([lO]

no candidate for dark matter ﬁlZ]

The theory which solves most of the listed problems is supersymme(SUSY).
SUSY introduces a symmetry between fermions and bosons, whichde to pre-
diction of existence of many new patrticles called supersymmietpartners of the
SM patrticles. In the minimal supersymmetric extension of the statard model
(MSSM) the Higgs sector contains ve physical Higgs bosons; i; A; H . The
new, SUSY, particles were directly searched at LEPE[lS] and asearched at
Tevatron @] with negative results setting only upper limitson searched parti-
cles masses.

The Large Hadron Collider (LHC), being build at the CERN, Genevas aimed
mainly at search for the SUSY particles, in particular Higgs bos@n There will
be ve experiments working by the LHC accelerator: two of gemal purpose:
A Toroidal LHC ApparatuS (ATLAS), Compact Muon Solenoid (CMS), and three
dedicated experiments: A Large lon Collider Experiment (ALIE), LHCb and
Total Cross Section, Elastic Scattering and Di raction Dissodtion at the LHC
(TOTEM).

This thesis describes the CMS experiment discovery potential the specic
H/A decay channel for the pair: one decaying into hadrons (latter referred as

jet) and neutrinos, the other one into and neutrinos. Previously established
criteria H5] have been implemented within the latest full CN® reconstruction
software ‘[16] and optimized where needed. Events were simeldtwith the full
detector simulation [1 ;ES].

The thesis is organized as follows: in the Chapter 2 descriptiaf the MSSM
model is presented, in the Chapter 3 the cross section predici®for the signal
and background processes are described. The CMS detector andibaeconstruc-
tion algorithms are presented in the Chapter 4. In the Chaptebl the simulation
process in explained. In the Chapter/6 analysis details are gented. The analysis
results and conclusions are described in Chapters 7 and 8.



In the Appendix |Al comparison of the kinematic variables for bH between
leading order (LO) implemented in the PYTHIA program used for tle generation
of the signal events and next-to-leading order (NLO) results igresented. In the
Appendix B the special b events normalisation is explained. Integrated distri-
butions of the selection variables for all considered processee presented in the
Appendix C. In the Appendix D integrated distributions of the seéction vari-
ables after each o ine selection cut for the signal events witlm, = 200 GeV=c?,
and tt background events are showed. The plots used for the selecsotiresh-
olds optimization are presented in the Appendix E. The tables ih the selection
e ciencies at the trigger and o ine steps are presented in the Apendix F. The
study on the estimation of the tagging e ciency from the data for the Z !
events is presented in the Appendix G. This study is important fiothe validation
of the Monte Carlo (MC) procedures used for AH ! analysis.

The author is a member of the CMS collaboration. He is workingnithe War-
saw CMS Group involved in the resistive plate chamber (RPC) triger project.
Author's responsibility was implementation and maintenancefahe RPC trigger
simulation in the CMS reconstruction software. The author's ow contribution
to the thesis consists in implementation of the trigger based on pixel hits in
the latest CMS software, analysis described in Chapter 6, predion and partial
simulation of the Monte Carlo events, described in the Chapter,5and studies
described in the Appendixes.

The contents of the Chapter 6 and Appendixes B { F were publisheds a
CMS Note [19], the Appendix A was published as a part of the summargport
of the Les Houches physics at TeV colliders 2005 workshop [20heTAppendix G
was published as a CMS Note [21].



Chapter 2

Minimal Supersymmetric
Standard Model

2.1 Overview

The SU(3): SU(2). U(1)y gauge symmetry of the SM is spontaneously broken
to the SU(B): U(1)em group by introducing the elementary scalar elds (the
Higgs elds), which posses a non zero vacuum expectation value (VEv. The
couplings (¢+) of Higgs elds (H) to all the particles of the Standard Model
are proportional to the mass (s ) of the particle (f and f). Therefore ;ffH
interaction terms lead to fermions mass terms; f f for the Higgs eld acquiring
the VEV. The quantum loop corrections for any elementary scalaeld in the
quantum eld theory are proportional to the square of the cutoscale 2,,. The

&\ is usually de ned as the scale up to which the model is valid. Irhe case of
the Standard Model, the next physical scale above the electreak scale mz =
91 Ge\=c? is the Planck scale:Mp = ~c=Guewton = 1:2 10" GeV=c?. The
very large ratio of the two scales is known as the \hierarchy pblem". One of its
manifestations is a very large loop correction to the Higgs basonass parameter
mZ. This shows that the SM is only a low energy e ective model, wbh is
valid up to the  TeV energy scale. Above this scale a \new physics" should
be introduced to avoid the hierarchy problem. One of the mostheoretically
successful models beyond the SM is the supersymmetry (SUSY).

Supersymmetric models possesses additional, internal symmetsich trans-

forms the fermions into bosons and the opposite:

Qjfermion > = jboson >; Qboson >= jfermion > (2.2)

where theQ is a supersymmetry transformation generator. Th€) is a fermionic
object, which satis es the following commutation and anticormutation relations
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with the momentum operatorsP :

fQ:Qlg=2 P (2.2)
fQ;Qg=fQ”,Q%g=0 (2.3)
[P;Ql= P ;Q =0 (2.4)

Since theQ changes the spin of the particle it generates multiplets pofated by
both fermions and bosons. Such a multiplet is called supermultiplet Particles
which belong to one supermultiplet are called theuperpartners The superpart-
ners have the same mass. The mass equality emerges from the conatiom
relation (Eq. 2.4). Since if theP commutates with Q and QY, also the (mass)
operator, P2, does.

The loop corrections to the Higgs boson mass parameter arisingtr loop

diagrams like the one shown in Figure 2.1 lead to the correctis given by the
Eq. 2.5 [22; 23].

2 — J fj2 2 2 uv 2 1
Mk = 152 2 Gy +12mfin e dms + O E (2.5)

In SUSY there are also contributions from the loops where the seppartner of
massms and coupling s is exchanged (Fig. 2.2). The contribution from these
diagrams is [23]:

2

2 - ) 2 2 uv S .2 1
mg = —— 2msIn ——  + v-1l 2n — +0 —/—
H 16 2 uv S Ms 16 2 Ms l2JV
(2.6)
The two contributions cancel in the case whef (j> = s, Mg = M;, g =

Figure 2.1: Fermion loop correction to the Higgs boson propaiga.

2m?=v?, and if there are two scalar particles for each fermion. Thisiexactly
the case for the SUSY with the Higgs EW breaking mechanism. In thatase
the couplings and masses are forced to be the same by the supersyimyné&he
couplings are proportional to the particle mass due to the Higgmechanism.

If the supersymmetry is a symmetry of nature there should exist suggartners
for all known SM particles. The electron should have a bosonic paer of the
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Figure 2.2: Scalar loop corrections to the Higgs boson propaga

same mass, but with an integer spin. No such particles are known, teéore
either the supersymmetry is broken, or it is not realised at allThroughout this
thesis the former scenario will be assumed. Below the particlentent of the
Minimal Supersymmetric extension of the Standard Model (MSSMthe Higgs
mechanism in the MSSM, and the SUSY breaking are summarized.

2.2 Particle content of the MSSM

It can be easily shown, that in the supermultiplets the number ofermionic (ng)
and the bosonic (ig) degrees of freedom are equatg = ng. Each Weyl fermion
corresponds to two degrees of freedoms: the left and right lodty, therefore the
multiplet contains two, complex, boson elds for each fermio. By the convention
the bosonic partners of the left handed fermions are labeleg b, and partners of
the right handed fermion are labeled by R, e.ge +ex. The multiplets containing
the chiral fermions are called the chiral multiplets, the mulplets containing the
gauge bosons are called the gauge multiplets. The chiral mplits of the MSSM
model are listed in Table 2.1, and the gauge multiplets are listl in Table 2.2.
In the MSSM there are two, complex, Higgs elds, which are partfahe Higgs
chiral multiplet (see below).

2.3 Higgs sector in MSSM

The supersymmetric models require at least two complex Higgs duats. This
requirement arises from the conditions for the gauge anomedi cancellation. The
sum of the third powers of the hypercharge for all the Weyl eld must vanish:
Tr[Y3] = 0. This condition is satis ed for Standard Model particles, herefore is
is also valid for their superpartners. The fermionic partnersfdhe gauge bosons
have O hypercharge (Tab. 2.2). The Higgs doublet must be a weadodoublet
with Y = 1=2 (Tab. 2.1) and the fermionic Higgs partners, the Higgsinos, have
the same hypercharges. To keep thBr[Y 3] = 0 one has to have two Higgs elds
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Table 2.1: Contents of the chiral multiplets of the MSSM. On} one generation
for the leptons and quarks is shown. Transformation properteeunder all gauge
groups of the SM are presented. The weak hypercharge is exprédsgethe nor-
malisation, whereQgy = T3+ Y All chiral elds are presented as a left handed
Weyl fermions [24].

| Names | spin 0 | spin 1/2 | charge SU(3}, SU(2)., Uy |
squarks, quarks | Q | (t di) | (u. d.) (3.2,
(3 families) u by u’, (31, %
d d, a (3.1,3)
sleptons, leptons| L | (~e€) ( e) 1.2, 3)
(3 families) e e el (1,1,2)
Higgs, higgsinos| H, | (HIHY) | (A HY) (1,2,+3)
Ha | (HaHg) | (HgHy) 1.2, 3)

Table 2.2: Contents of the gauge multiplets of the MSSM modg24].

| Names | spin 1/2 | spin1 | charge SU(3}, SU(2)., Uy |
gluino, gluon g g (8,1,0)
winos, W bosons W ; W° | w ; W° (1,3,0)
bino, B boson B0 BO (1,1,0)

with opposite hypercharges. The two Higgs elds are denoted Wy, { the eld
coupling exclusively to the up-type fermions andHq { the eld coupling only to
the down-type fermions. After the minimization of the Higgs patntial the two
Higgs elds acquire the vacuum expectation values:

1 Vg 1 0
<Hg4>= p= ; <H, >= p= 2.7
d p_z 0 u p_2 vy ( )

The v, and v4 are vacuum expectations values, with the chosen normalizatio
= (246 GeV=c?)2.
The interaction basis needs to be rotated to diagonalize the ass matrix of

= /2 2 — —
V=Vt vi=4my =

the Higgs elds. After the rotation, one obtains ve physical Higg bosons out of
total 2 4 = 8 degrees of freedom for two complex doublet elds (the remming
three degrees of freedom are the Goldstone bosons absorbed asldhgitudinal
components of the massive gauge bosons Vdnd 2°):
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two charged Higgs bosons:

H = H,sin( )+ H, cos() (2.8)

one CP-odd Higgs boson:

A= pé[lm(Hg)sin( )+ Im (H?) cos( )] (2.9)

and two CP-even Higgs bosons, with the lighter denoted by h:

h= [pé Re(HY)  vq]sin( )+[p§ Re(H) vy]cos();
H =[p§ Re(H?) vd]cos()+[p§ Re(HY) wlsin( ) (2.10)

The sin( ) is the sine of the diagonalisation angle for the mass matrix fone neu-
tral, CP-even Higgs bosons. The tan() is de ned as the ratio of the expectation
values of two Higgs elds: tan() = :’,—z

Due to the supersymmetric constrains, the self interaction of theliggs par-
ticles are expressed in terms of the gauge couplings. Therefatehe tree level,
the Higgs sector can be described by two parameters only. Usualllge tan( )
and the m, are chosen. All other masses and couplings are functions of these t

parameters, in particular the masses of other Higgs bosons can bxeressed as:

mZ3 = mj + mj, (2.11)

1 q
My = S(Ma+ms (M + m3)2 4mZms cod(2 )) (2.12)
In the limit of large CP-odd Higgs bosorm,  m; the expressions for the masses
simplify to:

m2 = m3 co$(2 ) (2.13)

m2 = m2 + m2si?(2 ) (2.14)

It is important to stress that only at the tree level the light Higgs boson mass is
bounded by the Z mass (Eq. 2.13). There are relatively largedmtive corrections
from top and stop loops, which move this mass to the level 0f130 Ge\=c? [5].
The masses squared of the heavy neutral Higgs bosons A and H di erdyactor of
order of [72 sin(2 )]? (Eq. 2.14), which is only 15 10 2 for ma = 150 GeV=c?,
and tan( ) = 10. This makes the two Higgs bosons almost degenerate in mass.
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The couplings of the neutral Higgs bosons to the down-type ferams, relative
to the SM Higgs boson couplinggsy = gZFrE—‘W, can be expressed as [5]:

hbb(orh * ): 0 =gjn( ) tan  cos( ) (2.15)

cos

Hbb(orH * ): <5 =cos( )+tan  sin( ) (2.16)

cos

Abb(or A ¥ ): stan (2.17)

The couplings to the up-type fermions are:

htt: &> = sin( )+cot  cos( ) (2.18)
Htt: 35— =cos( ) cot sin( ) (2.19)
Att : 5 Cot (2.20)
Figure 2.3 shows the cG$ ) as a function of them, for relatively large
tan( ) = 30. The cog( ) is less than 102, for my 150 Ge\~c?, therefore
sin( ) becomes of order of 1, and the couplings can be simpli ed togtform
of:
hbb(orh * ) ' sin( )1 (2.21)
Hbb(orH © ) ' tan sin( )' tan (2.22)
htt ' sin( )1 (2.23)
Htt ' cot sin( )" cot (2.24)
100 N M A A
o L 5
= 107° —
=
8 1073 = ang=30 E
F Mg=1 TeV
4 pu=-200 GeV
10 ? maximal mixing (——)
] minimal mixing (————-— ) N
10-5 Lol v 0 v
70 100 200 300
m, (GeV)

Figure 2.3: The co¥( ) as a function of them,, for the tan( ) = 30.
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The couplings of the lighter, neutral, Higgs boson are almost ¢hsame as the
couplings of the SM Higgs boson foran( ) 10, andma 150 Ge\=c? (the
\decoupling limit").

The couplings of the heavy neutral Higgs bosons to b quarks andeptons are
enhanced with large tan( ), which makes the associatetbH=A production, with
subsequent decay to lepton pair, a possibly promising discovery channel. More
detailed discussion of the production cross section will be dorme Chapter 3.

2.4 Supersymmetry breaking

Negative result of the current search for the supersymmetric parérs of ordinary
particles, prove that the supersymmetry is broken, or is not réiaed in nature.
Adding supersymmetry breaking terms to the lagrangian will ledin particular
to the mass dierence of the particles belonging to the same supaultiplet.
Therefore, the superpartners of know particles can be madeawy enough to
escape direct and indirect search in current energy and preosirange.

Breaking of the supersymmetry can lead to dierences of the massand
couplings of scalar and fermion members of multiplets. The dégrence in couplings
will lead to large, quadratic, corrections to the Higgs mass (g 2.25),

= gas i A0 By (2.25)

which will lead to the hierarchy problem. In the case when theouplings remain
the same, but masses di er, only logarithmic corrections remai(Eq. 2.26).

1
m3 = mZ, Wln( uv =Msoft ) + o (2.26)

The mgy determines the mass splitting between scalar and fermionic paers
induced by additional, supersymmetry breaking, terms in lagingian. The lat-
ter pattern of the supersymmetry breaking is called a \soft" braking. It can
be achieved by adding SUSY breaking terms to SUSY preserving fdaggian
(Eq. 2.27).
L = Lsusy *+ Lsott (2.27)
The L part can only contain mass terms and couplings with positive nsa
dimension (Eq. 2.28).
La= SMa ® f+cg (M) 1 GB +zat e (229

The M, are ¢; W and B gaugino masses,noz)} and bl are the squares of the
scalars masses ana@® are trilinear scalar couplings. Since all the parameters are

10
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complex, and in general not related to known parameters of ¢hSM, L s, part of
the MSSM lagrangian introduces over 100 new parameters.

To include precise experimental constraints, in particular awunt of the CP
violation [25], and large avor changing neutral currents FCNC) [26; 27] a num-
ber of assumptions are done for the parameters of the,;. Usually it is assumed
that [28]:

squark and slepton mass matrices are avor-blind, this is are pportional
to unit 3 3 matrix in the avour space, e.g.m3 = mg 1z 3;

scalar trilinear couplings, are proportional to Yukawa matrces of the SM,
e.g..ay = Ay Yu, Wherea, is coupling matrix in term oa, QH,, andy, is
Yukawa matrix for the up-type quarks;

it is assumed that masses of the gauginos, arg parameters are either real
or pure imaginary.

There is a number of speci ¢ supersymmetry breaking scenarios. @most
popular are the gauge (GMSB) [29; 30], and gravity mediate®]; 32] super-
symmetry breaking. Most of the supersymmetry breaking scenari¢ésad to the
similar parameters pattern, as described above. Although the aohanism of the
supersymmetry breaking is important, the speci c MSSM paramet set can be
used without specifying the supersymmetry breaking scenario.

In this thesis, a parameter set, the so called \maxn, scenario” [33], leading
to the conservative bounds on the tan() for given values of the top quark mass
and the mass scale of supersymmetric particles was used [34; 33je Tmax my
scenario” was used for the exclusion limits for the MSSM Higgs baossearches
at LEP [1; 36], and Tevatron [37; 38]. The parameters of the \ax m;, scenario”
are reported below:

m; = 175 GeV=c? (2.29)
Msyusy = 1000 GeV=¢ (2.30)
= 200 GeV=c¢? (2.31)
_ 5sirf( w)
T 3co(w) - (2:32)
M, = 200 GeV=c? (2.33)
Mg = 800 GeV=c (2.34)
X2%(= A,  cot( ))=2000 GeV=? (2.35)
Ap = A, (2.36)

11
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In this scenario, all soft supersymmetry breaking scalar masses aqual to
Msusy. The masses of the SU(2) gauginos are set IW,, gluino masses are
set by Mg, and the SU(1) gaugino masse$/,, are set by the Grand Uni cation
Theory (GUT) relation, Eq. 2.32 [28]. The scalar trilinear coplings of stop and
sbottom squarks are set by requiring thatX °°(= A, cot( ))=2 Msysy.
For this special value of theX; parameter the mass of the lightest, neutral, scalar
Higgs boson h is maximized when the other SUSY parameters xedh@& are two
remaining free parameters describing the Higgs sector: the pdescalar mass
ma, and tan( ). The nal discovery reach will be plotted as a function of thee
two parameters in Chapter 7.

The dominant SUSY loop corrections to the Higgs bosons couplstp down-
type leptons are sensitive to the Higgsino mass parameter[35]. These correc-
tions a ect the associated productiongg ! bbH cross section, and the decay
H ! width. The corrections become large for large tan() and j j. The dis-
covery reach will be plotted for several, representative, uas of the parameter.

12



Chapter 3

Cross sections predictions

3.1 Signal cross section calculations

In this thesis the H=A! + hadrons + X process is analyzed. The hadrons
coming from the decay will be denoted here as jet. Due to the small H-A
bosons mass di erence, the contributions from the two Higgs base are added.
Higgs boson production from gluon and quark annihilation, bat with (Fig. 3.1)
and without (Fig. 3.2) associated b quark pair have been consiggl. The main
contribution comes from thegg! bbH=A process. The contribution from the
qq! bbH=A is negligible: Egg,' EEE; 10 4. For large tan( ) the cross section
for gg! H is a few times smaller than (gg! bbH). Also the events produced

without the b quark pair are rejected by the single b tag requament.

0000 y——

0000 —=+—

Figure 3.1: Example of the leading order diagrams for thgg! bbH (left) and
gq! bbH (right) Higgs boson production.

Signal cross sections has been computed using the FeynHiggslZe8ogram [39].
The FeynHiggs program calculates the masses and branching oatiof the MSSM
Higgs bosons with corrections up to the dominant two loops cactions [40]. The
program also calculates the production cross sections by scglithe NLO cross
section for the Standard Model Higgs boson by appropriate fagcoming from
ratio of the SM and MSSM Higgs bosons couplings. The HDECAY [41] ggram
with the C++ interface SigmaBr6 [42] was used for the qualitave predictions

13
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Figure 3.2: Example of the leading order diagram for thgg! H Higgs boson
production.

shown in Figures 3.7 and 3.5. The di erences between the Feymgs and the
HDECAY are of the order of 10%.

Figure 3.3 shows the cross section for both H and A bosons as fuaontiof
ma. The H and A production have almost the same cross sections foom m;.
Also the masses become more degenerate, therefore the two pletiare indis-
tinguishable in the detector when their CP is not measured. Theross section
times BR(A=H! ) as a function of tan( ) grows as tarf( ) (Fig. 3.4), which
results from the H=A coupling being proportional to tan( ).

The width of the Higgs particles is small compared to its mass. Itsiof
the order of 1 Ge\=c? for my = 200 GeV=c?, and slowly increases with rq to
10 GeV=c? for mp = 700 GeV=c? (Fig. 3.5). As a function of tan( ) the width
grows proportional to tar?( ). It changes from 1.4 GeWc? for tan( ) = 20 to 14
GeV=c? for tan( ) = 70 (Fig. 3.6) for ma = 200 GeV=c?.

The BR(H=A! ) is of order of 10% for @ 150 Ge\=c?, tan( ) = 20,
and slowly decreases for larger values ofanto 8% for my 500 Ge\Lc?
(Fig. 3.7). Since the H=A coupling is proportional to tan( ), the BR(H=A! )
increases with tan() (Fig. 3.8).

With a BR( ! +X) = 0 :22 [43], the total branching ratio is BR(H-A !

! + jet+X) ' 0:02.

3.2 Background cross section calculations

Processes leading to a hard isolated muon and a hard jet have begtected as a
possible backgrounds. In most of the processes, the leptonic decaly8V bosons
are the source of isolated muons. The list of analyzed backgrownuhcludes:

1. top quark pair production: tt;

2. QCD multi-jet production (minimum bias) estimated by bb events;

14
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Figure 3.3: Cross section times BR(AH ! ) for associated lbbH=A production
via gluon fusion as a function of my for tan( ) = 20.
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Figure 3.4: Cross section times BR(AH ! ) for associated bH=A production

via gluon fusion as a function of tan(), for ma = 200 GeV=c?. Curves for A and
H bosons overlap.
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Figure 3.5: The decay widths of the Higgs bosons A and H as a fuimet of my
for tan( ) = 20.
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Figure 3.6: The decay widths of the Higgs bosons A and H as a fuiwet of tan( )
for ma = 200 GeV=c?. Curves for A and H bosons overlap.
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Figure 3.7: Pseudoscalar Higgs boson branching ratios as a fuaotof m, for
tan( ) = 20.
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Figure 3.8: Higgs boson branching ratio into as a function of tan( ) for
ma = 200 GeV=?.
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3. W boson accompanied by a t quark: Wt;
4. W boson accompanied by a light quark or gluon jet: Wj;

5. the (bb)Z= production with the Z= decaying the same way as the Higgs
particles.

Cross sections used for the backgrounds considered are repoitedable 3.1.

Only the decay into ! + Jjet+ X has been considered for the Z
background. The relevant branching ratio BR(Z ! ! + X) = 0 :0337
0:22 = 0:007 was included in the cross section. The decay into without forcing
any speci c decay. was considered for theiZ= background No speci c decay
path was required for other background processes.

The Wj process was generated with the PYTHIA [44] processes
f+f°1 g+W andf+g! f°+W . Those processes give one or two, in the
case of gluon splitting, jets in the nal state. Also there can be atltional jets
coming from the initial or nal state radiation (Chapter 5).

The theoretical calculations involving higher orders werased for the processes
1, 2, 3and 5. The CompHep [45] program was used for thed= process. The
program calculates cross sections from the LO matrix elemerand provides the
events at the parton level, which are then hadronized with PYHIA [44]. The
(bb)Z= processes were considered in mass bins, described in the Table 3.1.

Table 3.1: Cross sections used for background processes.

Calculations

Process PYTHIA 6.233

[pb] Source| [pb] | K factor
bb 4:78 10° [46] |5 18| 1.05
tt 490 [47] 840 1.79
gb! Wt 281 (48] 62 n.a.
Wj 4:15 10¢ { {
Z= | I+ jet 390 [49] 463 1.2
40<m < 120GeV=¢
zZ= | I+ et 4:14 [49] | 4.88 1.18
m > 120GeV=¢
bbz= | { [45] 26.13 {
60<m < 100GeV=@&
bbz= ! { [45] 1.05 {
m > 100GeV=¢

The decays of the supersymmetric particles can be potentiallgrge source
of the background. The SUSY background has been estimated usitng events
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for the LM2 mSUGRA CMS test point, which corresponds to the Post-\WAP
benchmark point I' of [50]. At this point BR(=Y! =~ )= 96%, and BR(~; !

~ ) = 95% which makes the ~and production rate potentially dangerous. The
total NLO SUSY cross section at this point is 9.4 [pb] [51]. The nuber of events
passing all selection criteria has been estimated to be less thareptherefore the
SUSY background has been considered negligible, and was notstd in detail.
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Chapter 4

CMS experiment

4.1 Introduction

The Compact Muon Solenoid (CMS) detector is one of the two geral purpose
detectors at the Large Hadron Collider (LHC) being build at CER, Geneva. The
LHC will be a proton-proton and heavy ion collider. Proton cdision will occur
with the CM energy of 14 TeV, and with design luminosity of 1% cm 2s 1. Basic
parameters of the LHC machine are reported in Table 4.1. The sign luminosity
is called \high luminosity" opposite to \low luminosity”, L =2 10® cm 2s !,
which is expected for the rst years of running. With the total p-p cross section
of order of 16 mb, at each beam crossing there will be on average a few p-p
interactions for the low luminosity and 25 for the high lumingity. This e ect,
called the \pile-up", has important consequences for Data Acegsition (DAQ) and
the reconstruction of physics objects. The CMS is aimed to discavthe \new

Table 4.1: The machine parameters relevant for the LHC detemts for the proton-
proton (p-p) and heavy ions (HI) runs [52].

p-p HI
Energy at collision E 7 256 TeV
Dipole eld at 7 TeV B 833 8.33 T
Design Luminosity L 10%* 10 cm?s't
Bunch separation 25 100 ns
No. of bunches ke 2835 608
No. particles per bunch N, 1.1 0.35 16
Luminosity lifetime L 10 10 hr
Number of evts/crossing n, 25 {

physics". Its main advantage is a large solenoid, generating graetic eld of 4 T,
which guarantees high momentum resolution. The magnetic dlis enclosed in
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the iron return yoke equipped with muon detectors. As most of thenodern, large
scale particle detectors, CMS is composed of layers of deteststarting from the
innermost tracking detectors, then calorimetry and the outanost muon system
(Fig. 4.1). The CMS detector can be divided into three parts: le barrel part,

covering the central region of the detector, up tg j 1, and the endcap disks
located at two sides of the central barrel. In this thesis, the R;'

system will be used. The is de ned as the pseudorapidity:
being the polar angle, and

coordinate
= In(tan(3)),
is the azimuthal angle. The =0 direction is
parallel to the beam pipe, and theé = 0 vector points to the inside of the LHC

ring. The beginning of the coordinate system is placed at the mer of the
detector.

FORWARD ‘ MUON CHAMBERS
CALORIMETER ‘
|
‘ |
|
\ .

TRACKER CRYSTAL ECAL

. 7z <;
Total Weight : 12,500t.

jlb
( SUPERCONDUCTING
Overall Diameter: 15.00m CMS-PARA-001-20/06/97 PP
Overall Length @ 21.60m
Magnetic Field 4Tesla

Figure 4.1. The CMS detector [52].

4.2 Detector
4.2.1 Tracking detectors

The inner most system of the CMS detector is the silicon tracking stem com-

posed of two parts: the inner pixel detectors and the outer strigdetectors. The
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layout of the tracking system is shown in Figure 4.2. The system ocens full 2
in the azimuthal direction and 25 in the direction. In the radial direction,
tracker spans radii from 4 to 110 cm from the beam pipe center.

00 01 02 035 04 05 06 07 08 09 1.0 1A 1.2 1.3 1.4 _1.5 1.6
I h / / , ’ / , L, L e e e - -7 - Prat

e
=l
R e

v
i
L
\‘\ \
Nieudi
IR

Figure 4.2: View of the CMS tracking system. The pixel and the mio-strip
trackers are shown. The coordinates are labeled. [52].

4211 Pixel detectors

The pixel detectors are arranged in three layers in the badreegion, placed at
radial distance of 4.4, 7.3 and 10.2 cm from the designed beamsjpion. The
layers span 265 cm in the z direction. In the each endcap there are two disks
of inner radius of 6 cm and outer radius of 15 cm. The disks areclted at the
distance of 34.5 and 46.5 cm from the center of the detector (fi4.2). The silicon
pixel tracker covers area of 1 mand the total number of pixels is 66 millions.

The pixel size is 100 150 m?. Large magnetic eld of 4 T leads to large
Lorentz angle! (32 ) which induces signi cant charge share between pixels. In
the endcaps the sensors are tilted by 2@round the radial direction to increase
the Lorentz E B force. Due to the the charge sharing between pixels the hit
position resolution is smaller than the pixel size. The resolutiois 10 m in the
R-' plane, and 20 m in the z direction.

4.2.1.2 Silicon detectors

Silicon strip detectors are arranged in eleven cylindricabyers in the barrel re-
gion and twelve disks in the endcaps. The innermost barrel layés placed at

1The Lorentz angle is the angle under which charge carriers are de ected in a magnetic el
perpendicular to the electric eld.
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20 cm, and the outermost layer is placed at 110 cm from the beamogtion. The
innermost endcap disk is placed at 120 cm position in the z diréoh, the outer-
most disk is placed at 280 cm (Fig. 4.2). The silicon strip pitch vées from 81 to
183 m. The single hit position resolution varies from the 23-34m in the R-'

plane and 230 m in the z direction for the inner part of the strip tracker, and
35-52 minthe R-" plane and 530 m in the z direction for the outer part. The
silicon strip tracker covers area of 220 fnthe total number of strips is 9.6 million.

4.2.2 Calorimetery

C.M.S.

Compact Muon SoIenoiEd
€

E E
9 E
N 7 2 2 g s
=] © ™ — S
— .8cm .5cm
g 7.430m h=11 h=t'ey > h =05 |
. =—7.380m
Y 6.955 m o - MB/2/41] [\ MB/1/4]] [MB/0/4 7000 m
o [_YBI2I3 YB3 CYBIO/37]
3
g MB/2/3 \_ MB/1/3]| [MB/0/3 5.975 m
z h= 1.4\79 SIS S YBI2/2 —vBar [YB/or2 |
- ~ s < < D MB/2/2 \\MB/172 || [MB/0/2
5 = _vern Vel rivejoin| +905m
N Kl MB21 ] || viB/1/A | [[MBlon
S < —4020m oo
—4 g '
i ~ %n\ CB/0
Ll
h=2, > ER —2.950m ;864 m
T 1= 2 S R 27
- SIS Sl YEn S| HELL
—
h=30 [T ‘j: — jE: gl 1700 m— e = 1790 m - 1.750 m
B -— 1|] - H g =1200m 4 185 m
HF/1 71— 4 - —
— = SB/1
h=5.31 ) o
— j: = / — == == = —

6

3
9.75m
8.49m
7.24m
6.68 m
6.45m
5.68 m
4.25m
3.88m

Figure 4.3: Longitudinal view of one quadrant of the CMS detgor. The ECAL
parts are marked EB and EE. The HCAL parts are marked HB, HE and HF.
The superconducting coil is marked CB. The muon chambers areanked MB
and ME. The magnet return yoke is marked YB and YE.

The CMS is equipped with the almost hermetic calorimetry systenfor the
precise measurement of the energy of particles and jets as vaslthe measurement
of the total transverse energy. The calorimetric system is comped of two parts:
the electromagnetic and the hadronic calorimeters.
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4. CMS EXPERIMENT

4.2.2.1 Electromagnetic calorimeter

The CMS electromagnetic calorimeter (ECAL) is build from 64@Q0 lead tungstate
(PbWOQO,) crystals in the barrel (EB) and 7324 crystals in each endcap & part.
The barrel crystal cross section is approximately 22 22 mn¢, which covers one
Moliere radius and its length is 230 mm, which corresponds tb3B radiative
lengths (Xp). In the barrel region, the front face starts at the radius of 29 cm,
and at the distance of 314 cm in the endcaps. The endcap crystabrit face
covers 28 286 mm?, and the crystal length is 220 mm (24.7 ¥. The ECAL
covers the pseudorapidity rangg j < 3 (Fig. 4.3).

Additionally in the forward region, 1.653< j j < 2:6, there is a preshower
detector. The preshower allows for the identi cation of the eutral pions and
improves the electrons and photons position determinationThe preshower is
a sampling calorimeter with lead radiators and silicon strip sesors for readout.
There are two lead layers, rstis 2 ) thick, second is 1 X thick. The silicon
readout is divided into strips of 1.9 mm pitch, and the strips intwo layers are
orthogonal.

The ECAL resolution can be parametrized in term of the stochasti¢S),

noise (N) and the constant (C) contributions: = ? = pS—E ’ + g >+C2. The
values of the above parameters tted to the test beam data forhte part of the
ECAL called a supermodule are listed in Figure 4.4 [52]. The restibn is be-
tween 1:5% for< 50 Ge\~=c electrons to 0:4% for electrons with momentum

above 100 GeVc.

Figure 4.4: Electromagnetic calorimeter supermodule restion [52].
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4.2 Detector

4.2.2.2 Hadronic calorimeter

Hadron calorimeter (HCAL) is designed to provide the measuremeat the strongly
interacting particles and the missing transverse energy by coug the wide range
in the . The HCAL is composed of several parts: the barrel part (HB) cover-
ing the rangej j < 1:4, the endcap part (HE) in the range 4 < j j < 3, and
the forward part (HF), covering the range 3< j | < 5 (Fig. 4.3). In the barrel
part, there is an additional scintillator layer outside the sugrconducting coill,
coveringj j < 1:2, which serves as the \tail-cacher" of the showers leaving the
barrel HCAL. The hadron calorimeter uses brass plates as the abker, which
are interspaced with the plastic scintillator tiles as the actie elements.

The HCAL segmentation in the< ;'> plane is 0087 0:087 in the barrel
part. In the endcap the segmentation varies from:087 0:087 for the smaller
to 0:37 0:175 at large . The segmentation of the forward hadron calorimeter
is @175 0:175.

The measured resolution of the ECAL + HE system for the single pions in
the endcap is parametrised ag = —1@;[(;;8\2% (4:7  0:2)% [52]. Figure 4.5
shows the ratio of the pion energy measured with ECAL+HB to the bea energy
as a function of the beam momentum. The calorimeter responsensnlinear,
therefore the measured energy requires corrections and thexzonstruction step.

Figure 4.5: Non linear energy response of the ECAL+HE system for siegbions
as a function of the beam momentum [52].

4.2.3 Muon detectors

The muon identi cation is performed with the muon system, locted outside the
superconducting coil (Fig. 4.6). There are three types of thdetectors in the
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4. CMS EXPERIMENT

Figure 4.6: View of the CMS muon system [52].

muon system: the drift tubes (DT) located in the barrel regionj j < 1.2, the
cathode strip chambers (CSC) in the endcap regioniZL< j j < 24 and the
resistive plate chambers (RPC) in the whole detector up tp j < 2:1.

The DT and the CSC chambers provide accurate track determitian, with
the precision of 100 m in position and 1 mrad in the' direction for the DT
and 10 mrad for the CSC. The RPC spatial resolution is much worsé&adn the
DT and CSC, but the excellent time resolution of 2 ns provides @ent bunch
crossing assignment, which is di cult for the two other muon detetors, which
have drift time much longer than the time between two beam cssings.

The muon chambers are placed between iron layers of the magmeturn
yoke. They are arranged in four stations in barrel and endcapdn the barrel,
the stations form cylinders with radius of approximately 4, 56 and 7 meters. In
the endcaps, the muon stations are arranged in disks placed at&5, 9 and 10
meters from the z = 0 plane (Fig. 4.6).

4.3 Triggering system

At the LHC the proton beams will collide each 25 ns, which giveshe bunch
crossing rate of 40 MHz. With the assumed luminosity of = 10%* c¢cm 2s !
there will be 1 interactions per second. Assuming the event size of the
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Figure 4.7: Cross section for selected processed to be observechatttHC. The
event rate for the high luminosity is shown.

order 1MB, the data stream produced by each LHC detector will be of ot
of 40 PB/s, which is far beyond current data storage capabiliés. Only about
100 MB/s can be saved to the mass storage. The trigger system is resgible
for reducing the initial rate of 40 MHz to nal 100 Hz. The system isdivided
into two parts: L1, which is hardware implemented logic in deidated chips, and
the high level trigger (HLT) which is designed as algorithms mning in parallel
on large computer farm. The maximal L1 trigger output rate isL00 kHz, which
gives the reduction factor of 10*. To account for the uncertainties of cross
sections at LHC energies, the safety factor of three is introdude Therefore the
L1 algorithms are designed to give the 30 kHz output. The HLT outyt rate is
100 Hz, which gives the reduction factor of 1000 (Fig. 4.7).
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4. CMS EXPERIMENT

The rate of the interesting \new physics" events is still much lesthan 100 Hz.
It varies from 10 Hz for the low mass supersymmetric particles, through single
Hz for the Higgs boson production, to Hz for exotic physics like leptoquarks, or
new gauge bosons (Fig. 4.7).

The event data will be stored in a pipeline before arriving tohlte L1 hardware.
The pipeline can store data from 128 beam crossings, thereforeettotal time
available to make the decision to whether accept the event i28 25 ns =32 s.
Large fraction of this time is used for the propagation of thenformation from the
detector to the counting room, where the L1 trigger hardwarkgic is placed. The
time available for the L1 calculations is of order of 1s. The L1 uses information
from the muon and calorimetric systems only.

The HLT uses the full information available from the CMS detear. Each
event is processed by a single processor. The HLT algorithms can bedied
during the running of the experiment. The technique of the padial reconstruction
is used during the HLT event processing: only the objects necessémymake the
trigger decision are reconstructed, and events are rejected aoon as possible
without reconstructing unnecessary objects.

The triggers used for the  jet nal state are described in Chapter 6.

4.4 Reconstruction

The basic algorithms used for the reconstruction of elementabjects: charged
particles tracks, vertices, jets with b tagging, muons, eleans, photons and
missing transverse energy will be described in the current sectioBome of the
algorithms will be used already at the HLT level, some, being tomuch CPU time
consuming, will be used at the o ine selection step. A more detald description
of all the presented algorithms can be found in [52].

4.4.1 Tracks

The charged particles tracks can be reconstructed using theisiin tracking detec-
tors, and muon chambers for the muon tracks. The charged parctrack in the
presence of the magnetic eld is described by a helix. It req@s six parameters
to be fully determined: the position, and the momentum vect®. Having xed
a plane one has remaining ve parameters to be reconstructetsually plane at
the point of the closest approach of the track to the beam axis hosen. The
track is parametrised then by: dy { the distance in transverse planez, { the
distance in the z direction, , and cot( ) { angles determining the momentum
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direction and transverse momentum p. The track reconstruction, starting from
reconstructed clusters in the tracker, consists in three main gis [52]:

1. Seed generation { initial track candidates are generate®ince the track is
described by 5 parameters at least three hits (triplets), or twdits (pairs)
with the vertex constraint are needed. Usually only the pixel dectors are
used at this step. There are 4 10° pairs and 10" triplets found in the
h! ee events with the low luminosity;

2. Pattern recognition { using the coarse track parameters estiate from the
track seed, the hits belonging to the track are searched in thesaicker layers
using the iterative Kalman Iter method;

3. Track parameters t { After nding all the hits belonging to the given
track, the nal parameter t is performed. There are 10 tracks with
pr > 1 GeV=c in the low luminosity h! ee events.

The minimal pt of the reconstructed track in the central region ( 0) is
0:7 GeV=c. At this pt the track curvature diameter is equal to the distance
to the outermost tracker layer. The maximal g possible to reconstruct is deter-
mined by the tracker strip pitch. If the track bending inside the tracker volume
is less than strip pitch, the track is reconstructed as a straightine, and the
pr is undetermined. The maximum reconstructible ¢ in the CMS tracker is
1 TeV=c.

4.4.2 \ertices

The vertex determination involves two steps: the vertex ndig which groups
tracks into vertex candidates, and subsequent vertex tting wh precise estima-
tion of the vertex position. There are two groups of tting algprithms used: linear
(least squares) and non linear. In the linear approach all traskhave the same
weight, whereas in the non linear approach tracks have inddual weights and
outlying tracks can be down weighted, or even discarded.

The most popular tting algorithm is Kalman Filter (KF), whic h is mathe-
matically equivalent to the global least squares method.

Another algorithm introduced for the rst time in the CMS experiment is
Adaptive Vertex Fitting (AVF). The AVF uses the iterative re-weighted t. The
individual track weight is reduced according to its reducedistance ( 2) from the
tted vertex. The weights are varied until the t converges.
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Table 4.2: The resolution, 95% coverage and pull of thve and z-coordinates
of the reconstructed vertex from the three vertex tting algaithms, determined
using di erent data samples, assuming a perfectly aligned tracke The biases
are compatible with zero and are not shown [52].

Filter x-coordinate z-coordinate
95% Cov.  Pull 95% Cov.  Pull
[m] [m] [m] [m]
Bs! J= - secondary vertex
KVF | 54.8 164 1.08| 73.8 471 1.08
AVF 53.6 155 1.02| 73 440 1.02
TKF 54 174 1.04| 75 502 1.05
H! - primary vertex
KVF | 28.1 124 111 34 152 1.06
AVF 22.1 73.7 0.9 | 29.2 106 0.9
TKF 23 74.9 0.93| 29.6 111 0.92
ttH; m (H) = 120 GeV=¢ - primary vertex
KVF 14 118 1.51| 17.9 122 1.46
AVF | 9.55 21.1 0.99| 13 30.3 1
TKF | 9.87 21.7 1.01] 133 31.7 1.02

Next algorithm is the Trimmed Kalman Filter (TKF) which is a ro bust version
of the conventional KF vertex tter, where tracks are remove from the t starting
from the least compatible track.

Table 4.2 summarizes the performance of the three describeda@ithms for
several representative event types. The variance of the Gaussiamo the distri-
bution of the tted vertex parameters is shown. A half width ofthe area covering
the 95% of the events (95% Cov.) is shown for the estimation ofé¢lnon Gaussian

xt  xgen

tails. Also, the t to the pull of the mean value has been done. The
standard deviation of the t is shown ( Pull). The transverse position resolu-
tion varies from 10 m for the primary vertex in the ttH events to 55 m for the
Bs! J= secondary vertex. The pull is compatible with zero, and its wih is

close to 1.

4.4.3 Muons

The muon reconstruction starts from the reconstruction of a muotrack in the
muon system only, then the track is propagated to the tracker sysin and the
compatible tracker hits are searched. The last step is re ttinghe muon track
=0:1
of the reconstructed muon momentum with the full system, trackepart only and

with all the hits from the tracker and the muon systems. The resotion at
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the muon system only is presented in Figure 4.8. The inner traakeesolution
dominates for the muon tracks with the p < 100 Ge\c. The resolution in the
central region (| j < 0:2) is of order of 5% for the very high energetic muon tracks
with the pt 1 TeV=c.

Important part of the muon identi cation is the muon isolation. The muon
isolation can be done by requiring that there are no tracks wiin a given cone
around the muon track. Also it can by required that there are no éposits in
the calorimeter system around the muon track impact point on ta calorimeter
surface. In this case one has to exclude small cone around the mai@ck not to
count the deposit from the muon itself.

Figure 4.8: Muon g resolution for the muon reconstructed with the tracker and
muon systems, with tracker only, and with the muon system only [52]

4.4.4 Electrons and photons

The presence of material in front of the the calorimeter, vaigg from 0.4 X, for
the ' O0to 14 X, forthe ' 1.5 (Fig. 5.1) causes large photon radiation
(bremsstrahlung) o the electrons passing the tracker volume. fe possible sub-
sequent conversions of the bremsstrahlung photons increases dineulty of the
electron energy reconstruction. The presence of the bremssthaig introduces
large non-Gaussian event-by-event energy loss uctuations, wh cause the large
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tails in the track momentum resolution. To recover the energgpread in' , groups
of cells called a supercluster are formed.

Electron reconstruction starts from nding the superclustersn the ECAL,
which serve as a seed for the track reconstruction. The energyésonstructed as
a weighted mean of the track momentum and the supercluster eggr The res-
olution for the combined energy measurement, and for the sepée supercluster
and track measurements are shown in Figure 4.9. The calorimigtmeasurement
dominates the total energy reconstruction resolution for thelectrons with with
pr > 15 GeV=c. Electron identi cation involves a number of variables, ke the
E/p ratio of the energy reconstructed in ECAL to the momentum reonstructed
in the tracker [52].

Figure 4.9: Electron energy resolution for the energy recomstted with the
ECAL alone, from the tracker track and the combined informatn from the
calorimeter and the tracker [52].

The photons are identi ed using the photon isolation, which rquires that
there are no additional charged patrticles, reconstructed ihé tracker, or neutrals
in the calorimeter [52]. The photon energy is reconstructedybadding up the
energy deposits in the 5 5 ECAL cell area for the non converted photons. For
the photons that underwent a conversion in the tracker mateai the spread of
the energy deposits is larger due to the bending and of the dlens and their
bremsstrahlung. In that case, a sum over a supercluster is used as amate
of the photon energy. The photon is considered to be convertédthe energy
contained in the 3 3 blocks of the ECAL cells around the cell with the maximal
deposit is less than 94.3% of the total cluster energy. The restan of the photon
energy reconstructed for the class of events, where a 94.3% df tfhoton energy
was contained in a 3 3 blocks of the ECAL cells, is shown in Figure 4.10.

32



4.4 Reconstruction

This class covers 70% of the M events. The resolution parametrisation is
shown. The energy resolution for the high E (& 100 GeV) photons is limited
by a constant term of 0.66%.

Figure 4.10: Photon energy resolution for the events where.8% of the super-
cluster energy was contained in the 3 3 cells region around the cell with the
maximal energy deposit [52].

4.4.5 Jets

The jet algorithms use the trigger calorimeter towers as inguobjects. The
calorimeter tower covers one HCAL cell, and several ECAL cells. €hHCAL
cell size in the barrel is @87 0:087 in the< ;' > space. Three main jet
algorithms are used in the CMS reconstruction software:

iterative cone algorithm [52; 53] ;

midpoint cone algorithm { this algorithm is a modi cation of the iterative
cone algorithm, which ensures the infrared safety of the jetnprocedure
[53]. A detailed description of the algorithm can be found in5R];

inclusive kr algorithm { a detailed description of the algorithm can be fond
in [52].
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In this analysis the simplest, iterative cone algorithm was usedin this al-
gorithm a cone in the< ;'> space is cast around the input object with the
maximal Er above speci ed threshold. The objects inside the cone are summed
up using the E recombination scheme (described below) and form a proto-jet.
The computed direction is used as a new seed, and the procedwserepeated
until the computed jet energy vary less than 1% and the direatin vary less than
R < 0:01. Then the objects forming the jet are removed form the listfaall
the input objects, and the proto-jet is added to the list of jets.The procedure of
forming proto-jets is repeated until there are no input objets above the speci ed
threshold. There are two ways, the so called recombination schegs) to construct
the jet momentum four-vector from constituents four-vectos:

the E recombination scheme, where constituents four vectorseaadded.
This scheme leads to massive jets;

the Er recombination scheme, where the transverse momentum of jet is
de ned as a sum of E of all constituents, and the jet position is estimated
as weighted me%n position of constituent with the E used as a weight, e.g.

et =  En'i=  Er.

The jet resolution for three ranges: the central partj j < 1.4, the forward
part 1:4 < j j < 3:0 and the very forward part 30 < j j < 5:0 is presented in
Figure 4.11. The jets were reconstructed using the iterativeone algorithm with
cone size R = 05, and E recombination scheme. The jet resolution is of order
of 60% for jets with & < 50 GeV, and of order of 10% for jets with high E.
The improvement of the jet resolution for jets with the same E, but in more
forward region, is caused by higher total jet energy for jets it the same Er,
but higher . The results do not depend signi cantly on the jet algorithm, o the
recombination scheme.

4.4.6 b tagging

Many processes involve production of b quarks and subsequent guation of b
hadrons in the hadronization process. The b hadrons can be digjuished from
the lighter hadrons by their relatively long life time ( 1.5 psc ' 450 m), their
large mass and relatively large branching ratio into lepton®f order of 10%). The
long life time leads to displaced secondary vertex. There areree main b tagging
algorithms used in CMS:

track counting { in this algorithm a jet is b tagged if it contains certain
number of tracks with su ciently large transverse impact paramneter;
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Figure 4.11: Jet transverse energy resolution for three regions of the CMS
detector [52].

probability b tagging { for each track in a jet the probability for coming
from the primary vertex is computed, then a combined probabiy P je; for
the whole jet is calculated. The discriminating variable log(P:) is peaked
near O for jets coming from light quarks and gluons;

combined secondary vertex tag { in this algorithm the secondgrvertex of
the weakly decaying b-hadron is reconstructed. To improve éhpurity of
the tagging, additional discriminating variables are usedjKe the invariant
mass of charged particles associated with the secondary vertexdathe
tracks multiplicity. The variables are combined into one dicriminating
variable using the Likelihood ratio technique.

The track counting algorithm was used in this analysis. The algithm is very
simple, therefore it requires small amount of the CPU time. Alsctidoes not
require calibration, which makes it more robust with respectd the two other
algorithms. It will be particularly useful at the beginning ofthe LHC running,
when the detector will not be fully understood yet.

The misstag e ciency versus the b-tag probability for the light quark jets,
c jets and the gluon jets tagged with the track counting algathms presented in
Figure 4.12. At the 50% e ciency the miss tag probability is 106 for the c-jets,
2 % for gluon jets and 0.7% for light quarks jets.

4.4.7 Missing transverse energy

The missing transverse energyEs ) is reconstructed as a vector sum of all the
deposits in the calorimeter trigger towers. Each deposit is tated as a two{
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Figure 4.12: Track counting b miss tag probability versus the lbag e ciency for
gluon, c quark and light quarks jets [52].

dimensional vector, with magnitude equal to the deposit £ and the direction
set by the deposit position (Eq. 4.1).

Br = ( Ensin hcos ,& + Epsin psin' &)= Ery& Ery& (4.1)

Reconstructed muons are also taken into account, by subtracgrthe recon-
structed muonpt from the calculatedEy .

The reconstructedEy has poor resolution, therefore it should be corrected
with the use of the reconstructed and calibrated jets in an eveinstead of the
raw calorimeter trigger towers (the so called Type 1 correcns). The missing
transverse energy error for thettevents with and without the jet corrections is
shown in Figure 4.13. The inclusion of the jet corrections impwkes signi cantly
the Er bias (E s =E*° E?"). The Er direction resolution is particularly
important in the analyzes which require the reconstruction fothe particle mass
with the use of theEr, e.g. for W! | with taken from the E;. The direction
resolution as a function of the missinggr is shown in Figure 4.14. The resolution
is of order of 05 radians (28) for the low values of theE .
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Figure 4.13: Error on the reconstructed missing transverse engrigr the tt events
with (full circles) and without (open circles) the jet correctons [52].

Figure 4.14. Missing transverse energy direction resolution ftre tt events with
(full circles) and without (open circles) the jet correctiond52].
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Chapter 5

Physics simulation

Results presented in this thesis are based on the Monte Carlo simtbns of the
physical processes and the CMS detector response. The simulati@mgists in
three main steps:

generation { list of particles momenta four vectors produced in the pp
collisions is generated;

simulation {the particles are propagated through detector representain.
The interaction of the particles with the detector materialis simulated:;

digitization { using simulated patrticle interaction with detector, a digital
response is produced, e.g. charge collected on the silicon st expressed
in terms of the ADC ! counts.

Below all steps of the simulation process are described in someaiet

5.1 Generation

5.1.1 Introduction

The generation of the list of the particles coming out from th@p collision includes
simulation of the so called hard process, e.g ¢g bbH, which results in the
four momenta of the outgoing particles: bp and H. The longitudinal momenta
components of the initial partons are chosen according to thgartons density
distributions. The transverse momenta components, called theiprordial parton
kT, are calculated assuming Fermi's momenta inside a nucleon. Tloeir momenta
of the nal state particles are generated according to the derential cross sections
for the given process. Usually leading order (LO) formulas are ub@44]. Before
the partons interact the initial state radiation (ISR), which includes radiation

LADC { Analog to Digital Conventer
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processes like § gggq! gq, is simulated. The similar procedure is applied to
the outgoing partons, and it is called nal state radiation (FR). The ISR and
FSR together are called parton showers. Parton showers includeme leading-
logarithmic (LL) corrections, making the LO with parton showe treatment to
correspond to analytical LO calculations with LL correctios [44].

On the top of the nal state of the hard scattering process, the remants of
the colliding protons, as well as results of another partons lisions, the so called
underlying event (UE), are added. The structure of the UE was studd in detalil
in the Tevatron [54; 55], and will be studied at the LHC [56]. In lhe current
simulation, a description of the underlying event tted to the Tevatron data, and
extrapolated to the LHC energy, is used.

At the end of the generation processes, partons are hadronisediaort living
(c < 10 mm) particles are decayed. In the PYTHIA program the hadrosiation
Is done using the Lund fragmentation model [57].

It has been veri ed that the LO PYTHIA with parton showers result repro-
duces well most of the NLO kinematic distributions for the signabg! bbH
process. The details of the comparison are presented in the Append.

5.1.2 The generation procedures

Generation of the physical processes has been done using the PYTHIR15
[44] program with the CTEQSL [58] parton density distribution The PYTHIA
program was used through the general CMS interface to Monte @a generators
{ the CMKIN package [59].

The decays of the leptons coming from Higgs bosons were done using a
dedicated program { TAUOLA [60]. This program takes into accant the pair
polarization state depending on the spin of the decaying pade, and includes
complete O( ) corrections to the leptonic decays, and approximate simulin
of QED corrections for hadronic decays [60].

All the event samples were produced using o cial CMS productiorservice
[61], except for the signal events for m= 300 GeV=c?, which were produced
by the author using the CERN batch services [62]. Table 5.1 showlse list of
generated event samples, including the number of availableesys.

A xed set of MSSM parameters has been used to generate signalrege De-
pendency of the results on the MSSM parameters was obtainedhwvproper cross
section normalization. This procedure is reliable, since imé considered range
of parameters the Higgs boson width remains smaller than the masssolution
(Chapter 3). Only the CP even Higgs boson production was consieée. Since
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Table 5.1: List of generated events types. The number of proded events is
shown.

Number of
Process Comment
of events
gg! bbH! + jet+X 9k ma = 200 GeV=c?
gg! H! + jet+X 10k ma = 200 GeV=c¢?
gg! bbH! + jet+X 10k ma = 500 GeV=c®
gg! H! + Jjet+X 10k ma = 500 GeV=c®
gg! bbH! + jet+X 9k ma = 300 GeV=c?, private production
bb 898k Pt > 20 GeV=c
tt 287k |
W jet 897k Pt > 20 GeV=c
gb! Wt 467K |
= | + jet+X 100k Z= with40< m < 120 Ge\=c?
= I+ jet+X 99k Z= withm > 120 Ge\=c?
bbz ! 290.5k bbZ= with 60 < m < 100 Ge\V=c?
bbz ! 100k bbZz= withm > 100 GeV=c®

the two heavy Higgs bosons are almost degenerate in mass, the cross@enor-
malization for the signal sample was the sum of the cross sectioos the A and
H bosons.

A preselection procedure at the parton level was applied to saMCPU time
and disk space. The preselection cuts were chosen in such a way ttia se-
lected events were more likely to pass the trigger selection l{@pter 6). These
requirements were:

at least one isolated muon with p > 15 GeV=;
at least one isolated -like jet with E+ > 30 Ge\=c?.

The isolation requirement for muons was de ned as no chargedampicle tracks
with pr > 1 GeV=c within a cone of radius R =02 inthe< ; > space around
the muon momentum direction.

The isolation requirement for the jets allowed for at most one additional
charged particle track with pr > 1 GeV=c in the ring around the jet leading
track with the inner radius R;; = 0:1, and the outer radius R, = 0:4. The
leading track was required to have p > 3 GeV=c.

These preselection criteria are softer than the trigger seleati, presented
in the Chapter 6. The preselection e ciencies for all considedd processes are
shown in Table 5.2. The numbers for the signal samples includeesion of the

! + jet + X decay channel.

40



5.2 Simulation

Table 5.2: Generator level preselection e ciency. Numbers iparentheses show
the generatedm,.

Event sample: Preselection e ciency
bbH(200) 9:47 10 ?
H(200) 9:12 10 2
bbH(300) 1:31 101
bbbH(500) 165 101!
H(500) 158 101!
tt 9:.01 10 °
Wj 1:44 10 ?
Wt 6:58 10 ?
bb 7:56 10 ¢
Z= ;40<m < 120 Ge\kc? 6:56 10 2
Z= ;m > 120 Ge\E? 214 101
An event sample without preselection was used for theb& ! process.

A special procedure has been used for thé levents. Every event was decayed
and fragmented 100 times and the last decay passing the presel@ticriteria was
saved. A weight equal to the fraction of events passing the presefion was
assigned to the event. The average weight was 0.025. The weighhot included
in the Table 5.2, but it is taken into account in all other e ciency tables of
Chapter 6 and Appendix B. The overall normalization of the b events includes
additional factor 7 to account for the simpli cations at the generation step. This
normalization procedure is explained in details in AppendiB.

5.2 Simulation

Stable and long living (e.g. K) particles obtained at the generation process
are propagated through the detector volume, and decayeddf > 10 mm. The
propagation includes the e ect of the magnetic eld presentri the CMS detector
and interaction with the detector material which leads to tle multiple scattering
and energy deposits in the active detectors volumes. The ingations between
particles and the detector material is simulated using Geant é54) program [63]
through the CMS simulation program OSCAR [18].

The CMS detector geometry implemented within the OSCAR pro@m re ects
the future detector geometry basing on the engineering dramgs. The detector
elements are implemented with details. Active volumes like thgas gaps in the
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5. PHYSICS SIMULATION

gaseous detectors, but also supporting structures, and dead zotiks gaps be-
tween active areas are represented. The amount of the matdria the tracker
expressed in radiation lengths ¥ is shown in Figure 5.1. The magnetic eld
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Figure 5.1: Material budget of the tracker system expressed inéhunits of radi-
ation length (left plot) and interaction length (right) [52].

within the detector volume is represented by 3D eld map.

The presence of the material in front of the ECAL leads in partiglar to
photon conversion. The e ect of the photon conversions as wel many other are
present in the G4 physics simulation. The details of the CMS simatlion program
implementation are described in [52]. The simulation result ishe list of the
active detector volumes containing any deposits, callddts, left by the traversing
particles coming from the initial pp collision, or from seconary interactions in
the detector material, e.g. bremsstrahlung photons.

In reality the CMS detector will not be ideally equivalent toits engineering
design, and there will be some misalignment of the detector elents with respect
of each other, even after applying sophisticated alignmentgdrithms [52]. The
e ect of misalignment can be reproduced with the CMS simulatio framework.

5.3 Digitization

At the digitization step the detector electronic response to th energy deposits in
the active volumes is simulated. The digitization result, cé&d digi is designed to
be as close as possible to the real data coming from the detectead out system.

42



5.3 Digitization

The simulation of the detectors and electronics response indkes the detector
ine ciency, detector noise, signal propagation through eldconic systems leading
to time delays and many other e ects [52].

At the digitization step, the pile-up e ect is taken into accaunt. The number of
the pp interactions in one bunch crossing depends on the machkiluminosity. On
average it is expected 5 pp interactions per beam crossing foet\low luminosity”
(L =2 10® cm 2s 1), and 25 for the \high luminosity" (L = 103 cm ?s 1),
including di ractive pp collisions. Some CMS subdetectors havrelatively long
response time. The Muon Drift Tubes drift time is of order of 16 éam crossings,
l.e. 400 ns. The long response time leads to the e ect of the out-tiime pile-
up, when the deposits from the particles coming from few beanmossings are
accumulated. Therefore for \slow" detectors, the real pilequrate is higher than
the pile-up rate for single beam crossing.
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Chapter 6

Analysis

6.1 Trigger path

CMS trigger selection is divided into two parts: Level 1 triggebased on hardware
logic [64], and High Level Triggers (HLT) implemented in the olme selection
software running on a large lIter farm [65].

The selection criteria for the  jet channel are described in details below.

6.1.1 Level 1 trigger

The Level 1 trigger operates on simple objects like clusters the calorimeter, or
muons reconstructed in the muon system [64; 66].

At least one with pt 14 GeV=c was required at Level 1 for the jet at
low luminosity. The Level 1 muon trigger uses information fronthe three muon
subsystems of the CMS detector: RPC up t¢p j< 2.1, DT j j< 1.2 and CSC
in 1:2< j j < 2.4 region (Chapter 4.2.3). The information from all three mun
subsystems is combined by the Global Muon Trigger (GMT) [64]. Tén average
L1 e ciency for the muons in the j j < 2.4 and 5< pr < 100 Ge\~c is expected
to be 98.3% [52].

6.1.2 High Level Trigger

High Level Trigger selection requires an isolated muon and an iated jet in
the event. The selection requirements are listed below:

calorimeter jet with Er 40 GeV and B, 5:6 GeV (described below),
isolated in the pixel detector;

AND with pr 15 GeV=c and calorimetry isolation 0:97;

AND with tracker isolation  0:97;
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6.1 Trigger path

AND same and jetvertex: z( , jetleading track)< 0:2 cm, with
z being the coordinate along the beam line.

The Eiso variable for the jet is the energy in a ring around the jet direction
with an inner radius R, = 0:13 and an outer radius B = 0:4. The requirement
of Eiso < 5:6 GeV comes from the fact that real jets are very collimated [66].

The jetisolation [67; 68] requires that there are no tracks withp> 1 GeV=c
in the isolation ring with an inner radius Rs = 0:07, and an outer radius R= 0:35
(Fig. 6.1). Tracks inside the inner cone (called the signal cel are considered
to come from the decay. The leading track is required to havep> 3 GeV=c,
and should be within the matching cone, centered on the jet axiwith radius
Rm = 0:1. Due to the CPU time limitations for HLT algorithms information
from pixel detectors only is used for the track reconstructianThe o ine cut on
the leading track pr is set at 10 Ge\kc, however the momentum resolution of
tracks reconstructed with pixel hits only is poor therefore dower cut is used in
the HLT selection. In the presence of high pile-up the tracks cang from other
interaction vertices may spoil the isolation of the real jets, therefore only tracks
with their vertex z position close to the one of the leading trdc(z < 0:2 cm)
are considered in the isolation procedure.

tr1 A

U

signal cone R ¢ P

Figure 6.1: De nition of the cones used for the jet isolation.

The HLT muon isolation algorithms rely on the comparison of the mergy
deposit in a cone around the muon with the prede ned thresholdThe deposit
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6. ANALYSIS

can be transverse energy for calorimeter based isolation or tharsof transverse
momenta of reconstructed charged-particle tracks for traek based isolation. The
thresholds and cone sizes are adjusted automatically to reta@v% e ciency for
W ! events (HLT reference signal) and maximize the rejection forlbd X
events (HLT reference background). At HLT calorimeter- and tacker-based algo-
rithms are applied in cascade. More details about the muon isdlon algorithms
can be found in [69].

The z position of the jet vertex was de ned as the  jet leading track
Z position at the point of closest approach to the beam line. Thee&ding track
was reconstructed with the pixel system only. The muon vertex ition along
the beam line (the z coordinate) was taken from the reconstrtex track position
at the closest approach to the beam line [70]. The track was ttkwithout any
constrain on the vertex position.

The e ciencies of the full trigger chain (L1+HLT) selection for the signal and
background events is shown in Tables F.1 { F.5 of Appendix F

6.2 O ine selections

O ine selections can be divided into three groups: oine identi cation, cuts
providing e cient background selection and cuts necessary fa good Higgs boson
mass reconstruction.

All o ine selection cuts are summarized below:

Oine identi cation:

{ full tracker isolation;
{ 1 or 3tracks in the signal cone;
{ improved jet direction reconstruction.
Background suppression speci ¢ selections:
{ leading jet track pr > 10 Ge\Vc for single prong decays,
and pr > 20 GeV=c for three prong decays;
{ opposite charge of the and the jet signal tracks;
{ one b-tagged jet;
{ jet veto (no other jets with E$?"®* 20 GeV andj j 2:4);
{ mi( ,Er) 60 GeV;
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6.2 O ine selections

{ ratio of jet HCAL energy to leading jet track momentum:
0:2< f < 1:1 for single prong decays.

Mass reconstruction speci ¢ selections:

{ 09962 cos( ' . je) 0:5, (cos(175) = 0:9962);

{ positive reconstructed neutrino energy: & > 0, E ;> 0, which is

equivalent to the requirement for theE; to be inside the jet
angle.

Since the calorimetric features of highly collimated jets are fully exploited
at the trigger level no further o ine selections based on the darimeter are done.

Appendix C contains distributions of all selection variablesdr all considered
event samples after the oine identi cation. Appendix D contains the same
distributions after each oine selection, showing the correldons between the
variables for the thH with m, =200 GeV=c? and the tt processes. All oine
selections are described in detail below.

6.2.1 Oine identi cation

In the oine jet identi cation [67] the isolation algorithm identical to the one
used at the HLT was used, but with the fully reconstructed tracks sing all
available tracker hits. Additionally, in order to retain one axd three prong
decays, only one or three tracks in the signal cone are allowed.

The oine jetis reconstructed using the iterative cone jet algorithm (Gap-
ter 4.4.5), with the cone size R = 0:4. The sum of the momenta of the signal
tracks is used for the  jet direction estimation. This gives much better di-
rection resolution than the calorimeter jet alone, as shown ifigure 6.2). The
calorimeter jet estimate with the Monte Carlo energy calibration [67] was used
for the energy measurement.

6.2.2 Background suppression speci c selections

6.2.2.1 Leading jet track pr cut

The leading jet track is required to have g > 10 GeV=c in case of a single
track in the signal cone, and p > 20 Ge\=c for three prong decays, to suppress
b jets faking a jets, (Fig. C.3, C.4).
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Figure 6.2: Direction resolution of the jet for my = 200 GeV=&. The resolution
is calculated as the di erence in the directions of the MC jeand the reconstructed
jet. The generated MC jet direction was calculated from the enerated particles
momenta.

6.2.2.2 Opposite charge of the and jet signal tracks

The fact that the two taus have opposite signs is exploited by qgiring the
and the sum of charges of the jet signal tracks to be opposite. This selection
suppresses mainly the Wj process (Tab. F.8).

6.2.2.3 Single b tagging

To select events with associatedldH production at least one b tagged jet was
required. A simple track counting method was used: a jet was bdged if it had
at least two tracks with 2D transverse impact parameter signi cace (S = dp= )
greater than two. The b tagging e ciency, including the jet nding e ciency, for
signal events was 0.17 for ;m= 200 GeV=c? and 0.26 for m\ = 500 GeV=c. For
backgrounds with real b quarks it was 0.67 forttand 0.46 for Wt. The \non-b"
backgrounds had the mistag e ciency of 0.01 for the Wj and 0.03or the Z=
The reason for the low b tag e ciency for the signal is the soft p spectrum of
the associated b quarks. Only 36% of events from signal with,n¥ 200 GeV=c?
have real b jets with & > 20 GeV, andj j < 2:4. Current results are in good
agreement with the previous studies on the b tagging for thishannel [71]. Since
the b-jets are quite soft, demanding double b-tagging wouldefect most of the
signal events. The b-tagging is, however, very e cient againsthte Wj and Z=
backgrounds (Tab. F.8, F.9).
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6.2 O ine selections

6.2.2.4 Central jet veto

An additional criterion against tt is the central jet veto. All events containing
additional jets (other than the jet and the b-tagged jet) in the central region:

] ] 24 and with calibrated Er 20 GeV were rejected. The jets are recon-
structed from the ECAL plus HCAL trigger towers with energy deposs greater
than 0.8 GeV, and transverse energy greater than 0.5 GeV to reduthe rate of
the fake jets at low E [72].

6.2.2.5 Transverse mass cut

Events containing W bosons decaying into + are rejected using the cut
on thqqtransverse mass of the muon and the missing transverse energy ):

mr= 2 p;y Er(1 cosf;;Er)). This quantity has a Jacobian peak near the
W mass for coming form the W decay. Rejection of events with m> 60 GeV
largely reduces the t, Wt and Wj backgrounds and retains a good fraction of
signal events, (Fig. C.7, Tab. F.8, F.9).

6.2.2.6 Electron veto

W bosons in t and Wt background samples are sources of electrons which are
often misidentied as a jet. A cut on the ratio of the jet energy in the
HCAL to the leading track momentum has been used for electron egtion. The
ECAL could not be used due to the presence of deposits fromMi coming from
the decay. The lower cut value was set to f = @. This selection retains 90%
of signal events and rejects 95% of events with real electron$he cut on the
upper value of the ratio is e cient against quark jets rich in reutral hadrons.
The cuton f = 1:1 rejects 50% of Wj and b events and only 15% of signal events
(Fig. C.8). This selection is performed only for the single prg events (one track

in the signal cone).

6.2.3 Mass reconstruction specic cuts

To be able to reconstruct the Higgs boson mass (as explained belaw the
Section 6.3) one has to reject the events with and jet distributed \back-to-
back", by requiring cos( ' or ;EjTet) > 0:9962. This selection necessarily removes
a fraction of events, since the cos(' pT;E;Tet) is peaked near 1. Additional upper
cuton cos( ' pT;E,-f[) < 05 retains most of the signal, while visibly reducing the
number of background events (Fig. C.9).
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6. ANALYSIS

Finally, to get positive reconstructed Higgs boson mass, one has reject
events, where a negative neutrino energy has been reconstaett The recon-
structed energy of one or two neutrinos can be negative in thease, when the
Er is the outside the smaller angle betweenp; and the E; ”t (Fig. 6.3). Due
to the poor missing energy direction resolution (Fig. 4.14), # fraction of such
events is around 50% (Fig. 6.4).

Figure 6.3: Relative orientation of theEr, p; and E; ®t on the XY plane. The
Er for which the reconstructed energy of both neutrinos is posie is marked
by solid arrow. The E; for which the reconstructed energy of one neutrino is
negative is marked by dashed arrow.

6.2.4 Thresholds optimization

The thresholds values have been optimized by maximization tife signal signi -
cance as the function of the threshold value. The Monte Carlosent sample with
ma = 200 GeV=c? was used for the signal reference. The events were counted in
the mass window 15% m < 241 Ge\=c?. The mass window width was set by
the Gaussian t width (Section 6.3). The thresholds were optinded only for the
ma = 200 GeV=c? due to the very low Monte Carlo statistics for the background
in the mass window for the m = 500 GeV=c?. Figures in the Appendix E show
the signi cance as the function of the threshold value for all gtimized selections.
The optimization was done using limited Monte Carlo events statics, there-
fore due to statistical uctuations an arti cial peaks appeared for some variables.
That was the case for the jet Er (Fig. E.2), leading track pr in the single
prong events (Fig. E.4) and cos(' pT;Ej_I'_at) (Fig. E.6), selections. Where it was
possible, a conclusion on the threshold was made without considey the arti -
cial peaks. Based on Figure C.4 a threshold of 20 Ge/was set for the leading
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Figure 6.4: Reconstructed and generated transverse energy loé ineutrinos from
decays. Only events passing the cos( ﬁT;Ej]ret) selection contribute to the his-
togram.

track pt in the three prong events. After the optimization there were naviC
events left for the b process, with one event weight equal to 12. Due to low
statistics, the current optimization results can be treated oyl as an indication,
and the optimization should be repeated with higher statisticfor the background
processes.

Two selections criteria { the jet leading track pr and the upper limit on
the cos( ' ﬁT;Ej_I(_et), were used with the non optimized thresholds. The threshold
of 10 Ge\c was used for the leading track in the single prong events insteaf
no threshold suggested by the optimization procedure. The vaduof 0:5 was
used as the upper limit on the cos(" ﬁT;EJ-Tet) instead of no threshold preferred
by the optimization procedure. These values provide additt@al bene ts (Fig. 6.5
and 6.6):

the Z peak is signi cantly reduced { although the Z peak is bels the
interesting mass range it may happen that in the case of jet and ssing
transverse energy resolution worse than that used in the simulatipevents
from the Z° peak will migrate into the interesting region thus, decreasing
the discovery signi cance;

the non tt background contribution is reduced, and the t remains the
most important background after the Z background { having onemain
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background makes the evaluation of this background from théata easier,
and reduces the number of sources of the systematic error.
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Figure 6.5: Mass distribution for the signal with m = 200 GeV=c? and all back-
ground sources, after all o ine selections for the thresholds dimized in the mass
window 159< m < 241 Ge\&c?.
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Figure 6.6: Mass distribution for the signal with m = 200 GeV=c? and all back-
ground sources, after all o ine selections for the thresholds dimized in the mass
window 159< m < 241 Ge\kc?, except the leading track p for single prong
events, and the upper cut on the cos(’ pT;EjTet).

6.2.5 E ciencies

After all selections the total e ciency for the signal is 166 10 3 for my = 200 GeV=c?
and 453 10 3 for my = 500 GeV=¢? (Tab. 6.1). Tables 6.2 and 6.3 show the ef-
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6.3 Higgs boson mass reconstruction

ciencies for the background events. Two main background poesses: (b)Z=

and tt remain after all o ine selections.
Tables F.6, F.7 and F.8 { F.11 of Appendix F show the details of # o0 ine

selection for the signal and the background events.

Table 6.1: Summary of the selection procedure for the signalquesses. For the
events with my = 200 and 300 Ge\:c?, tan( ) = 20 is assumed. For the events
with ma =500 GeV=c?, tan( ) = 30 is assumed.

Sample bbH(200) H (200) bbH(300) | bbH(500) H (500)

Cross section BR [pb] 9:12 2:17 1:87 451 101 | 773 10°?
Events for 20 fb ! 1:82 10° | 433 10* | 375 10* | 9:.03 10° 1:55 10°

Preselection e 947 102 [ 912 102 [ 131 10 [ 1:65 10 T | 158 10 T
HLT e (wrt. pres.) 417 10T [ 381 101 | 427 10 T [ 499 10 T | 451 101
Oine e (wrt HLT) 421 102 | 577 10 % | 354 10 2 | 552 10 ? 1:11 10 2
Total e ciency 1:66 10 3 [ 201 10 * | 197 103 [ 453 10 ° | 7:90 10 *
Rate after HLT [Hz] 721 104 [ 1551 10 [ 209 10 # | 741 10 ° | 110 10 °
Events for 20 fb I 303 24 9 2 74 8 41 3 1.22  0.17

Table 6.2: Summary of the selection procedure for the backgmd processes. The
cross section and the number of events forbbsample includes a normalization
factor 7 to account for the total Minimum Bias rate after the HLT selection,

described in the Appendix B.

Sample tt Wi Wit bb

Cross section BR [pb] || 840 10° | 415 10 | 6:20 10 2:29 10
Events for 20 fb 1 1:68 10’ 829 10° 1.24 1P 4:58 1011
Preselection e 901 10 2 [ 1:44 10?2 | 658 10 2 | 7:56 10 ¢
HLT e (wrt. pres.) 961 10 2 | 416 102 | 1.05 10 1 | 2:36 10 *
Oine e (wrt HLT) 1:78 10 8 | 553 10 ® | 241 10 ° | 4141 10 ¢
Total e ciency 1:54 10 > [ 331 108 [166 10> | 7:86 10 I
Rate after HLT [Hz] 1:45 10 2 | 496 10 2 | 857 10 # | 817 103
Events for 20 fb 1! 259 37 | 27 19 21 2 36 25

6.3 Higgs boson mass reconstruction

6.3.1 The method

The Higgs boson mass is reconstructed using the assumption that thedecay

products, including neutrinos, are emitted collinear with tke
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Table 6.3: Summary of the selection procedure for tls=  background processes.

Z= T 1+ ¢
40<m < 120GeV=¢ |m > 120GeV=¢&
Cross section BR [pb] 4:63 107 4:88
Events for 20 fb 1! 9:26 10° 9:77 10
Preselection e 6:56 10 2 214 101
HLT e (wrt. pres.) 1:03 10 1 277 101
Oine e (wrt HLT) 1:94 10 3 2:95 10 3
Total e ciency 1:31 10 ° 1:75 10 4
Rate after HLT [Hz] 6:27 10 3 578 10 2
Events for 20 fb 1! 122 27 17 2

Table 6.4: Summary of the selection procedure for tHdZ background processes.

bHZ 1 )
60<m < 100GeV=€¢ [m > 100GeV=¢
Cross section BR [pb] 2:61 10t 1:05
Events for 20 fb 1! 523 10° 2:10 10°
Preselection e 1:00 1:00
HLT e (wrt. pres.) 4:10 10 3 1:21 10 2
Oine e (wrt HLT) 1:62 10 ? 2:28 10 2
Total e ciency 6:64 10 ° 2:76 10 4
Rate after HLT [Hz] 2:15 10 4 253 10 °
Events for 20 fb 1! 35 8 6 1
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6.3 Higgs boson mass reconstruction

approximation is good for relativistic taus. Taus from the Higg boson de-
cay in the interesting mass range ;1 200 Ge\&c® have the Lorentz factor
ma=(2 m ) 59, which is large enough to use the collinear approximation.
The distance R= = 2+ ' 2 between neutrinos and charged objects: the
lepton or its charged decay products both at the generator drthe reconstruction
levels is shown in Figure 6.7. The distance between the neutiand the decay
product, e.g. muon is roughly twice as large as the distanceti¥een the neutrino
and the itself, but still it is relatively small.
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Figure 6.7: Delta R between the neutrino and the generated atged patrticles, for

ma = 200 GeV=c?. The distance between the neutrino and the decay products,

e.g. muon is roughly twice as large as the distance between theutrino and the
itself due to the momentum conservation in the rest frame.

The neutrino transverse energy is reconstructed by projectinpe transverse
missing energy on thes; and E, '

nent is reconstructed with the use of the pseudorapidity of theharged objects.

directions. The third, longitudinal, compo-

De ning the and jet transverse directions:

éT jet = ijet (61)
_ B
= T 6.2
er o, (6.2)
cos( jet ) =781 jet €r (6.3)

one gets the following formulas for the neutrinos energiesi¢menta of the and
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the muon neutrino on the muon side are summed up):

€ jet €r cos(  jet)
sin( jer) (1 cog("  jer))
€ & je COS(  jet)
sin( ) (1 cog("  jer))

(6.4)

E =ET

(6.5)

6.3.2 Impact of the Es measurement

The missing energy measurement is crucial for the Higgs boson massonstruc-
tion. The reconstructed Higgs boson for the generated mass m 200 GeV=c?
is shown in Figure 6.8. The mass was calculated using the reconsted muon
and jet, but with the missing energy taken from the Monte Carlo infomation.
The E;was taken either as a sum of transverse momenta of all stable pahss
in the hadronic calorimeter coverage | j < 5:0), or as a sum of the transverse
momenta of the three neutrinos coming from the decays. The sum of Gauss

Reconstructed Higgs boson mass using MC input.

o« 05p : : ‘ —
£ o.a5f-t-.iErfrom particles. ... ! E; from n
8 0 4i in |h|<5.0 Gauss:Const  19.01#1.55
o FE . Gauss:Mean  200.4 +1.1
N 635 i. #. from: neutrin
g Vv ' Gauss:Sigma  13.34 +0.84
c - -
; 0.3F |
8 o2sF E. from particles
-<9( E Gauss:Const  11.88+2.99
0.2¢ Gauss:Mean  203.6+3.3
0.15F Gauss:Sigma  23.05 £ 4.12
0 lE : Landau:Const 8.211#2.884
TEaq o ' Landau:Mean  172.8+59.7
0.05F4 - s Landau:Sigma  47.44 + 44.86
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o
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Figure 6.8: Comparison of the Higgs boson mass distributions restructed using
the missing E taken as a sum of the transverse momenta of all stable particles,
including neutrals, with j j < 5:0 or as the sum of the three neutrinos from the

decay. The bar at bin zero shows the fraction of events where kgiast one of
the reconstructed neutrinos had a negative energy.

and Landau functions was used to t the reconstructed mass disbution. The
t was performed with the MINUIT implemented in C++ in the ROOT p ackage
[73]. When the missing transverse energy experimentally possilite measure,
that is within the detectors acceptancej j < 5:0, is used the mass resolution de-
creases. The distribution width (de ned as the width of the Gausain part of the
tted function) increases from 13 to 23 Ge\tc? (see t parameters in Figure 6.8).
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6.3 Higgs boson mass reconstruction

The natural Higgs boson width for my = 200 GeV=c? used here is of the order
of 1 GeV (Fig. 3.5). The missing E calculated using generated particles in

Reconstructed Higgs boson mass using MC input.

Generated m ,=200 GeV/c’
Gauss:Const 11.88+2.99
Gauss:Mean 203.6 £3.3
Gauss:Sigma 23.05+4.12
Landau:Const 8.211+2.884
Landau:Mean  172.8 £59.7

Arbitrary units/ 20 [GeV/c ?]
o
[
o

i Landau:Sigma 47.44 + 44.86
0.12 Generated m ,=500 GeV/c?
0.1 Gauss:Const ~ 12.97 +1.67
0.08 Gauss:Mean 492 £5.6
0.06 o Gauss:Sigma 43.74 + 4,92
Landau:Const 5.919 #1.609
0.04

Landau:Mean 424 +42.0
Landau:Sigma 92.73 + 58.57
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Figure 6.9: Reconstructed Higgs boson mass in the limit of the i@eE: recon-
struction. The mass calculation is done using the reconstructeduon and jet.
For the Et the sum of the transverse momenta of all, generated, stable patgs
with j j < 5:0 was used. The bar at bin zero shows the fraction of events where
at least one of reconstructed neutrinos had a negative energyistributions for

ma = 200 and 500 Ge\tc? are shown. The tted functions are sums of Gauss
and Landau distributions.
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Figure 6.10: The reconstructed Higgs boson mass. The mass caldolatis
done using the measured muon, jet and E;. Distributions for m, =200 and
500 Ge\c? are shown. The tted functions are sums of Gauss and Landau
distributions.
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6. ANALYSIS

j ] < 5:0 can be considered as a ideal limit for the perfe&; reconstruction in
detector ducial volume. Additional decrease of the mass resdlan is caused by
usage of the reconstructeé; instead of theE; calculated from the Monte Carlo
information. If one uses the reconstructe&&; the mass distribution is wider by a
factor of 2 than the ideal limit (see Gauss width t results in Figures 6.9 ad
6.10).

Table 6.5 summarizes the tted values of the mass and the widtlof the two
generated masses Higgs boson masses.

Table 6.5: Mass reconstruction resolution for the two Higgs bosanasses.

Generated Higgs boson mass [Ge¥?] | 200 | 500
Fitted mass [GeV=’] 196 | 517
Gaussian t width [GeV=¢?] 41 | 83

| Ratio =m | 0.21] 0.16]

6.4 Background contribution estimates

6.4.1 The non Z background process

After all o ine selections there are two main background procsses: the (b)Z= !

! + jet+ X and the tt. A relatively pure sample of the t can be
selected with the inversion of the electron veto selection: regement for the
f = EHCAL =pjeading w: < 0:1 instead of 62 < f < 1:1 rejects more than 95% of all
processes except the single and pair top production, and keepsrmthan 50% of
the top events (Fig. C.8). The invariant mass distribution for the above selec-
tion is presented in Figure 6.11. The number of the non Z backgund (mainly
the tt) events can be estimated using the measured number of eventstie m
window with Epcal 9Preading « < 0:1 and all other o ine selections, and then us-
ing the Encal =Pieading  S€lection e ciency translated to the number of events in
the m window with 0:2 < Encar =Pieading « < 1:1 and all other o ine selections:

0:2<f< 1:1
0:2<f< 1.1 f< 0:1
N =N S (6.6)

window window f< 0:1
it

Event counting in the mass window shows that there are 367 evenwith the fol-
lowing decomposition on the speci ¢ processes: 367 = 29639 ther bkg: +52+27H
for the EncaL =Pieading « < 0:1, and 284 for the @ < Epcar TPreading « < 1:1:

284 = 64 + 21other bkg: T 55z + 144y, The e ciencies ratio for the tt background
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Figure 6.11: Reconstructed invariant mass after all o ine selections for f< 0:1.

for the both selections is @2 0:07. Assuming that the above procedure esti-
mates the number of all background processes except the Z oree estimate of
the non Z background is:

367 0:22 =81 (6.7)

and counting no Higgs events:
340 0:22=75 (6.8)

It is assumed that the t mass distributions are similar for the Eica. =Pieading « < 0:1
and 0.2 < EncaL TPreading k < 1:1 selections. A detailed check of the distributions
similarity for the mass spectrum can not be done due to the low numer of MC
events for the 02 < Eycal TPreading t« < 1:1 selection. The systematic uncertainty
on the number of the non Z background events has two main coiutions:

Encal =Preading t Selection e ciency uncertainty is expected to be of order
of the jet energy scale variation, which is expected to be 3%2[5

shape uncertainty { The estimated number of events is 81. Thisi95%
of the total non Z background, which is 85 = 64 + 7w + 14y;, and 130%
of the tt events. If one takes the result without the Higgs events (e.qg.
low tan( )) the estimated number is 75, which is 88% of the total non-Z

background, therefore a conservative contribution from thevent counting
is 12%.

The contribution from other systematic uncertainties, e.g. b dgging is as-
sumed to be small, due to the cancellation in the e ciency ratian Eq. 6.6.

The total uncertainty on the number of the non Z background esnts is:
3% 12% = 12%.
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6. ANALYSIS

6.4.2 The Z background

The mass range analyzed in this thesis is m> 150 Ge\.c?. This is the tail of
the mass distributions for the Z events. With any selection prockire this tail
will be contaminated by events coming from other sources, inging the Higgs
boson signal events. The number of events from these sources wadldimilar to
the number of Z events, therefore it will signi cantly modify the shape, making
estimates based on the number of Z events in this range impossibl&he
mass distribution for the Z events should be therefore taken fmo the Monte
Carlo simulations and normalized in the peak region, where ¢hZ events can be
selected with the jet veto requirement, but without the singleb tag.

The Z background contains two parts: the bZ events and the Z events without
genuine b quarks in the event. The cross section for the Z prodion without
b quarks can be measured with high precision using the!Z events. The
measured cross section can be used to determine the number of &v@m the
selected mass window using of the selection e ciency obtainedofn the MC
analysis. The systematic uncertainty on the number of Z events hdollowing
main contributions:

total cross section for the Z production uncertainty is expeed to be of
order of 1% [74];

calorimetry scale uncertainty: the number of the events in th mass window
159< m < 251 Ge\kc? varies by 6% for a jet scale variations by 3%
and missing transverse energy scale variations of 5% (Fig. 6.12);

misstagging uncertainty: the conservative estimate is 5%.

The total uncertainty on the number of Z events with a quark orgluon jet
misstagged as a b-jet is1% 6% 5% = 8%.

For the bbZ events the systematic uncertainty has following main coritsu-
tions:

total production cross section uncertainty: for the bZ events the cross
section will be measured with a precision of 14.8 %, including 58dr the

luminosity uncertainity [75], therefore the uncertainty onthe number of the
bbZ events without the luminosity uncertainty is 14%;

calorimetry scale uncertainty: is assumed the same as for the Zeets
without the genuine b quarks.
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Figure 6.12: Ratio of the selection e ciency after the jet sca variation by 3%
and missing transverse energy scale variation by5%, to the e cienciency for
the nominal calorimetry scale. The label of the X axis shows dascale variation,
0% means the nominal scale.

The total uncertainty on the number of the lhbZ events is:14% 6% = 15%.

The pr spectrum of the Z boson can be estimated with high precision from
the bbZ! Il [75] and even better for the Z , therefore its contribution to
the systematic uncertainty has been neglected.
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Chapter 7

Results

7.1 Results for the m™ scenario

The statistical signi cance has been obtained with the & formula (Eqg. 7.1),
which from the statistical point of view gives the best results aong the event
counting methods [76; 77]. The &, formula is o cially recommended to use by
the CMS collaborators.

p p
Sci2=2 ( Ns+ Np Np+ 1) (7.1)

The S, formula allows for the mathematically consistent inclusion othe sys-
tematic uncertainty on the number of background events .

The number of signal and background events has been countedairwindow
around the generated Higgs boson mass (Fig. 7.1). The window thidvas set
to the mass resolution de ned as the width of the Gaussian part ohe t to the
signal distribution only (Fig. 6.10). The events were counteth a histogram with
bin width of 1 GeV=c?. The histogram was lled with generated Monte Carlo
events for the signal processes. Due to the low statistics for the dkground
events, histograms lled with random numbers generated fromhe distributions
tted to the background spectra were used (Fig. 7.2). The histagms were lled
with large number of events and then normalized to the numbeaf events for the
given luminosity. The shape for the t process was normalised to the number
of all non-Z background events. The number of events, the coumyj windows
and the computed signi cances for m = 200 and 500 Ge\tc? are reported in
Table 7.1.

To obtain the CMS discovery reach in the< mp;tan( ) > plane the signi -
cance had been interpolated between two generated mases 200 500 Ge\~c?.
The CMS reach with 20 fb ! of accumulated data, at low luminosity, with and
without systematic error on the background estimate is shown inigure 7.3.
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Figure 7.1: The reconstructed Higgs boson mass. The signal and theckground
contributions are shown. Arrows mark the mass window in which #hevents are
counted for the signi cance calculations. Histograms lled fron the distributions
ttedtot tand Z= were used for the background. For the signal, the generated
events passing all selection criteria were properly weighted.
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Figure 7.2: The reconstructed mass for the two main background processes
after the oine selection: Z= and tt. Events passing all selections criteria
except the leading track g cut, opposite charge of both taus and electron veto
contribute to the histogram for the Z events. Only the electrorveto requirement
was relaxed for the t events.
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7. RESULTS

Table 7.1: Signi cance of the signal over background for 20 fb. The events were

counted in a histogram with bin width of 1 Ge\=c?.

Higgs boson tan( ) Mass window | Number of | Number of S
mass [Ge\V:?] range [Ge\.c?] | signal events| back. events
200 20 41 146 127 10
500 30 83 21 61 2
<) 1
=1 3
£ 50 : ‘
Discovéry area
40 —
30: S d
20: max m,,
1 Mgysy = 1000 GeV/c?
10b X,  =2000 GeVic’
- m =200 GeV/c®
M, =200 GeV/c’
f L1 f L1 f 11 f

150 200 250 300 350 400 450 500 550 600
m, [GeV/cz]

Figure 7.3: Five sigma contour in the< mp;tan( ) > plane for the 20 fb?

integrated luminosity, in the maximal my MSSM scenario. The dashed line shows

the ve sigma contour calculated assuming 12% systematic error dhe number
of background events.
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7.2 Dependency on the MSSM parameters

The signi cance interpolation procedure consisted in the fallving steps:
1. calculation of the BR for the signal in bins in the< my;tan( ) > plane;

2. interpolation of the selection e ciency between masses of @0and 500
GevV=c?;

3. calculation of the number of signal events for a given bin the < my;tan( ) >
plane using the calculated cross sections and the interpolatsdlection ef-
ciencies;

4. calculation of the number of background events using therfaula tted to
the generated events. The number of background events was egited as
a integral in the window around the given mass. The window widthvas
linearly interpolated between known values for m= 200 and 500 Ge\tc?;

5. calculation of the signi cance using the interpolated numér of signal and
background events.

7.2 Dependency on the MSSM parameters

As it was described in Section 2.4, the dominant SUSY radiativeorections to
the analyzed production and decay mode of the Higgs boson are siéve to the
Higgsino mass parameter . Hence the discovery reach should be analyzed for
various values of the , and for the both signs. Following suggestions of [35] the
CMS discovery reach for the g bbH=A! ! + hadrons + X search was
plotted for = 200 500Ge\=c? (Fig. 7.4). The best result is obtained for
= 500GeV=¢, and worse for =+200 GeV=@. The di erence is of order of
6 units in tan( ) for my 600 Ge\~c.
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Figure 7.4: Five sigma contour, calculated assuming 12% systemcagrror on the
number of background events. The 30 fi integrated luminosity was assumed.
The variation with the  parameter is shown.
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Chapter 8

Conclusions

The MSSM A and H Higgs bosons discovery in theb§A=H ! ! + jet+X)
channel has been studied with full simulation, including ledadg systematic un-
certainties. The discovery reach was evaluated for 20 and 30 fbintegrated
luminosity. The study shows that it is possible to discover the hegy neutral
Higgs bosons with 20 fb! in the tan( ) and ma region shown in Figure 7.3, and
with 30 fb 1 in Figure 7.4.

The discovery limit obtained in this study can be compared wittCMS limits
in other channels. The search in the jet nal state gives the best prospects
for the heavy, neutral Higgs bosons, for moderate values ofynfFig. 8.1). At
high pseudoscalar masses,,m 500 Ge\&c?, the fully hadronic jet jet nal
state gives better results [52].
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Figure 8.1: Five sigma contours, calculated including systematerror on the
number of background events. Curves for the search in , I e, !
+ et Il e+ jet and ! jet+ jet are shown. The curve for

jet+ jet was plotted for 60 fb ! of integrated luminosity. Other curves were
plotted for 30 fb ! [78].
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Appendix A

Comparison between MCFM and
PYTHIA for the gb ! bh and
gg! bbh processes at the LHC

A.1 Introduction

An accurate generation of the g bh and gg! bbh processes is crucial both
for the measurement of the MSSM gd bbh, h ! 2 cross section and for
constraining tan( ) from event-counting at the LHC [79]. The production of
a MSSM Higgs boson in association with b quarks is the dominant pioction
process at high tan() and for M, > 150-200 GeVt?. The CMS experimental
selections include single b-tagging, a veto on the other jetsthe event (excluding

jets), a cut on the angle between the two leptons in the transverse plane and
a cut on the reconstructed mass of the-lepton pair using the missing transverse
energy. Thus, the correct generation of the pseudorapidity drpr of the b quarks
and the Higgs boson is very important.

In PYTHIA [44], both the gb ! bh (2! 2) and gg! bbh (2! 3) processes
are available, each of which produces a&h nal state. In the gb ! bh process
the second b quark §) comes from the gluon splitting (g! bb) in the initial
state parton shower and is always present in the PYTHIA event.

In this Appendix a comparison of the PYTHIA 22 2 and 2 3 processes with
the next-to-leading order (NLO) calculations implementedn the MCFM program
[80]. The NLO calculations in MCFM start from the leading order(LO) gb !
bh process, with the LO gg! bbh contribution included as part of the NLO
calculation. The LO MCFM calculations were also compared witthe PYTHIA
2! 2 process when both the initial and nal state radiation were svched o .
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A.2 Simulation setup

A.2 Simulation setup

The kinematic distributions were compared for two values ofhie Higgs boson
mass, =200 and 500 GeVk?. PYTHIA 6.227 was used to generate the pro-
cesses gfjy bbh (MSUB(121)=1, KFPR(121,2)=5)and gb! bh (MSUB(32)=1)
with gluon and b quark as incoming partons). The CTEQ6L1 PDF ws used with
the renormalization and the factorization scales equal andts® r = ¢ =
(mp +2my)=4. The primordial parton ky was switched o in PYTHIA (MSTP(91)=0).
To reduce the CPU time, the fragmentation, decays and multig interactions
were switched o in PYTHIA (MSTP(111)=0, MSTP(81)=0). Forthe g b! bh
process, a lower cut of 20 Ge\W was set on the p of the outgoing partons in
the rest frame of the hard interaction (CKIN(3)=20 in PYTHIA). The jets were
reconstructed from the partons using the simple cone algorithmuith a cone size
of 0.7.

A.3 Comparison of PYTHIA and MCFM
at leading order

The distributions for the gb ! bh process in PYTHIA and LO MCFM were
compared. The initial and the nal state radiation in PYTHIA was switched
0, so that a direct comparison of the LO matrix element implematation in
PYTHIA and MCFM could be performed. The distributions of the b quark pr
and the Higgs boson mass are shown in Figures A.1 and A.2 respectivéty
my=500 GeV/c?. The dashed line shows the PYTHIA distributions, whereas the
dotted line shows the MCFM distributions. There is a clear di eence between
the PYTHIA and MCFM curves. The dominant reason is that, in PYTHIA the
matrix elements make use of the kinematic relation s +t+u = ng. In contrast,
MCFM uses s +t+u = Q 2, where @ is the virtuality of the Higgs boson. This
is the appropriate form to use when the Higgs boson is allowed shell using the
Breit-Wigner approximation; it gives rise to a large discrepacy when the Higgs
boson is very far o -shell (for instance, @ m2). Corrections to the PYTHIA
matrix elements were made by substituting ® for m? where appropriaté and
the solid lines in Figures A.1 and A.2 re ect the PYTHIA results afte this
change. With the corrected matrix elements the discrepancyebwveen PYTHIA
and MCFM is signi cantly reduced. The remaining di erence inthe Higgs boson
mass distribution is due to the di erent treatment of the Higgs lmson propagator.
MCFM uses the xed width approach, whereas PYTHIA uses a width with is

! Thanks to T. Spstrand for providing the xed matrix element.
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A. COMPARISON BETWEEN MCFM AND PYTHIA
FOR THE GB ! BH AND GG ! BBH PROCESSES AT THE LHC

dependent on @. In particular, the drop near 160 GeV/(? corresponds to the
closure of the WW decay channel for the Higgs boson. This calctitan is most
useful in the resonance region. Away from the resonance peak, ®tloce decay of
the Higgs boson is included contributions from other interfeng diagrams (such
as ones in which the Higgs is replaced by a Z boson) can change ghape of the
prediction.

A.4 Comparison of next-to-leading order MCFM
and PYTHIA

The comparison between the MCFM NLO predictions and PYTHIA was mae
when the initial and the nal state radiation in PYTHIA was switch ed on. In
all gures shown below the solid line represents the distributio for the PYTHIA
gb! bh process generated with the corrected matrix element and > 20 GeV/c,
the dashed line shows the distribution for the PYTHIA gg! bbh process and
the dotted line corresponds to the MCFM gld  bh process at NLO.

The pr distribution of the highest pr b jet with j j < 2:4 is shown in Fig-
ure A.3 for m,=200 GeV/c® and Figure A.4 for m,=500 GeV/c?. Each of the
histograms is normalized to unity in the region p > 20 GeV/c. One sees that
both PYTHIA processes show good agreement with MCFM.

The e ciency of the central jet veto (after single b tagging) cepends, in par-
ticular, on the pr and distributions of the second (less energetic) b jet. The
pr distribution of the second b jet withinj j < 2:4 is shown in Figure A.5 for
m,=200 GeV/c? and Figure A.6 for m,=500 GeV/¢?, after requiring that the rst
(most energetic) b jet be in the tagging range ™ >20 GeV/candj °i¢j <2.4.
Once again, the histograms are normalized to unity in the regm pr >20 GeV/c.
One can see that the second b jet in the PYTHIA ghl  bh process is much
softer than in NLO MCFM, while this calculation agrees well wih the PYTHIA
gg! bbh process. This is to be expected since the second b quabi (n the
gb! bh process is produced by the parton shower in the initial stateAt high
pr one expects the 2 3 process, which is included as a NLO e ect in MCFM, to
provide a better description and one sees that this is indeeddltase.

Figures A.7, A.8, A.9 and A.10 show the pseudorapidity distributios for the
rst and the second b jets for Higgs boson masses of 200 and 500 G&V/The
content of the histograms is normalized to unity in the interval between -2 and
+2. The PYTHIA distributions for the leading b jet for the Higgs boson mass of
200 GeV/c? agree well with the MCFM result (Figure A.7), whereas for =500
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GeV/c? the MCFM  distribution is less central than in PYTHIA (Figure A.8).
The second b jet in the g bh process is distributed in the forward/backward
direction more in PYTHIA than in MCFM (Figures A.9 and A.10). This is again
due to the aforementioned reason that the second b quark is prazed in PYTHIA
from the parton shower. The distribution of the second b jet in the PYTHIA
gg! Dbbh process is close to MCFM, but there is still some di erence wtkids
more pronounced for m=200 GeV/c? than for m,=500 GeV/c?.

The experimental selections include cuts on the visible-lepton energy, on
the angle between the two leptons in the transverse plane and on the mass re-
constructed from the missing transverse energy. Therefore theeion e ciency
depends, in particular, on the p spectrum of the Higgs boson. Figures A.11 and
A.12 show the Higgs boson-pspectrum after cuts which imitate the experimental
selections of single b tagging and a jet veto. These cuts requihat:

the rstb jet must lie in the tagging range, p? ' > 20 GeV/candj " I*'j <2.4;

no other jets should be observed in the central region$t et < 20 GeVic
or J other jetj >2.4.

Since MCFM includes the b quark as a massless particle, predarts are only
available when applying a cut on the b quark p. By momentum balance, this
means that the Higgs boson transverse momentum is constrained aDlto be
greater than the jet cut of 20 GeV/c. However, when moving to NLO, the region
below this begins to be populated. This feature means that 6hNLO calculation
does not provide reliable predictions in the close vicinityfdahe jet cut. Therefore
we perform the comparison only for p > 30 GeV/c and normalize the histograms
in Figures A.11 and A.12 to unity in the pr interval between 30 and 200 Ge .
One can see that the Higgs bosontpspectrum calculated to NLO in MCFM
is slightly softer than either PYTHIA prediction. The e ect on the selection
e ciency requires further study but is expected to be small.

A.5 Conclusions

A comparison of the shapes of the kinematic distributions of b guks and the
Higgs boson was performed for the PYTHIA gbb bh and gg! bbh processes
and the gb! bh process implemented at LO and NLO in MCFM. The study
was performed for two masses of the Higgs boson, 200 and 500 G&Which lie
at either end of the interesting analysis region.

73



A. COMPARISON BETWEEN MCFM AND PYTHIA
FOR THE GB ! BH AND GG ! BBH PROCESSES AT THE LHC

It was observed that the g spectrum of the leading b jet in the PYTHIA
gg! bbh process is in good agreement with the one obtained from the QL
MCFM gb ! bh process. The PYTHIA gb! bh process leads to the second b
jet being produced with a softer p spectrum, due to the parton shower. Neither
of the two PYTHIA processes agrees exactly with the spectrum of the b jets
in the NLO MCFM gb ! bh process, but the PYTHIA gg! bbh process shows
better agreement. The p spectrum of the Higgs boson in the PYTHIA processes
is slightly harder than in NLO MCFM.

The pr shapes for the b jet and the Higgs boson were compared f(ﬁfrj‘iﬁ >
20 GeV/c and pf > 30 GeV/c. Since the experimental jet energy resolution for
20 GeV jets in CMS is of the order of 40%, it would be very desirbbto make
a comparison with NLO calculations using a much lower cut-o, foinstance
' 5 GeV/c. However, such an exercise would require further theoreticalput,
namely a calculation which extends the MCFM treatment to intude e ects due
to the mass of the nal state b quark.

]
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Figure A.1: The pr of the b quark in Figure A.2: The Higgs boson mass dis-
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process, =500 GeV/c?>. See more m,=500 GeV/c.

explanations in the text.
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Figure A.3: The pr of the leading Figure A.4: The pr of the leading
b jet in PYTHIA and in MCFM for b jet in PYTHIA and in MCFM for
m,=200 GeV/c?. my=500 GeV/c.
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Figure A.5: The pr of the second Figure A.6: The pr of the second
b jet in PYTHIA and in MCFM for b jet in PYTHIA and in MCFM for
m,=200 GeV/c?. my=500 GeV/c.
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A. COMPARISON BETWEEN MCFM AND PYTHIA

FOR THE GB ! BH AND GG ! BBH PROCESSES AT THE LHC
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A.5 Conclusions
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Figure A.11: The pr of the Higgs bo- Figure A.12: The pr of the Higgs bo-
son for the leading b jet in the tagging son for the leading b jet in the tagging
range and no other jets in the central range and no other jets in the central
region, m,=200 GeV/c. region, m,=500 GeV/c.
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Appendix B

QCD events simulation

For the estimation of the minimum bias background thebb events were used,
since this is the main source of muons in the minimum bias nearehrigger and
analysis muonpr threshold p; > 14 GeV=c[65].

The bb events can be generated in Pythia in two ways: with massive b qus,
produced with gluon (gg! QQ) and quark (oqg ! QQ) fusion processes selected
with the MSEL 5 card, or with the general QCD minbias events prduction,
selected with the MSEL 1 card. The MSEL 1 set includes the avornomotion
(gQ! Qg), and gluon splitting (g ! QQ) processes which are important at
the LHC energy [44]. However only 1% of events produced with ttdSEL 1
card contains b quark pair, which with the preselection e ciecy of the order of
10 4 (Tab. 5.2) makes the generation obb events with the MSEL 1 card very
CPU time consuming. Thebb events were produced with the MSEL 5 card and
normalized to the total, theoretical cross section of 500b [46]. The muon rate
for muons coming from b decays for the high luminosityl( = 103 cm ?s 1) case
is shown in Figure B.1. The muon rate for events produced withhe MSEL 5
card is signi cantly softer than the rate for events produced vh the MSEL 1.
As the MSEL 1 includes all relevant processes, tlb event sample produced with
the MSEL 5 card was normalized to the same muon rate at X5eV=c The scale
factor was f=5.16.

In the QCD minbias processes there are also other sources of mubart b
quarks decays. These are the ¢, K anddecays. These sources are subdominant
at muon pr threshold of order 20GeV =c Due to the very large expected rejection
factor of the general MSEL 1 set, these sources where not genedht The bb
process was further renormalized to include the contributiofrom these sources.
Earlier studies based on a large min bias event sample [81] showtihat the High
Level Trigger (HLT) level, 73% of events are thdb events, and the remainig 27%
come from ¢, K and decays (Fig. B.2). This leads to a factor of 40:73 =
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Muon spectrum

[CJbb ® mfrom MSEL 1
105k i"":bb from MSEL 5 normalised

g L. to the same mrate for pT>15

100 Y The normalisation factor f=5.16

[y
o
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o

Figure B.1: Muon rate for muons coming form the b quarks. The bugrks where
generated with massive Pythia processes selected with card MSELabd Pythia
minimum bias (MSEL 1). Both event samples where initially nanalized to a
total cross section of 500b. Only muons inj j < 2:1 are considered. due to the
limited statistics, there are no MC events for the MSEL 1 above 5GeV=c

1:37 needed to accommodate the missing processes. The total resgdiactor is
1:.37 516 =7.

For this analysis only events with the f > 20 Ge\=c where generated to save
CPU time (Tab. 5.1). The Pythia cross section for b events with pr > 20 GeV=c
was 31 1P [pb], and the total Pythia cross section for b events without any
cut on the pr was 4798 1C° [pd. Therefore the total bb normalization for the
events used in the analysis was::B 10° % 5:16 1:375 =229 10’ [pb] as
guoted in the Table 6.2.

The above normalization is a pessimistic one, since it assumes tlhe bb
events from the gluon splitting and the ¢, K and events have the same topology
as thebb events from gluon fusion.
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B. QCD EVENTS SIMULATION

events

7 origin:

1,22 Kp® m
6 6: c® m

7: b® m

o1 L |
0 1 2 3 4 5 6 7 8 9

origin code

Figure B.2: The origin of muons for the events passing the HLT selection for
low luminosity. The ¢ events come from direct ¢ quark produatn. All events
have the same weight [81].
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Appendix C

Selection e ciencies as a function
of the threshold

In this appendix integrated distributions of variables useddr the rejection of
background events are collected. The distributions show theade after the o ine
jet isolation. The acceptance ranges are marked by arrows.
The legend entries are ordered by the selection e ciency in & acceptance
region. The top entry refers to the sample with the highest selgon e ciency
on the corresponding variable.

mp_ cut
oy 1 e — bbH, m =200 GeV
5 A
g T S W
W08~ | bBH, m, =500 GeV
AR tt
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- | N, e bbH, m =300 GeV
A0 B T | W
i L RIS Zlg m>120 GeV
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9672677730 40 50 80" ""70
pi“‘ [GeVic]

Figure C.1: Integrated distribution of pr.
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C. SELECTION EFFICIENCIES AS A FUNCTION OF THE
THRESHOLD

—
m

=
(@)
C
-

jet

=

.......... bbH, mA=500 GeV
| owaas bbH, mA:300 GeV
“eo.l| =— bbH, mA:200 GeV

Efficiency

0.8

0.6 : t .
----- Zlg m>120 GeV

0.4 W

Wj

0.2 i ek Z1g m<120 Gev

bb

%O 35 40 45 50 55 60 65 70
t
ES" [GeV]

Figure C.2: Integrated distribution for jet Er.
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Figure C.3: The jet leading track pr integrated distribution. Only events
with 1 track in the signal cone contribute to the histogram.
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ot leading track p . cut for 3 prong events
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Figure C.4: The jet leading track pr integrated distribution. Only events
with 3 tracks in the signal cone contribute to the histogram.
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Figure C.5: First b tagged jet E integrated distribution. The jets are recon-
structed above & = 20 GeV. The value below 20 GeV shows the b tag e ciency
for each sample.
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C. SELECTION EFFICIENCIES AS A FUNCTION OF THE
THRESHOLD

Veto jet E N cut

Figure C.6: Integrated distribution for Er of central jet (j j < 2:4) additional to
jet and b tagged jet. The jets are reconstructed aboverE= 10 GeV. The value
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Figure C.7: Integrated distribution of transverse mass of the nan and the miss-

ing Er.
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Jet hadronic energy vs leading track momentum.

o s S S St Sy bbH, m =500 GeV
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Figure C.8: Integrated distribution of the ratio of the jet hadronic energy

and the leading track momentum. Only single prong evens coitiute to the
histogram.
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Figure C.9: Integrated distribution of the cosine of the azimihal angle between
the muon and the  jet directions.
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Appendix D

Correlations between selection
variables

The appendix collects integrated distributions of variable used in the reduction
of background events. The distributions show the state after e®ne cut listed
in the legend.

The legend entries are ordered by the selection e ciency in & acceptance
region. The top entry refers to sample with the highest selectice ciency on the
corresponding variable. The acceptance ranges are markeddywyows. The plots
are presented for thetbH with m, = 200 GeV=c? and tt processes.
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D.1 bboH with ma =200 GeV=c?
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Figure D.1: Integrated distribution of the jet leading track pr.
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Figure D.2: Integrated distribution of the transverse mass of # muon and the
missing Er.
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D. CORRELATIONS BETWEEN SELECTION VARIABLES
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Figure D.3: Integrated distribution of the cosine of the azimthal angle between
the muon and the  jet directions.
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Figure D.4: Integrated distribution of the ratio of the jet hadronic energy

and the leading track momentum.
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D.2 tt
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Figure D.5: Integrated distribution of the rst b tagged jet E;. The jets are
reconstructed above E =20 GeV. The value below 20 GeV shows the b tag
e ciency after each selection.
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Figure D.6: Integrated distribution of the jet leading track pr.
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D. CORRELATIONS BETWEEN SELECTION VARIABLES
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Figure D.8: Integrated distribution of the cosine of the azimthal angle between
the muon and the  jet directions.
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D.2 tt

Jet hadronic energy vs leading track momentum
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Figure D.9: Integrated distribution of the ratio of the jet hadronic energy

and the leading track momentum.
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Figure D.10: Integrated distribution of the rst b tagged jet Er. The jets are
reconstructed above E =20 GeV. The value below 20 GeV shows the b tag
e ciency after each selection.
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Appendix E

Plots used for the selections
thresholds optimization

The appendix contains distributions used in the optimizationof the thresholds
values. The X axis on the plots show the threshold value, and Y axshows the
signal signi cance for given thresholds. For most of the plots thiewer threshold
is shown on the X axis, e.g. events with the variable value abotee thresholds
are accepted. In some cases the upper threshold is presented, egents with
the variable value below the threshold are accepted.
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Significanc
©
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—

1F ._."LI
vt b g
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Figure E.1. The signal signi cance as the function of the o inemuon transverse
momentum cut.
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Figure E.2: The signal signi cance as the function of the o ine  jet transverse
energy cut. The maximum at 45 GeV=c appears due to the limited Monte Carlo
statistics.
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Figure E.3: The signal signi cance as the function of the o inethreshold for the
jet leading track pr thresholds for the 1 prong events.
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E. PLOTS USED FOR THE SELECTIONS THRESHOLDS

OPTIMIZATION
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Figure E.4: The signal signi cance as the function of the o inethreshold for

the

jet leading track pr thresholds for the 3 prong events. The Monte Carlo

events statistics for the background is very limited for this dection, therefore no
reasonable conclusion can be drawn here.
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Figure E.5: The signal signi cance as the function of the uppes ine thresholds
for the transverse energy of the muon and the missing energy system.
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Figure E.7: The signal signi cance as the function of the lowewo ine threshold
jet energy stored in the hadron calorimeter to the leading
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track energy.

Jet hadronic energy vs leading track energy m

Significance

=200 GeV/c?
A

|

7

S

6

T

Py

_'_I

L

it

i o
J\\\\\\\\\\\\\\\\\\I\_

g I

o

vl b b b |l
12 14 16 18 2
E =

HCAL' ~leading tk

ol b b L I
02 04 06 08 1

95



E. PLOTS USED FOR THE SELECTIONS THRESHOLDS
OPTIMIZATION
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Figure E.8: The signal signi cance as the function of the uppew ine threshold
for the ratio of the jet energy stored in the hadron calorimeter to the leading
track energy.
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Appendix F

Trigger and o ine selection
e ciencies

The Appendix presents the trigger and o ine selection e ciencies after each se-
lection step. The HLT selection was decomposed into the Level 23).and Level
3 (L3) kinematic and isolation selections. The trigger selectis e ciencies are
presented with the respect to the preselected events. The o ine &tions e -
ciencies are presented with the respect to the events passing thigger selection.

F.1 Trigger selections

Table F.1: Trigger selection e ciency for signal processes. Lisan bold show the
e ciency after L1, L2 kinematic, L2 kinematic with isolation and L3 selections.

Numbers in parentheses in the selection name indicate the thredt values.

Cut bbH(200) | H (200) | bbH(300)
single L1 Mu(14) 0.9 0.89 0.89
single L1 Tau(93) 0.034 0.072 0.27
L1Mu(14) 0.9 0.89 0.89
L1 mu AND single L2 Mu(15) 0.89 0.88 0.88
L1 mu AND single L2 Tau(40) 0.65 0.64 0.71
L1 mu AND L2Mu(15) AND L2Tau(40) 0.64 0.64 0.7
L1 mu AND L2MuPt(15) 1sol(0.97) AND L2TauEt(40) 0.62 0.62 0.67
L1 mu AND L2MuPt(15) AND L2TauEt(40) Isol(5.6) 0.57 0.54 0.62
L1 mu AND L2Mu(15) AND L2Tau(40) both with isol 0.55 0.53 0.6
L1 mu AND L2 AND single L3 Mu(15) 0.55 0.52 0.59
L1 mu AND L2 AND single L3 Tau (L2 tau with px isol) 0.43 0.39 0.46
L1 mu AND L2 AND single L3 Mu (15) with isol(0.97) 0.54 0.51 0.55
L1 mu AND L2 AND L3Mu(15) AND L3Tau(40) with isol 0.42 0.38 0.43
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F. TRIGGER AND OFFLINE SELECTION EFFICIENCIES

Table F.2: Trigger selection e ciency for signal processes. Lisen bold show the
e ciency after L1, L2 kinematic, L2 kinematic with isolation and L3 selections.
Numbers in parentheses in the selection name indicate the thredt values.

Cut bbH(500) | H (500)
single L1 Mu(14) 0.91 0.9
single L1 Tau(93) 0.55 0.53
L1Mu(14) 0.91 0.9
L1 mu AND single L2 Mu(15) 0.9 0.89
L1 mu AND single L2 Tau(40) 0.76 0.75
L1 mu AND L2Mu(15) AND L2Tau(40) 0.75 0.74
L1 mu AND L2MuPt(15) 1so0l(0.97) AND L2TauEt(40) 0.72 0.71
L1 mu AND L2MuPt(15) AND L2TauEt(40) Isol(5.6) 0.68 0.63
L1 mu AND L2Mu(15) AND L2Tau(40) both with isol 0.65 0.61
L1 mu AND L2 AND single L3 Mu(15) 0.64 0.6
L1 mu AND L2 AND single L3 Tau (L2 tau with px isol) 0.51 0.46
L1 mu AND L2 AND single L3 Mu (15) with isol(0.97) 0.63 0.59
L1 mu AND L2 AND L3Mu(15) AND L3Tau(40) with isol 0.5 0.45

Table F.3: Trigger selection e ciency for background processe Rows in bold
show the e ciency after L1, L2 kinematic, L2 kinematic with isdation and L3
selections. Numbers in parentheses in the selection name indede threshold

values. The values fob include the event weight.

Cut tt Wj Wt bb
single L1 Mu(14) 0.91 0.84 | 0.89 0.023
single L1 Tau(93) 0.1 0.025 | 0.017 | 0.000024
L1Mu(14) 0.91 0.84 | 0.89 0.023
L1 mu AND single L2 Mu(15) 0.9 0.83 0.88 0.022
L1 mu AND single L2 Tau(40) 0.72 0.3 0.5 0.0028
L1 mu AND L2Mu(15) AND L2Tau(40) 0.71 0.3 0.5 0.0028
L1 mu AND L2MuPt(15) Isol(0.97) AND L2TauEt(40) 0.67 0.29 | 0.47 0.0017
L1 mu AND L2MuPt(15) AND L2TauEt(40) Isol(5.6) 0.31 0.17 | 0.27 0.0013
L1 mu AND L2Mu(15) AND L2Tau(40) both with isol 0.29 0.17 | 0.26 | 0.00083
L1 mu AND L2 AND single L3 Mu(15) 0.29 0.16 0.26 | 0.00081
L1 mu AND L2 AND single L3 Tau 0.1 0.043 | 0.11 | 0.00044
L1 mu AND L2 AND single L3 Mu (15) with isol(0.97) 0.28 0.16 0.25 | 0.00044
L1 mu AND L2 AND L3Mu(15) AND L3Tau(40) 0.096 | 0.042 | 0.11 | 0.00024
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F.1 Trigger selections

Table F.4: Trigger selection e ciency for background processe Rows in bold
show the e ciency after L1, L2 kinematic, L2 kinematic with isdation and L3
selections. Numbers in parentheses in the selection name indedhe threshold

values.

zZ= | ! + et +
40<m <120 m > 120

single L1 Mu(14) 0.8 0.83
single L1 Tau(93) 0.0085 0.057
L1Mu(14) 0.8 0.83
L1 mu AND single L2 Mu(15) 0.79 0.81
L1 mu AND single L2 Tau(40) 0.24 0.49
L1 mu AND L2Mu(15) AND L2Tau(40) 0.24 0.48
L1 mu AND L2MuPt(15) Isol(0.97) AND L2TauEt(40) 0.23 0.47
L1 mu AND L2MuPt(15) AND L2TauEt(40) Isol(5.6) 0.19 0.42
L1 mu AND L2Mu(15) AND L2Tau(40) both with isol 0.18 0.41
L1 mu AND L2 AND single L3 Mu(15) 0.18 0.4
L1 mu AND L2 AND single L3 Tau (L2 tau with px isol) 0.11 0.29
L1 mu AND L2 AND single L3 Mu (15) with isol(0.97) 0.17 0.38
L1 mu AND L2 AND L3Mu(15) AND L3Tau(40) with isol 0.1 0.28

Table F.5: Trigger selection e ciency for background processe Rows in bold
show the e ciency after L1, L2 kinematic, L2 kinematic with isdation and L3
selections. Numbers in parentheses in the selection name indedhe threshold

values.

b(Z ! )
60<m < 100 m > 100

single L1 Mu(14) 0.14 0.16
single L1 Tau(93) 0.0065 0.02
L1Mu(14) 0.14 0.16

L1 mu AND single L2 Mu(15) 0.12 0.14
L1 mu AND single L2 Tau(40) 0.031 0.053
L1 mu AND L2Mu(15) AND L2Tau(40) 0.026 0.046
L1 mu AND L2MuPt(15) 1so0l(0.97) AND L2TauEt(40) 0.021 0.039
L1 mu AND L2MuPt(15) AND L2TauEt(40) Isol(5.6) 0.016 0.032
L1 mu AND L2Mu(15) AND L2Tau(40) both with isol 0.012 0.027
L1 mu AND L2 AND single L3 Mu(15) 0.0098 0.023
L1 mu AND L2 AND single L3 Tau (L2 tau with px isol) 0.0062 0.016
L1 mu AND L2 AND single L3 Mu (15) with isol(0.97) 0.0089 0.021
L1 mu AND L2 AND L3Mu(15) AND L3Tau(40) with isol 0.0041 0.012
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F. TRIGGER AND OFFLINE SELECTION EFFICIENCIES

F.2 O ine selections

Table F.6: O ine selection e ciency for the signal events. In parentheses the
e ciency relative to the previous cut is shown.

Sample: bbH(200) H (200) bbH(300)
Oine je isolation 9:54 10 1 (1) 9:45 10 1 (1) 9:58 10 1 (1)
1or3tk. in je signal cone 8:70 10 1 (0.912) | 854 10 1(0.904) | 8:57 10 T (0.895)
Leading track pr > 10 GeV=c || 7:87 10 1 (0.905) | 7:74 10 1 (0.907) | 7:99 10 ! (0.932)
Q Qe= 1 7:57 10 1(0.961) | 7:49 10 ! (0.967) | 7:48 10 I (0.936)
Single b tag 1:31 10 1 (0.173) [ 456 10 2 (0.0609) | 1:44 10 ! (0.193)
No jet with Et > 20,j j< 25 | 1:12 10 ! (0.853) | 2:73 10 2 (0.598) | 1:12 10 ! (0.775)
mt(I;MET ) < 60 GeV 9:29 10 2(0.833) | 2:20 10 2 (0.808) | 8:43 10 2 (0.754)
0:9962<cos( ')< 05 7:48 10 2(0.805) | 1:08 10 2 (0.488) | 6:82 10 2 (0.809)
0:2<HCAL Eflead. tk. p < 1.1 || 6:15 10 2 (0.822) | 7:08 10 3 (0.659) | 5:09 10 2 (0.747)
EI>0E?>0 4:21 10 2(0.684) | 5:77 10 2 (0.815) | 3:54 10 2 (0.695)

Table F.7: O ine selection e ciency for signal events. In parertheses the e -
ciency relative to the previous cut is shown

Sample:

bbH(500)

H (500)

Oine et isolation

9:60 10 I (1)

9:56 10 I (1)

1or3tk. in je signal cone

8:82 10 1 (0.919)

8:77 10 ! (0.917)

Leading track pr > 10 GeV=c

8:42 10 1 (0.955)

8:37 10 ! (0.954)

Q Qe= 1 8:.08 10 1 (0.96) | 7:98 10 I (0.954)
Single b tag 2:07 10 1 (0.256) | 7:87 10 2 (0.0986)
No jet with E€™ > 20,] j< 2.5 1:60 10 1(0.772) | 3:57 10 2 (0.454)
mt(I;MET ) < 60 GeV 1:12 10 1(0.701) | 2:31 10 2 (0.646)

0:9962<cos( ')< 05 842 10 2 (0.751) | 1:66 10 2 (0.721)
HCAL E/leading tk. p: 0 :2<f< 1.1 7:20 10 2 (0.854) | 1:29 10 ¢ (0.773)
E1>0E®’>0 5:52 10 2 (0.768) | 1:11 10 2 (0.862)
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F.2 O ine selections

Table F.8: O ine selection e ciency for background events. In parentheses the

e ciency relative to the previous cut is shown.

Sample: tt Wi
Oine je isolation 851 10 I (1) 6:70 10 1 (1)
1 or 3 tk. in je signal cone 7:59 10 1(0.892) | 4:22 10 ! (0.63)
Leading track pr > 10 GeV=c 7:14 10 1(0.942) | 3:62 10 1 (0.858)
Q Qe= 1 6:56 10 1(0.918) | 2:65 10 ! (0.731)
Single b tag 4:42 10 1(0.673) | 2:88 10 °(0.0109)
No jet with ES3" > 20,j j< 255 1:51 10 ! (0.343) | 2:35 10 °(0.817)
mt(I;MET ) < 60 GeV 5:35 10 2 (0.353) | 8:85 10 % (0.376)
0:9962<cos( ')< 05 2:65 10 2 (0.495) | 5:81 10 “ (0.656)
HCAL E/leading tk. p: 0 :2<f< 1:1 || 437 10 3 (0.165) | 2:76 10 * (0.476)
EI>0E?>0 1:78 10 3 (0.408)| 5:53 10 ° (0.2)

Table F.9: O ine selection e ciency for the background events, continuation. In

parentheses the e ciency relative to the previous cut is shown

Sample:

Wt

bb

Oine et isolation

879 10 I (1)

8:69 10 I (1)

1or3tk. in jet signal cone

7.97 10 I (0.907)

6:25 10 I (0.719)

Leading track pr > 10 GeV=c

7.47 10 I (0.937)

448 10 1 (0.717)

Q Qjet = 1

7:11 10 1 (0.952)

2:44 10 1 (0.545)

Single b tag

3:24 10 T (0.456)

2:30 10 2 (0.0942)

No jet with ES3P > 20, j< 2.5

2:79 10 ! (0.86)

0:99 10 2 (0.43)

mt(I;MET ) < 60 GeV

1:01 10 ! (0.362)

0:99 10 2 (1)

0:9962<cos( ')< 05

4:55 10 2 (0.451)

4:11 10 3 (0.416)

HCAL E/leading tk. p: 0 :2<f< 11

5:79 10 ° (0.127)

1:22 10 3 (0.298)

El>0E?>0

2:41 10 ° (0.415)

4:41 10 % (0.36)
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F. TRIGGER AND OFFLINE SELECTION EFFICIENCIES

Table F.10: O ine selection e ciency for the background everts, continuation.
In parentheses the e ciency relative to the previous cut is shan.

z= | I+ e +
40<m < 120GeV=€F | m > 120GeV=¢
Oine je isolation 9:12 10 1 (1) 9:40 10 1 (1)

1or3tk. in je signal cone

8:23 10 I (0.903)

8:39 10 I (0.893)

Leading track pr > 10 GeV=c

6:69 10 I (0.812)

7:55 10 I (0.9)

Q Qpet= 1

6:34 10 I (0.947)

7.04 10 1 (0.933)

Single b tag

1:70 10 2 (0.0268)

1:77 10 2 (0.0251)

No jet with ES3" > 20,j j< 255

1:32 10 2 (0.777)

1:23 10 2 (0.698)

mt (I, MET ) < 60 GeV

1:24 10 ? (0.941)

9:53 10 2 (0.774)

0:9962<cos( ')< 05

4:65 10 3 (0.375)

6:26 10 2 (0.657)

HCAL E/leading tk. p: 0 :3<f< 1.1

3:01 10 2 (0.646)

4:57 10 3% (0.729)

El>0E?>0

1:94 10 3 (0.645)

2:95 10 ° (0.646)

Table F.11: O ine selection e ciency for the background everts, continuation.
In parentheses the e ciency relative to the previous cut is shaen.

bHZ T )
60<m < 100GeV=¢ | m > 100GeV=¢&
Oine je isolation 9:05 10 (1) 9:34 10 1 (1)

1or3tk. in je signal cone

8:25 10 ! (0.912)

8:56 10 ! (0.917)

Leading track pr > 10 GeV=c

7:10 10 1 (0.86)

7:69 10 T (0.898)

Q Qjet = 1

6:68 10 ! (0.941)

7:30 10 1 (0.948)

Single b tag

1:82 10 1 (0.273)

2:00 10 ! (0.275)

No jet with ES@™® > 20,] j < 255

1:31 10 1 (0.72)

1,55 10 1 (0.772)

mt(;MET ) < 60 GeV

1:27 10 I (0.968)

1:36 10 I (0.88)

0:.9962<cos( ' )< 05

5.37 10 2 (0.423)

7:.95 10 2 (0.584)

HCAL E/leading tk. p: 0 :2<f< 1.1

3:75 10 ? (0.698)

4:06 10 2 (0.511)

El>0E?>0

1:62 10 2 (0.432)

2:28 10 2 (0.562)
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Appendix G

Measurement of the tag
e ciency using the
Z! ! + hadrons + X events

G.1 Introduction

Tau lepton identi cation is an important part of many analyses on the the Higgs
boson search and the Supersymmetry search. A precise knowledgeef identi-
cation e ciency and its uncertainty is particularly impor tant for analyses based
on the event counting. In this Appendix a method to measure the tagging
e ciency using the leptons coming from the Z boson decays is described. The
identi cation involves an isolation of the collimated jet ( jet) of particles com-
ing from the hadronic decays [67]. The calorimetry scale uncertainty appears
as the main source of the systematic uncertainty of the signal sefien and the
background rejection e ciencies.

The nal state considered in this analysis is 2 ! + jet+ , which
is the same as the nal state used in some analyses searching for theavy,
supersymmetric Higgs boson decaying into two leptons. The jet isolation
parameters, and o ine selection cuts were chosen similar to the leetions used in
the analysis on the estimation of the MSSM parameter tan( [79; 82], which is
an example of the analysis where a precise knowledge of the s&lace ciencies,
including the jet tagging e ciency is needed.

The primary goal of this Appendix is to show that the Z! ! + jet+
events can be selected in CMS and theidenti cation e ciency for this process
can be measured from the data. It allows comparison with identi cation from
the Monte Carlo (MC) for the same process, and thus make the MC pietions
of identi cation for other processes like bA ! more reliable.
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G. MEASUREMENT OF THE TAG EFFICIENCY USING
THE Z ! ! + HADRONS + X EVENTS

G.2 The method

The -tagging e ciency can be estimated from the ratio of numbers fothe Z

events in two decay channels: Z , Where no tagging is performed and
Z! ! + jet+ X, where a single tag is required. The measured num-
ber of Z! events is equal to the number of events measured in the

channel (N"¢%) minus the number of expected number of background events
(N°X9"). Using the Z° cross section (o), integrated luminosity (L), branching
ratio (BR(Z ! )), selection e ciencies for the trigger (., ) and the oine
selections (mass reco), the expected number of events is:

Nz = zo L BR(Z! ) wr, massreco= NT* N7 (G
and in the similar way for the number of events with the + jet+ X nal state:

NZ! I+ jet — zoO L BR(ZI ! + Jet)

_ _ nN| Meas bkg:
HLT , jet tag other — + jet N + Jet (G'Z)

where 4 Iis de ned as the e ciency of the isolation in the isolation cone and
the e ciency of nding one or three tracks in the signal cone, ad e is de ned
as the e ciency of selections rejecting background to the Z ! + jet
and mass window selection.

The mass reco for the channel is the e ciency to nd the second muon
and mass window selection e ciency. Using these formulas one cabtain the
expression for the q:

bkg:
tag = nlea?et N> jet BR(Z! ) LT, mass reco
ag N meas | Pko: BR(Z ! b+ jet) g, e other
(G.3)

This expression contains terms which can be measured directtyrh the data, like
branching ratios and the event numbers, but also terms that regre additional
information from the Monte-Carlo simulations. The uncertaities on the branch-
ing rations are small: BR=BR' 10 2 [43] and are neglected in the formula
below.

The uncertainty on measured g can be expressed in terms of the number
of measured events in both channels (%, N™%,.,), uncertainty on the back-

ground evaluation (N ™" ., N *9), and uncertainty of experimental selections
) in the following way:

( jet + jet
HLT » HLT mass reco other

104



G.3 Background

D stat. +p jet stat. bkg. to eval. bkg. to + jet eval.
W m N bk+g: N bl<+g: o
bkg : bkg : bkg : bkg :
Nmfas N +Q Nmfas et N +g et Nmfas N +9 Nmfas et N +9 et
jet + et
HLT Sys HLT s[ys mass reco Sys other calto Sys
€ + &
HLT HLTl mass _reco other :
jet + et
HLT HLT mass reco other
(G.4)

Where the uncertainty on the number of background events ixpressed as a func-
tion of Monte Carlo events used for the background estimatio\NM® ), systematic
uncertainty on the background selection e ciency ( %¥° ) and uncertainty on the
background cross section ( ); N P<¥ —) N

Due to the large expected number of signal events in the channel (Ta-

sys

= (gL
jet_( NMC

ble G.2), uncertainties arising from this channel both statistal and from the
background estimation are expected to be less than 1% and are dncampared
to other terms and can be neglected. Also uncertainties on thedger selection
for both channels are expected to be less than 1%, since the singluon trigger

IS not sensitive to the misalignment [52]. No additional contribtions from the Z
boson g spectrum uncertainty were considered, since it will be measuredth
high precision using the 2 events. The measured spectrum can be used to
reweight the spectrum used in the Monte Carlo simulations.

In this Appendix only the statistical and the systematical uncerainties on
the oine selection in the + jet channel are considered. Thepspectra for
considered processes are assumed to be measured. The detector isregbto be
aligned, and the remaining misalignment is expected to intcuce much smaller
uncertainty than the calorimetry scale.

G.3 Background

Processes leading to a hard isolated muon and hard jet have beefesed as
possible backgrounds. The list of analyzed backgrounds incld®CD jets, top

pair production, and W boson accompanied by a jet. The cross sexts used are
listed in Table G.1. For all processes except the W+jet one the Nexo Leading

Order (NLO) cross section was used.
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G. MEASUREMENT OF THE TAG EFFICIENCY USING
THE Z ! ! + HADRONS + X EVENTS

Table G.1: Cross section of all the considered processes. The dalkion order
and the generator level preselection e ciency are shown.

Cross . Preselection
Events sample Calculation order

section [pb] e ciency

Z! 2127 NLO [49] 0.21

Z! ! + jet+X 468 NLO [49] 0.068

tt 830 NLO [83] 0.09

W + jet 41457 LO (Pythia) 0.014
QCD(bb) 2:29 107 normalisation 7:6 10

described in App. B

G.4 Experimental selections

G.4.1 Trigger selection

The events are selected with the single muon trigger. The L1y pthreshold is
set to 14 Ge\ec. The L2 single muon trigger includes the calorimetric isola-
tion and pr > 19 GeV=c cut, the L3 trigger requires the tracker isolation and
pr > 19 GeV=c cut. The muon isolation algorithms are described in the detiai
in 6 and [65].

G.4.2 Oine selection

The oine selections follow the MSSM Higgs analyses [79]. O ineselection
cuts can be divided into three groups: oine identi cation, cuts providing
e cient background reduction and cuts necessary for a good Higgooson mass
reconstruction:

Oine identi cation:

{ full tracker isolation;

{ 1 or 3 tracks in the signal cone.
Background reductions:

{ muon pr > 20 Ge\k;
{ leading jet E; > 45 GeV=;

{ pr of the leading track in the jet > 40 GeV=c;
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G.5 Selection uncertainty
due to the calorimeter scale

{ jet veto: exactly one jet with Er 25 GeV andj j 2:4 additional
to the jet;

{ transverse mass of the muon and the missingrEsystem
mr( ,Er) 30 GeV;

{ electron veto: ratio of jet energy stored in the HCAL to the leadig
track momentum: 03 < f.

Mass reconstruction speci ¢ selections:

{ cos( ' . jet) 0:9962;
{ positive reconstructed energy of the neutrinos: £> 0, E , > 0;

{ mass window 76c m < 130 Ge\~c?.

The mass of the Z boson was reconstructed using the collinear asstiompfor the
decay products of the leptons, described in details in Chapter 6. The method
requires the muon and jet transverse momenta are not back-to-back. Therefore
cos( ' . jet) 0:9962 is required. The requirement for exactly one additioha
central jet also improves the mass reconstruction e ciency, ste it selects events
with larger Z boson @, which results in less back-to-back con guration of the
muon and the jet. Since the jet veto reduces signi cantly the W+jet backgound
this requirement improves the signal over background ratio.

The events are counted in the window in the mass between 70 and 100 Ge¥?.
The number of events after each selection step is reported infdla G.2. At the
end there are 2 1P Z! events, but only 1000 Z! ! + Jjet+X
signal events. The total number of background events is 166 withe main con-
tribution form the t t and bb events.

G.5 Selection uncertainty
due to the calorimeter scale

The main source of the systematic selection uncertainty is the oartainty on the
global calorimetry scale. For the integrated luminosity of 3@ !, the measured
jet scale uncertainty is expected to be of order of 3%, with thase of the W
mass constraint [52]. The uncertainty of the missing transverse ey scale was
assumed to be 5%. The energy scale uncertainty for thgets was assumed to be
the same as for the QCD jets. There are no detailed studies on thgtiemation of
the jet energy calibration. Preliminary studies show that it migh be possible

107



G. MEASUREMENT OF THE TAG EFFICIENCY USING
THE Z ! ! + HADRONS + X EVENTS

Table G.2: Number of events for 30 fb!, with low luminosity, passing each
selection step. The number of events after the tagging is marked in bold.
E ciency of all other selections contribute to the °"" de ned in the Sec-
tion G.2. The numbers for the two mass windows are shown: i) theominal:

70< mi,, < 130 Ge\ec?, and ii) wide mass window: 76 m;,, < 200 Ge\=c?.

[ Process: Z! [Z1 + et | tt W + jet bb
BR [ph] 2127 468 830 41457 22904478
Events for 30 fb ! 63810000 14038200 24900000 | 1243720312 | 687134340000
HLT (single , pr > 19 GeV=0 12113522 532024 1714285 12825148 1658017
only one, p T > 20 GeV=c not applied 449087 1093926 11256357 1044637
jet ET > 45GeV not applied 82211 534301 2174934 51228
leading jet tk:i p7 > 40 GeV=c not applied 17030 204978 466396 4609
tag not applied 12379 137657 190844 2499
mt (;MET )< 30 GeV=C& not applied 8588 21407 32485 1464
"(; jet) < 175 not applied 6820 20107 25663 1266
E,.,>0 not applied 3665 8531 5633 694
Electron veto not applied 3032 2664 3839 504
Jet veto (1 central jet) not applied 1666 682 1460 116
Mass window 7191968 28658 988 99 63 22 42 30 61 34
Mass window (wide) 7191968 28658 1291 113 206 40 271 75 75 37

to calibrate the
[67].

To estimate the selection e ciency uncertainty due to the calometry scale
the reconstructed jet & and missing transverse energy magnitudes were scaled
by uncorrelated factors of 1 0:03 for the jet scale and 1 0:05 for the missing
transverse energy scale. The variations on the selection e cieles are presented
below for both the signal and the background events. The selemti uncertainty

jet energy scale using a selected sample of thejet events

due to the calorimetry for the signal scale uncertainty is 8%.

G.5.1 Signal

The selection e ciency variation for the jet and missing transvese energy scales
variation is presented in Figure G.1. Each selection is apptleseparately. It
is clear that the most sensitive selection is cut on the jet Et, since with
the threshold on 45 GeV, the selection is done at the deeply fal tail of the

jet Et distribution, (Fig. G.3).
structed energy of the both neutrinos is not sensitive to the missy transverse
energy scale, since it depends only on the angle between the mwmd -jet
transverse momenta (Section 6.3).

The selection e ciency variation for the case where each seléah is imposed
consecutively, after previous one, starting from the cut on # muon p- is pre-
sented in Figure G.2. The large sensitivity of the jet Et cut is reduced from

The requirement for the positive recon-
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G.5 Selection uncertainty
due to the calorimeter scale
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Figure G.1: Ratio of the selection e ciency, after the jet scad variation by 3%
and missing transverse energy scale variation by5%, to the e ciency for the
nominal calorimetry scale. Each selection is applied separbte The lled area
shows the statistical uncertainty. Only selections involving aorimetric objects
show the sensitivity to the calorimetry scale variations.

15% to 5% after requiring the leading track to have p> 45 GeV=c. The re-

quirement for a large g for the leading track in the jet moves the jet spectrum
toward higher Er values and therefore the cut on f is more e cient than before

the leading track pr cut. Figure G.3 shows that the e ciency variations near the
threshold are of order of 3% before and after the leading tragk- cut, but the

E+ selection e ciency is higher after the leading track p cut, and the resulting

relative e ciency change is smaller as show in the Fig. G.2

G.5.2 Background

Figures G.4, G.5 and G.6 show the selection e ciency variatiordue to the
calorimetry scale variation for the considered background pcesses. Due to the
very low number of the Monte Carlo events after the last selecin for the W+jet
processes, the uncertainty after the jet veto selection was takas the nal se-
lection uncertainty. For the tt process, (Fig. G.4), the selection uncertainty is
12%, for the W+jet, (Fig. G.5) the selection uncertainty is 6% The bb selection
uncertainty is 9%, (Fig. G.6).

The estimated uncertainties for the background events selémh have very
large statistical uncertainty, but due to the large signal to bakground ratio the
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G. MEASUREMENT OF THE TAG EFFICIENCY USING
THE Z ! ! + HADRONS + X EVENTS

s 1.2f
8 E
= 115
— E
~ —
) 1.1F
< E
o000
% 1.05[5600
=
" 1y|r|r|r|
) E
S 0.95F
(AP -
w 0.9F el
- E
s . F
«— 0.85F
084IIIIIII L1l L1 L1
TISSR SRR ISR IJX I[NBXR INIX IJRR IR IRNRX
bbbin LbDOD bbb LD LD LOOn DDODOD OLOn DhDn
[ S L e O + ¥ + ¥ TV F Eyscale
SeNe SeR¥e MR NeRe NoRNe NeR¥e Je¥e Je¥e NeRe
PP VoPom PoPom PoPm PoPm PoPém PoP,m PoPm PoPo
rREQ YR R A PR i LA S
jet scale
- ? (o) V. %
2 % % ?r < Lo < 3. %
~ < % ) BN % A KN
PN 2. o © BA <
e © = ° ° 2
F & %
. 3
Z
A

Figure G.2: Ratio of the selection e ciency after the jet scalevariation by 3%
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nominal calorimetry scale. Each selection is applied consematy, after the pre-
vious one, starting from the muon p cut. The lled area shows the statistical
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Figure G.3: The jet Et distribution after the identi cation cuts before and
after the leading track pr > 40 GeV=c selection. The arrow marks the oine

jet E+ cut on the value of 45 GeV. Both histograms are separately nortized
to unit area.
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G.6 Results

contribution to the total tagging selection uncertainty from the background se-
lection uncertainty is small, even for large relative unceainty on the background

events selection.
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Figure G.4: Ratio of the selection e ciency after the jet scalevariation by 3%
and missing transverse energy scale variation by5%, to the e ciency for the
nominal calorimetry scale for the t events. Each selection is applied on the top
of the previous one, starting from the muon p cut. The lled area shows the
statistical uncertainty. The maximal e ciency variation aft er all selections was
taken as the selection uncertainty estimate.

G.6 Results

G.6.1 Total uncertainty on the number of background
events

As described in the Section G.2, the total background estimatenaertainty con-
tains the process cross section uncertainty, the selection uneénty and the
Monte Carlo statistical uncertainty. For the cross section unagainty it was
assumed that the cross sections for considered processed will besuesd. The
expected statistical uncertainty on the measured cross sectioor fthe single lep-
tonic tt is 0.23% for 30 fb! and the systematic uncertainty is expected to be
of the order of 9.2% [84]. Here it is assumed that there will be wetarge num-
ber of Monte Carlo events available at the time, therefore # MC statistical

111



G. MEASUREMENT OF THE TAG EFFICIENCY USING
THE Z ! ! + HADRONS + X EVENTS

1.2
1.15
11
1.05

t E scale, ¥, scale/I 100%

[(o]{e]
(o]

e

.00
.00
.00

1333

0.95

0.9
«— 0.85
0.8

Je

5% PTG T T
R 50 —
-3% +5% -
+3% -5% [—

506 —
50 —
5% —
-5% —
-5% —
-5% —
5% |—

-3% +5% (—

+3%
+3% +5% [—
-5%

-5%

+3% +5%

#; scale

-3% +5% (—

+3%
+3% +5% [—

-3% +5% -
-3%

-3% +5% —
+3%

+3%

+3% +5%
+3% +5%
+3% +5% [—

-3% +5% (—
-3%

-3%

+3% +5%
3%

-3%

-3%

+3% +5%
3%
-3% +5%
+3%

jet scale

& ? M <
?O ° % ? o 2.% < L2 %
x N < 2 3 ) % 4 G
> ? & - ° ) % 2,
- o % © Z.
T b %
., >
X Z

Figure G.5: Ratio of the selection e ciency after the jet scalevariation by 3%
and missing transverse energy scale variation by5%, to the e ciency for the
nominal calorimetry scale for the W+jet events. Each selectiors applied on the
top of the previous one, starting from the muon ¢ cut. The lled area shows
the statistical uncertainty. The maximal e ciency variation after the jet veto
selection was taken as the selection uncertainty estimate.

uncertainty is assumed to be negligible. Below, the uncertdias for the tt back-
ground are summarized. The total uncertainty is taken as a sunmiquadrature
of all contributions and is equal to 15.1%. The assumption of dependence of
all contributions is only approximate, since the systematic urertainty on the
cross section and the uncertainty on the o ine selection dependn the common
uncertainty on the calorimeter scale. For the W+jet and the b similar uncer-
tainties on the measured cross sections, as for thenere assumed, as there is no
detailed analysis on those processes available yet. Below the suany of all the
contributions to the selection uncertainty for the backgrond processes is shown:

it Xsec. sys. uncert. selection e ciency MC stat. Total
' 9.2% 12% 0% = 15.1%
W+ iet: Xsec. sys. uncert. selection e ciency MC stat. Total
Jet 9.4 % 6% 0%  =11.2%
Xsec. sys. uncert. selection e ciency MC stat.  Total

QCD(bb events): 9.4 9% 9% 0% = 13%

The total uncertainty on the number of background events isaken as as sum
in quadrature of all the individual uncertainties and is eqal to 1.3%:
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Figure G.6: Ratio of the selection e ciency after the jet scalevariation by 3%
and missing transverse energy scale variation by5%, to the e ciency for the
nominal calorimetry scale for the b events. Each selection is applied on the top
of the previous one, starting from the muon p cut. The lled area shows the
statistical uncertainty. The maximal e ciency variation aft er all selections was
taken as the selection uncertainty estimate.

N packgroun: _ (0:15163)2+(0 :11242)2+(0 :1361)2 _ , .
N meas. N tt _b ngW(: ] NQCD. - 088 - 13%
+ et + jet + et + et
G.6.2 Total uncertainty on the tag e ciency

The total uncertainty on the -tag e ciency is a sum of contributions form the
signal events and from the background. Table G.3 summarized #le contribu-

tions. The total relative uncertainty is 8.8%.

Table G.3: Contributions to the total measured tag e ciency relative uncer-
tainty.

Number of | Calorimtery | Background
Source: ) _ Total
jet events | scale uncert.|| uncertainty

Contribution

[%]; 3.4 8 1.3 8.8
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G. MEASUREMENT OF THE TAG EFFICIENCY USING
THE Z ! ! + HADRONS + X EVENTS

G.7 Conclusions

The procedure for estimating the -tagging e ciency from the data has been
proposed. The procedure uses leptons coming from the Z boson decays. The
estimated uncertainty of the method is 9%. It is important to stess that the

t tag

0.9
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Figure G.7: The -tag e ciency for the leptons coming form the Z bosons decay
and Higgs bosons with i3 = 200 and 500 Ge\kc?. The e ciency is plotted as a
function of the mother particle mass.

tag e ciency measured for coming from Z boson decay is di erent from the
tag e ciency for the from Higgs bosons decays for Higgs masses larger that

the Z mass, (Fig. G.7). Although the -tagging does not include the kinematic

selection the e ciency varies with the jet energy due to the following e ects:

fraction of 3-prong events with at least one track beyond the gnal cone
- the more energetic jet is the more collimated it is, and less events are
rejected due to the e ect of signal tracks falling out of the sigal cone and
spoiling the isolation;

fake track rate for highly collimated jets - for very energetic jet the signal
tracks are very close in space. It may happen that di erent tracs share hits
in the tracking detectors, which causes problems with the staadd track
reconstruction;

the jet energy scale is dierent for 1 and for 3-prong events, and ¢
relative fraction of these events changes with the jet energy;

the jet transverse energy distribution is very narrow, (Fig. G.3)and it
allows for only one or two bins with high statistics, which is noenough to
make reliable e ciency extrapolation to high jet E1 region.
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G.7 Conclusions

This means that there is no simple, data based way to use the e aey
measured form the Z events for the Higgs events. Rather, one hasget it from
the Monte Carlo, with the careful checking of the result for tke from Z, where the
\direct" measurement will be possible. Prediction of the ratioof single to three
prong events in jet Er bins may serve as a good Monte Carlo validation
test, since this number can be measured directly from the data.
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