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Introduction

The Standard Model (SM) of Particle Physics provides a description of the
basic components of matter and their interactions. The present belief is that
all known matter can be described through twelve fundamental particles, the
fermions, that can be divided into two main groups according to their different
behaviour: leptons and quarks. The fermions interact through three types of
interactions: electromagnetic, weak and strong interactions, which are mediated
by another type of particle: the wvector bosons. A fourth force is needed to
describe the Universe, the Gravitation. Even if this is the interaction closest to
everyday experience, its effect is completely negligible at the typical scales of
mass and distance relevant for particle physics.

The Standard Model (Chapter 1) describes the three fundamental interac-
tions with two gauge theories: the theory of the electroweak interaction, or
Electroweak Standard Model, that unifies the electromagnetic and the weak in-
teractions, and the theory of strong interactions or Quantum Chromodynamics
(QCD). The SM for weak and electromagnetic interactions is constructed on
a gauge theory with four gauge fields corresponding to massless bosons. Since
only the photon is massless, whereas W and Z are massive, something has
to happen in order to have electroweak unification. The masses of the gauge
fields (as well as the fermions, in SM) are generated by spontaneous symmetry
breaking. A renormalizable theory which perfectly reproduces the low-energy
phenomenology is then obtained. Electroweak symmetry breaking in the Stan-
dard Model is described by the Higgs mechanism. At present this is the weak
spot of the theory.

It maybe possible that we are in a scenario similar to the ones before the

electroweak unification: physicists used a phenomenological theory (Fermi the-



ory) able to explain low energy phenomena, but non renormalizable and with
non physical behaviour at high energies. The upgrade of the Fermi theory into
a gauge theory, with the consequent introduction of the gauge bosons, provides
a renormalizable model for the electroweak interactions. Similarly, if the Higgs
boson does not exist, some processes could violate unitarity and then renormal-
izability could be lost. However, even the discovery of the Higgs boson could
imply the necessity of new physics, depending on its mass. In fact only a lim-
ited range of masses around 160 GeV are compatible with the stability of the
Standard Model up to the Planck mass scale. A very different mass would im-
ply a breakdown of the Standard Model and give an indication of the scale at
which new physics would become evident. Therefore it is important to study
the processes that are sensitive both to Higgs production and to the no-Higgs
scenario.

The aim of this work is to study the possibility to experimentally observe the
fusion of longitudinally polarized vector bosons produced in p— p collisions. The
V'V -fusion can probe the electroweak symmetry breaking without assuming the

Higgs mechanism. The following processes:
pp—=ViVi+X =727+ X = putpjj+X

= ZWL+X = ZWr+X = ptpjj+X

have been studied in the framework of the CMS experiment at LHC. The results
are summarized in Chapter 4. The CMS apparatus is described in Chapter
2. In Chapter 4 another goal of this work will be discussed: understand if
ViV, = Z1Z;, and Z,W;, — Z; Wy, can be experimentally discriminated.
Since no real data are yet available, a simulation with Monte Carlo generator
has been performed. The simulation and the processing through both the fast

and the full detector simulation are treated in Chapter 3.



Chapter 1

The Standard Model

Introduction

All known particle physics phenomena are extremely well described within the
Standard Model (SM) of elementary particles and their fundamental interac-
tions. The SM provides a very elegant theoretical framework and it has success-
fully passed very precise tests which at present are at the 0.1% level [1, 2, 3, 4, 5].

We understand by elementary particles the point-like constituents of matter
with no known substructure up to the present limits of 107'% m. These are of
two types, the basic building blocks of matter themselves known as matter par-
ticles and the intermediate interaction particles. The first ones are fermions of
spin s = 1/2 and are classified into leptons and quarks. The known leptons are:
the electron, e~, the muon, 1~ and the tau 7—, with electric charge @ = —1 (all
charges are given in units of the elementary charge e); and the corresponding

neutrinos v, v, and v, with ¢ = 0. The known quarks are of six different
2 1 _1 2 _1

32 3) 7 33 3
and %, respectively. Both leptons and quarks have their corresponding antiparti-

flavours: u, d, s, ¢, b, and ¢ and have fractional charge ) =

cles (particles with identical mass and spin, but with opposite additive quantum
numbers with respect to the vacuum).

The quarks have an additional quantum number, the colour, which can be
of three types, generically denoted as ¢; with ¢ = 1,2, 3. We know that colour is
not seen in Nature and therefore the elementary quarks must be confined into

the experimentally observed matter particles, the hadrons. These colourless



Table 1.1: Fermion features.

| Fermions | 1* fam. | 2"¢ fam. | 3"? fam. | Charge | Interactions |

2
k “) <t> 3 All
Quarks (d b _%

Leptons ( Ve ) ( Yu ) ( v ) 0 Weak, E.M.
e u T —1
Table 1.2: Gauge bosons features.
| | Electromagnetic | Weak | Strong
Quantum Photon (7) W= and Z gluons
Number of quantum 1 3
Mass (GeV/c?) 0 80-90

Coupling constant | a(p=m.) ~ o= | Gp =1.167 x 10 °GeV ? | a,(mz) ~ 0.1

Range (cm) 00 10~16 10713

composite particles are classified into baryons and mesons. The baryons are
fermions made of three quarks, ¢qq, as for instance the proton, p ~ wud, and
the neutron, n ~ udd. The mesons are bosons made of one quark and one
antiquark as for instance the pions, 77 ~ ud and 7~ ~ d @. A classification of
fermions is given in Table 1.1.

The second kind of elementary particles are the intermediate interaction par-
ticles. Leaving aside the gravitational interactions, all the relevant interactions
in particle physics are known to be mediated by the exchange of an elementary
particle that is a boson with spin s = 1. The photon, 7, is the exchanged parti-
cle in the electromagnetic interactions, the eight gluons g,, @ = 1, .., 8, mediate
the strong interactions among quarks and the three weak bosons, W* and Z°,
are the corresponding intermediate bosons of the weak interactions. The main
features of electromagnetic, weak and strong forces are summarized in Table
1.2.
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1.1 The Standard Model

The Standard Model is a quantum field theory that is based on the gauge
symmetry SU(3)coiour ® SU(2), ® U(1)y. This gauge group includes the sym-
metry group of the strong interactions, SU(3)coour, and the symmetry group
of the electroweak interactions, SU(2);, ® U(1)y. The symmetry group of
the electromagnetic interactions, U(1)en, appears in the SM as a subgroup
of SU(2), ® U(1)y and it is in this sense that the weak and electromagnetic
interactions are said to be unified.

The forces in the standard model are mediated by gauge bosons associated
with the symmetries of the group SU(3)corour @ SU(2), @ U(1)y.

The SU(3)coiour factor describes the gluonic force of the strong interactions.
Because the SU(3)coiour gauge invariance is not broken, the eight associated
gluons remain massless. The strong interactions do not have an infinite range,
in spite of the gluon being massless, because of confinement. The theory of
quarks interacting by exchange of gluons is called Quantum Chromodynamics
(or QCD), to stress the parallel with Quantum Electrodynamics (or QED),
which also has an unbroken gauge invariance and an associated massless gauge
boson: the photon.

The SU(2), @ U(1)y ! factors describe the unified electroweak interactions.
The SU(2)r, group describes the left-handed isospin, an isospin charge carried by
left-chirality fermions (chirality is equivalent to helicity in the ultra-relativistic
limit). The subscript Y refers to “weak hypercharge”, related to the electric
charge and left isospin, by the relation:

Q:ﬁ+§. (1.1)

Unlike the SU(3)coiour factor, the SU(2) ® U(1)y invariance is broken down to
the U(1)em subgroup, the unbroken gauge invariance of electromagnetism. As
a result, three of the four gauge bosons, W* and Z, of SU(2);, ® U(1)y are
massive while the fourth, the photon (), remains massless.

Experimentally this is not a subtle effect. The W and the Z masses |6]:

! As show in the following, SU(2)r, ® U(1)y gauge bosons are W4 (A=1,2,3) and B, which
are massless. Physical vector bosons (y, W*, Z ), which are linear combinations of w4
and B, are generated by electroweak symmetry breaking.
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mwy = 80.423 £ 0.039 GeV myz = 91.1876 = 0.0021 GeV

are responsible for the subnuclear range of the weak force ryeqr ~ h/mwc® ~
2.5-1071% cm. In contrast, Maxwell’s laws are verified by measurement to a
scale greater than L, > 10'® cm. Therefore the symmetry-breaking mechanism
produces a mass hierarchy of at least 26 orders of magnitude my,/m., > 10%.
The fact that the weak gauge bosons are massive particles, my, mz # 0,
indicates that SU(2), ® U(1)y is not a vacuum symmetry. In contrast, the
photon being massless reflects the fact that U(1).,, is a good symmetry of the
vacuum. Therefore, the Spontaneous Symmetry Breaking pattern in the SM

must be:
SU(3)colom‘ ® SU(Z)L ® U(l)Y — SU(3)colour ® U(l)em -

The dynamics of the symmetry-breaking mechanism is unknown. There are
good reasons to believe that the general framework is the spontaneous symmetry
breaking. The term “spontaneous” here means that the symmetry is not broken
explicitly by the interactions but rather by the asymmetry of the state of lowest
energy, referred to as the vacuum in quantum field theory. In the absence of an
associated gauge symmetry, each spontaneously broken direction in the global
(i.e. space-time independent) symmetry space gives rise to a massless, spin-zero
particle or Goldstone boson. If the broken direction in symmetry space also
correspond to a gauge symmetry (i.e. a space-time dependent symmetry) then
the associated Goldstone boson and the massless gauge bosons combine to form
a massive gauge boson: this is the Higgs mechanism. The Higgs Mechanism
provides the proper masses to the W and Z gauge bosons and to the fermions,
and leaves as a consequence the prediction of a new particle: the Higgs boson.
This must be scalar and electrically neutral. This particle has not been seen in
the experiments so far [5].

The Higgs mechanism preserves the number of states. A massless gauge
boson occurs in two, transverse? polarization states, given in four-component

notation by

2The terms transverse and longitudinal refer to the polarization of three-vectors: er is
transverse to the momentum p while e, is parallel to it.
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el = —(0,1,44,0), (1.2)

1
ﬁ(
where the z direction is chosen as the direction of motion. Because a massive
gauge boson can be brought to rest by a Lorentz transformation, and since there
is no preferred direction in the rest frame, spatial isotropy requires three spin
states. In the frame in which the massive gauge boson moves in the z direction,
the two transverse spins states are given by Eq. (1.2), while the third spin state

is longitudinally polarized

1

As specified by the equivalence theorem (see later), at energies large com-
pared to the gauge boson mass the longitudinal mode can be identified with the
underlying Goldstone boson from the symmetry-breaking sector. In this sense
we can say that three particles from the otherwise unknown symmetry-breaking
sector have already been discovered: the longitudinal gauge modes W and Z,,
(here L denotes longitudinal). Therefore by studying the interactions of longi-
tudinally polarized W’s and Z’s in the laboratory we can probe the dynamics

of the unknown symmetry-breaking mechanism.

1.1.1 Before the Standard Electroweak Theory

The modern electroweak theory provides a well defined and consistent theoret-
ical framework including weak interactions and quantum electrodynamics in a
unified picture.

Weak interactions take their name from their intensity at low energy. An
approximate model that can explain the behaviour at low energy of weak force
is the Fermi effective four-fermion approximation. Thus the intensity of weak

interaction at low energy is characterized by the Fermi coupling constant

Gr =1.6639-10 °GeV 2 (1.4)

and depends with quadratic law on the energy scale of process:
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E2
GrE® ~107°—;, (1.5)
mp
where m, is the proton mass. Observing Eq. (1.5), it is clear that the model
has a bad behaviour at high energy (the unitarity is lost). This behaviour is
corrected in the EW theory by the vector boson propagator, thus in such theory

the unitarity is guaranteed also at high energy.

1.1.2 Electroweak Unification

The EW phenomenology is described by a gauge theory, based on SU(2);, ®
U(1)y symmetry. Asin the SM the left- and the right- handed fermions have dif-
ferent transformation properties under this gauge group, the mass terms (which
are of the type w¥p1r + h.c.) violate gauge invariance. Also the vector boson
masses break the SU(2);, ® U(1)y symmetry. So if we want to give masses to
the particles, we have to invoke a mechanism that both explains the symmetry
breaking and provides masses to fermion and weak bosons and not to the elec-
tromagnetic field. In the SM the mass sector is described by Higgs mechanism
|7, 8.

We can write the Standard Model Lagrangian as a sum of two parts:

L= Esymm + »CHz'ggs ) (16)

the symmetric one is?

13 1 _ _
»Csymm = _Z ZF:}/FANV - ZB,uVBIW + wLifY“D/ﬂ/}L + wRifY“DuwRa (17)
A=1

where
e B,, =0,B,—0,B, .
B,, is the gauge field associated with the U(1)y generator.

o Fi, =0,W}—0,W!— geapcWEWE .

3For simplicity only one generic family is discussed here, it is understood that complete SM
Lagrangian is a sum over all families.
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Table 1.3: Lepton quantum numbers.

| Lepton | ¢ | #3 | Q| V]
ve 3] 3 | 0]
er S| —21-1]-1
€Rr 0 0 -1 -2

WMA are the gauge fields associated with the SU(2), generators.

o Dy =08, +ig> i W +ig'¥ B, .
Since g is an isosinglet, then no terms proportional to g are made from
D,.
t{ are the SU(2) generators and g the corresponding coupling constant,

¢' is the U(1)y one, which has Y as generator.

t{ obey angular momentum commutation laws,

tf = eapc [tF, 9], (1.8)

while there is an important relation between Y, 3 and @ (the U(1)en

generator):

Y

(1.9)
d — type
while ¢g is an SU(2)p singlet. Quantum numbers for all fermions are
listed in Tables 1.3 and 1.4.

—t
e 1, is an SU(2), doublet: iP" = ( Vll ) or Ik — ( v rpe );

Lsymm contains the physical vector boson fields Wui, Z,, and A,. We can

identify them as:

Wi:WI}iiWﬁ

p % (1.10)

and
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Table 1.4: Quark quantum numbers.

[(Quark [ (] [ @]V |
u ITT L1 2 | 1
e vk
de |5 |~5|~3]| 3
ug 0] 0 ] 2| 3
de [O] 0 |—3]-3

(1.11)

A, = By costy, + W3sin,
Z,=—DB,sinf, + Wﬁ’ cos B,

where 6, is the Weinberg angle, that relates the electroweak coupling constants

gsinf, = ¢’ cosf, =e. (1.12)

The Eq. (1.7) can be written as:

where
L4 »Cfe'rmion = l@ﬁ’“a;ﬂﬁ = i%7u6u¢L + i%ryuauw}l ;

L5y = —Qepy YA, = —Qe {Bry vr + Dry“vr} Ay ;

— ul—ms |tTWr oW
‘CWETIJ = _gw,yul 2’75 [ Lﬁ# + Lﬁ# ] qu

ttw,

_ -
= —g¥” [ Lﬁ“ +

W+
L\/i“ ] wLWu ;

Lgy =~z 0" [(1 = 75) ] — 2Qsin? 0, | v 2,
= — 4 [boy s — by eQsin® 6, 7, ;
Loauge = —igwwv [(WJ,,W”V” - WiV, wm + WJWVVW)] i
i [Fietmgre gt | WIWIWAWE
where W, = 0,W,, — o,W,, V,, =0,V, — 9,V ,

gww~ = e and gwwz = ecot b, .
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In which v5 = i7°y14%y% and t+ = ¢! 42
Equation (1.13) tells us that vector bosons can interact with each other also
without fermion fields and reflects charge-parity violation.

The Higgs term is:

Gp (— _
Liriggs = (Duo)' (Do) =V (610) — 7; (PeMow + DrMo yh + hec.)
(1.14)
where in the Minimal Standard Model (MSM), ¢ is a doublet of Higgs fields:

¢:(¢+):L(gblﬂ&):i(wlﬂw?) w15
¢° V2 \ ¢ +igt V2 \ h+iwd

and ¢¢ = io?¢* is the charge conjugate of ¢; it is introduced to explain up-type
fermion masses.

D,, has the same expression as the corresponding term in Eq. (1.7) and M
is the fermion mass matrix. In the MSM we have only one Higgs doublet so the
change of basis that makes M diagonal will at the same time diagonalize the
fermion-Higgs couplings. Thus, no flavour changing neutral Higgs exchanges are
present. Moreover from recent evidence [6] also neutrinos have masses, therefore
M has non-null eigenvalues also in leptonic families.

The potential V (gb*gb) is invariant under SU(2);, ® U(1)y and contains, at
most, quartic terms in ¢ so that the theory is renormalizable:
2

v (818) = 5i6'6+ A (¢1) (1.16)

in which p? < 0 and A > 0. This combination of signs is crucial for the model
(see Figure 1.1). If u? > 0 then the potential does not produce spontaneous
symmetry breaking; if A < 0 the vacuum should be unstable (no lower bounds).

Spontaneous symmetry breaking is induced if the minimum of V, which is
the classical analogue of the quantum mechanical vacuum state, is obtained for
non-vanishing ¢ values. It is simple to verify that Eq. (1.16), with requested
condition on p? and ), has a minimum for ¢cess = \/;:’f :

For the quantum vacuum state conventionally we place
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)
]
5| 0
] 7
/ > T
B4

Figure 1.1: Shape of the potential 1.16 for different signs of u? and X.

(0]6(x)| 0) = v = % ( ° ) (1.17)

with v? = _2—’;\2 Since at tree level m% ~ 2\v? spontaneous symmetry breaking

with Higgs mechanism implies my # 0. From experimental measurement®
v=(Gp)~? ~ 246 GeV.

It is possible to look at the Higgs mechanism as a perturbation of the vacuum
introducing a field H(z):

1 0
Uper = 73 ( vt H(z) ) : (1.18)

In fact we can rewrite Eq. (1.15) in a more convenient (but approximate) form:

ei@.ﬂ) 0
¢ V2 (v—i—H(w) ) . (119)

Where £=123 are the Goldstone bosons and H(x) is the Higgs boson. The
exponential term is absorbed by an SU(2);, ® U(1)y gauge transformation,

I

SU(2)r, symmetry breaks down and the Goldstone bosons disappear.

The boson fields acquire their masses by coupling to the vacuum value of

4The Fermi constant, Gr = 1.16639(1) x 10~% GeV ™2, is determined from the muon lifetime
[9, 10].
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Table 1.5: Higgs field couplings with fermion and vector bosons.

‘ ‘ Mass ‘ Single Coupling ‘ Double Coupling ‘

m2 'ITL2
H vV 2 UH o
2
1 Ty My
w 5V 2™ y i
1 gv mz mz
Z 2 cosf 2m v2
; GFE mr
fermion | ZFvgs -

the Higgs field. Since the minimum for the Higgs field is invariant for U(1)
transformations, the electromagnetic U(1) symmetry is therefore unbroken and

the photon remains massless. This invariance is guaranteed by the condition:

Q) = (ti + g) v) =0 (1.20)

i.e. the request that the vacuum is electrically neutral.
Eq. (1.14) can be rewritten as
Luiges = Lu + Luw + Luz + Lyc, (1.21)
where
o Ly =30PHO,H — MW?*H? — 20vH? — \H* ;

o Lyw = ig VWHW, + 520 HWHW + 10> H*WHW,

Z

Z“Z +

1
°£HZ_g 329

o Lyc=—S%y ( odd + guuu) CrH (gdad + guﬂu) :

where d = (I, d' — type) and u = (v, u — type) associated to the respective

constant couplings.

From equations (1.21) it is easy to obtain the relations given in Tab. 1.5.

The Higgs mechanism allows the incorporation of weak boson masses while
preserving the renormalizability of the theory. A theory based on a Lagrangian
which does not respect the gauge symmetry is unrenormalizable and loses there-

fore all predictive power. Conversely, in a spontaneously broken gauge theory
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the symmetry is in a sense still present; it is merely “hidden” by our choice of
the ground state and the theory can be shown to be renormalizable. The Higgs
mechanism gives rise to three massive gauge bosons and a massless one, corre-
sponding to eleven degrees of freedom. Since the initial number of independent
fields was twelve (four massless vector bosons with two polarization states each
and four scalar fields), one additional scalar gauge boson should appear as a
real particle. This is the Higgs boson. When the gauge symmetry is sponta-
neously broken three massless real fields, the Goldstone bosons, disappear and
the W and Z bosons acquire their masses. The degree of freedom linked to
the Goldstone bosons becomes the longitudinal degree of freedom of the vector

bosons. This is the Higgs mechanism.

1.1.3 The QCD Lagrangian

In the present work no strong sector of Standard Model is treated. Only for

completeness the Lagrangian of QCD is given
Locp = 2q E(i%ij - 5ijmq)Qj - %Fﬁquu ;

DY = ;0" — ig, (%)m Al (1.22)

Fo = 0,A% — 0,A% + g, f*PT AusAsy ;
where i=1, 2, 3 are the colours of quark fields ¢; (the “sum over ¢” means sum
over quark flavours); % are the SU(3)..0r generators (they are usually given in

terms of the so-called Gell-Mann matrices [11]) and A (with o =1, ..., 8) are
the corresponding gauge fields (i.e. the gluon fields).

1.1.4 Experimental Success of SM

The Standard Model has been successfully tested at the LEP collider, at the
Tevatron and at HERA [5]. Precision tests were performed on the most impor-
tant observables predicted by the SM (see Table 1.6). The main lesson of the
precision tests can be summarized as follows. It has been checked that couplings

of quarks and leptons to weak gauge bosons W and Z are indeed precisely those



1.1. The Standard Model 18

Table 1.6: FElectroweak precision test results (Winter 2004).

Winter 2004
Measurement Fit  |omeas-Qft|gmeas
0 1 2 3

m, [GeV] 91.1875+0.0021 91.1873
r,[GeVl  2.4952:0.0023  2.4965 mm
obs[nb] 415400037 41481 |em—
R, 20.767 £0.025 ~ 20.739 m—
A 0.01714 + 0.00095 0.01642
Ry 0.21638 + 0.00066 0.21566 m—
R, 0.1720+0.0030  0.1723 #
AP 0.0997 +0.0016  0.1037 |———
A 0.0706 +0.0035  0.0742
A, 0.925 + 0.020 0.935 jm
A, 0.670 + 0.026 0.668
A(SLD) 0.1513+0.0021  0.1480
m, [GeV] 80.425+0.034  80.308 mmm
Iy [Gev] 2.133 +0.069 2.094 |jmm
m, [GeV] 178.0£4.3 178.1

o
[
N
w

prescribed by the gauge symmetry. The accuracy of a few 0.1% for these tests
implies that, not only the tree level, but also the quantum corrections have been
verified. Even if not with comparable precision, triple gauge vertexes YW tW~
and ZW*W ™~ have been measured and found in agreement with the predicted
non abelian structure of the theory. This means that the gauge symmetry is
indeed unbroken in the vertices of the theory: the currents are indeed conserved.
Yet there is obvious evidence that the symmetry is otherwise badly broken in
the masses. In fact the SU(2), ® U(1)y gauge symmetry forbids masses for all
the particles that have been so far observed: quarks, leptons and gauge bosons.
But of all these particles only the photon and the gluons are massless (protected
by the SU(3)cotor @ U(1)em unbroken colour and electric charge gauge symme-
try), all other are massive. The Higgs particle, responsible for the EWSB and
the particle masses, has not been found but its mass can well be heavier than
the present direct lower limit mgy > 114.4 GeV (95% confidence level) obtained
at the LEP2 |12].



1.1. The Standard Model 19

6

Aa®) = 1

5 . — 0.02761+0.00036 7

i - 0.02747+0.00012 7

4- i «ee incl. low Q? data —

(\I>< 1
5 3

5 _

1 _

0 | Excluded r"fPreIiminary_

T T LI R S B | T !
20 100 400
m,, [GeV]

Figure 1.2: The Blue band: experimental limit on Higgs mass (Winter 2004).
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1.2 Vector Bosons Fusion

1.2.1 ViV Interactions as a Probe of EW Symmetry Break-

ing

We can rewrite Eq. (1.16) in the following way:

V=2 <¢2 - %2>2 (1.23)

plus a constant term that can be reabsorbed by a potential translation. Substi-
tuting Eq. (1.15) inside Eq. (1.23) and dropping h in h + v® we obtain:

V= % (w?+ h?)2 + wwh (w? + h?) + M?h?, (1.24)

where w? = w? + w3 + w3. The equation above illustrates Goldstone’s theorem:
before breakdown the potential (1.23) had a four-dimensional O(4) symmetry
in the space spanned by w and &, that was reduced to the O(3) symmetry of the
space spanned by triplet w in Eq. (1.24). The number of invariant generators
is reduced from the six of O(4) to the three of O(3), each broken generator
gives rise to a massless Goldstone boson. In equation (1.24) we can see that the
would-be Higgs field h has a mass, while the w (Goldstone bosons) are massless.

The potential of (1.24) viewed in the Lagrangian of (1.14) gives us another
information: before the Goldstone boson are adsorbed by vector bosons (dur-
ing the gauge transformation) they are coupled with the Higgs field and not
with the transverse vector bosons, which appear in the symmetric term of the
Lagrangian. Therefore intimate relations are present among the vector boson
masses, the Goldstone bosons and the longitudinal polarization.

A proof of those relations existence is the so called equivalence theorem.

Equivalence theorem. If M(W; W;,Z;, H) is an amplitude for the scat-

tering of longitudinal intermediate bosons and the physical Higgs particle and if

5There is a slight difference between h and H: the first is scalar field described by Eq.
(1.26), and then could be the Higgs boson, whereas H is a scalar field that is described
by Eq. (1.14) that is equation (1.26) where ordinary derivative is substituted by covariant
derivative, and then s the Higgs boson.
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M(wt,w™, z, h) is the analogous amplitude for the scalar field theory described
by (in the 't Hooft- Feynman gauge)

Lss = (0"0) (9.0) — A <¢2 - ”—)2 (1.25)

after symmetry breaking:

1 1
Lsp = 50"WO,w+ 5 0"hd,h— % (w? + h2)2 — Xvh (wW? + h?) = ?h?, (1.26)

then for s > m?,, m%

MOV W 20, )~ Mtz +0 ()

Therefore at high energy in the VV-fusion centre of mass, only the longi-
tudinally polarized V’s interact with the symmetry breaking sector. Since the
longitudinal degrees of freedom of the vector bosons are the signature of symme-
try breaking, longitudinally polarized vector boson fusion is the best candidate
to study EWSBS, whereas transversally polarized V’s will be a background to

our observables.

1.2.2 Longitudinal VB Production

At high energy, there are many competitive mechanisms able to produce W and
Z bosons and Wy, and Zp, in particular. Some of these are more sensitive than
others to the longitudinal components of V’s.

One mechanism to produce vector boson pairs at future colliders is through
fermion anti-fermion annihilation. This is the case of ¢g annihilation in hadron
colliders. This process yields vector boson pairs that are mostly transversely
polarized and will usually be a background to the processes considered here.

A second mechanism for producing longitudinal vector boson pairs in hadron

6Lsp is more general than Lpiggs in the sense that Lgp is necessary to have Higgs mecha-
nism, but the inverse it is not necessary true! In fact Lgp takes is mean only by supposing
that has to explain SU(2)®U (1)y invariance broken down to the U(1),, subgroup. There-
fore with longitudinal vector boson fusion we can probe EWSB also outside the Minimal
Standard Model.
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Figure 1.3: Schematic diagram of gluon fusion
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Figure 1.4: VV — ZZ diagrams. The first and the last diagrams have also
the u-channel diagrams.

colliders is gluon fusion [13]. In this case the initial gluons turn into two vector
bosons via an intermediate state that couples to both gluons and electroweak
gauge bosons (see diagram 1.3). Examples are: the top quark and possibly new
heavy quarks. In this case, only neutral V,V}, pairs can be produced, and thus
this channel is particularly sensitive to new physics with a scalar resonance like
a heavy Higgs boson.

Finally, there is the vector boson fusion process (V,V, — Vi, V1), which is im-
portant in the case of strongly-interacting vector bosons. The major advantage
for studying vector boson fusion processes is that they involve all possible chan-
nels mediated by scalar and vector resonances, as well as purely non-resonant
ones.

In the present work two kinds of longitudinally polarized vector boson fusion

are taken in account:
o ViV = Z1.Zy1, ;
o WEZ s WiZ .

In Figure 1.4 and 1.5 the Feynman diagrams for these channels are shown.
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V4 w

Figure 1.6: Tree-level diagrams of Higgs production mechanism in pro-
ton-proton collisions: (a) gluon-gluon fusion, (b) W and Z fusion, (c) tt asso-
ciated production, (d) W and Z associated production.

1.2.3 Higgs Production and Search

Since not only V,V} fusion can produce the Higgs resonance, in this section we
will briefly review the different production mechanisms and decay modes of the
Higgs boson.

Main processes and cross sections for Higgs production at an hadron collider
are shown in Figs. 1.6 and 1.7 respectively. Vector boson fusion is the second
most important process for producing the Higgs boson. Gluon-gluon fusion has
the largest cross section on the whole mpy spectrum and only at very high Higgs
masses does the boson fusion production become comparable. However, even
if the V'V fusion process has on average a cross section about 5 to 10 times
smaller, this channel is extremely interesting because of its clear experimental
signature. In fact, the presence of two spectator jets provides a powerful tool
to tag the signal events discriminating the backgrounds.

As far as the signature of the Higgs production is concerned, we need to
consider the Higgs branching ratio. The Higgs couplings to fermions and gauge
bosons are given in Table 1.5. They are proportional to the masses of the decay

particles; therefore, the final state with the heaviest particles dominates the
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Figure 1.7: Cross sections of different Higgs production mechanism as a func-
tion of the Higgs mass [14].

Higgs decay when kinematically allowed. Figure 1.8 shows the branching ratio
of the Higgs boson as a function of my. For low masses (mg < 130 GeV)
the H — bb decay is the most important since the b-quark is the heaviest
fermion kinematically available. However, this decay channel is difficult to
observe because of the huge QCD background. In this mass region the most
interesting channel is H — 7 which, despite its low branching ratio (~ 1073)
has a very clean signature. Of course excellent photon energy and angular
resolution are required. At high Higgs masses (> 2my ) the WW and ZZ final
states become available.

The total decay width is obtained by summing all possible decay channels.
At low Higgs masses the width remains extremely narrow (a few MeV at my ~
100 GeV) reaching ~ 1 GeV at my = 200 GeV. At higher masses it becomes
broad: I' > 100 GeV above myg = 600 GeV.
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Figure 1.8: Branching ratio of the Higgs boson as a function of the Higgs mass

[14]

1.2.4 Heavy Higgs

As already seen in the previous section at high invariant masses the Higgs

production is mainly due to the gluon-gluon fusion and V'V -fusion processes.

In this mass region the Higgs boson mainly decays into a WW or ZZ pair and

the decay widths are [15]:

I'(H — Z2)

and

[(H—-WW")

where

9> my 3 2
1287Tm—2\/1—$z (1—$Z+Z.’EZ> (128)
w
2 3
g-m 3
4m?, Tw
oy =2 _ (1.30)

m2%  cos2f,’
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4m3,
= . 1.31

For energetically allowed decays zy < 1. As the Higgs mass grows, zy — 0
and the leading term grows proportional to m3;. Summing over the W= and Z

channels the Higgs width can be written as

['(H—VV)~ %mz (TeV). (1.32)

Therefore, we have that I' ~ my when my ~ 1.4 TeV, so once the mass becomes
larger than a TeV it becomes experimentally very problematic (and perhaps not
very significant) to separate the Higgs resonance from the VV continuum.
The ratio between the Higgs decay widths into longitudinally or transversally
polarized gauge bosons is:
F(H — VTVT) %.’L’%/

I'H — VLV1) B (1 — %xv)2 . (1:3)

The dominance of the longitudinal vector bosons arises from the fact that the
longitudinal degrees of freedom are directly related to the Goldstone bosons
which are an essential ingredient of the symmetry breaking (see Section 1.2.1).

The different Higgs signatures are related to all possible combinations of
W and Z decays. Table 1.7 shows the product of the cross section and the
branching ratio for different possible final states. All values are normalized to
H — 77 — IT171"1~ which is the “gold-plated” mode for the Higgs search. In
Table 1.7 some possible final states are omitted since they are not observable,
for instance in the H — ZZ — v;v;v;7; channel the final state cannot be
reconstructed because of the presence of four undetected neutrinos, while the
purely hadronic channels H — ZZ — ¢,;¢;q;q; and H — WW — ¢;q;q,q; are
not accessible because of the large QCD background.

The branching ratio is not the only parameter which needs to be evaluated
in order to judge the feasibility of detecting the Higgs boson in each of the
channels of Table 1.7. It is also interesting to understand what are the main
sources of background and to verify if it is possible to reconstruct the signal

with good accuracy and efficiency. Of course, the fully leptonic final state has
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Table 1.7: Cross sections multiplied by the BR for most of the Higgs decay
channels normalized to the “gold-plated” channel. Here “1” indicates each type
of lepton (e, u and T), not sum over them.

| Decay channel | o x BR |

H—=ZZ =1t~ 1
H— 77 = 1M vy 6
H—WW — lvilv 10

H= 77 = qg | 21
H — WW — lvggq; 64

a clear signature which allows a precise Higgs mass reconstruction, but it also
has a very small BR. The most promising channels are H — WW — lvg,q;,
which has a large branching ratio, and where the presence of a lepton permits
to identify the leptonic W decay, and H — ZZ — [Tl™¢;q; which has a less
larger BR than the previous channel, but has a very clean (and unambiguous)

leptonic signature.

1.3 Constraints in Spontaneous Symmetry Break
ing
1.3.1 Unitarity Constraint

We have seen that at high energies the scattering of longitudinally polarized
vector bosons V7, can be approximated by the scattering of the would-be Gold-
stone bosons w* and z (w* = (w' £ iw?)/v/2 and z = w?). Therefore ignoring
gauge couplings and gauge boson masses we can parametrize the scattering
amplitudes as [16, 17]:

MWW, — ZpZ1) = A(s, t,u), (1.34)

M(Z,Z;, — WiWT) = A(s, t,u), (1.35)
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MWW, = WHW;,) = A(s, t,u) + A(t, s, u), (1.36)
M(ZLZ, — ZpZ1) = A(s, t,u) + A(t, s,u) + A(u, t, s), (1.37)
MWEZ, - WEZL) = A(t, s, u), (1.38)

MWEWE - WEWE) = A(t, s,u) + A(u, t, s), (1.39)

where s, ¢ and u are the usual Mandelstam variables and in the Standard Model

2 2
_ "My My
A(s,t,u) = " (1 + p——— HFH9($)> , (1.40)

where T'y = 3m3,/327v? is given by the sum over all partial widths, and 6(s)
is Heaviside step function.
Equation (1.37) (see diagrams in Fig. 1.4 ") can be taken as an example.

Since it is analyzed for s > m? the width contribution can be neglected. Thus

S t U

M(ZLZ, — Z1Z1) = —V2Gpm?, ( . ) . (1.41)

+ +
s—m% t—m¥%  u-—m%
From the partial wave method we have the relation:

o0

M(s,t,u) =167 Y_(2J + 1)ay(s)Ps(cosb), (1.42)

J=0
where Py(cos ) are the Legendre polynomials. It is possible exploit their proper-
ties of orthogonality to find the partial wave amplitude a;(s) for orbital angular

momentum J:

ay(s) = % [ (€05 00) P (€05 0 ) M(5, ). (1.43)

The corresponding differential cross-section is given by:

"In the s-channel Higgs exchange V’s are replaced by Z’s. Moreover no quartic coupling
exists for this process.
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dael 1 2
= M 1.44
dQY  64n2s M| (1.44)
Thus, the elastic cross-section in terms of partial waves is:
16m &
O =— ST +1) as(s)). (1.45)
J=0

On the other hand, the optical theorem relates the total cross-section with the

forward elastic scattering amplitude:

1
0tot(1 + 2 — anythings) = gIm (M(s,cos0 =1)) . (1.46)

Since 0., < o0, we find the inequality \aJ|2 < |Im(ay)|, from the which it is

possible extract the unitarity condition

[Re(as)| < 5. (1.47)

|

It is easy to calculate Eq. (1.43) for the amplitude given by Eq. (1.41) for J=0

partial wave

—Gpm? 9m?
ao(Zp 7y — Z17;) = —L 0 |3y T Sy, <1+%>] . (1.48)
8T s —my S m

therefore for s > m? it becomes

—3Gpm%
8w '
Combining Eq. (1.49) with the unitarity condition (1.47) it is easy to find that:

CI,O(ZLZL — ZLZL) ~ (149)

4
m2 < — ~ (600 GeV)? . (1.50)
3Gr

If mpyg is substantially less than the critical value, the magnitude of the ampli-
tude is well within the bound (1.47) everywhere except near the Higgs boson
resonance pole, where anyhow finite width corrections are sufficient to rescue
the unitarity. In contrast, if my attains or exceeds the critical value, the uni-

tarity bound will be violated, at the tree level approximation, at all energies
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Figure 1.9: Sketch of the energy dependence of the J=0 partial wave amplitude
for elastic scattering of longitudinally polarized vector bosons for two choices of
the Higgs boson mass. For myg > (47 /3Gr)'/? the partial wave unitarity bound
(1.47) is violated for s > m?% [18, 19].

above the Higgs-boson pole (see fig. 1.9) . Of course no properly calculated
amplitude will ever violate unitarity, simply our theory (i.e. SMSB) becomes

an effective low energy model of a underlying strongly interacting theory.

1.3.2 The Task of the Higgs Boson in the Standard Model

We have just discussed the importance of the Higgs boson in the Standard
Model as a field which can give mass to fermions and vector bosons; but it
accomplishes another important task. As an example the WW — WW process
can be considered. Considering only the no Higgs exchange diagrams in Fig.
1.10 we find that this amplitude grows like EZ :

M~ @(1 + cosOerm) (1.51)

V2

so rewriting Eq. (1.43) for J=0 we can find

GFS .
167v2’

now using relation (1.47) we obtain a critical energy

Qo (1.52)
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Figure 1.10: WtW~ — W*W~ diagrams.
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Se = Gy
This means that if the Higgs boson does not exist, for /s ~ 1.7TeV new

physics must appear (i.e. new resonance or strongly interacting behaviour of

~ (1.7 TeV )?. (1.53)

electroweak force). But if the Higgs boson exists (and it has a mass between
the limits previously given), then also diagrams four and five of Fig. 1.10 are
present which contribute to the total amplitude as

G FS

M ~ —W(l + cosl.pm) - (1.54)

Thus the bad behaviour of (1.51) is cancelled by the Higgs exchange diagrams.
Considering all diagrams plus the terms that do not grow with energy, we find
again the relations (1.34) to (1.39).

Therefore if no Higgs boson exists the SM becomes a low-energy effective
theory of an unknown strong interaction. Since the predictivity of a low-energy
effective theory is lost at energies beyond the critical threshold (1.53), many
phenomenological models are used to obtain results that are, at least, internally
consistent. All these models are based on the unavoidable requirement of the
scattering amplitude unitarity. For example, the Padé unitarisation model [20]
proposes that each scattering channel is dominated by a single resonance in the

cross section. This assumption is somehow inferred by analogy between the
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new strong interactions and low-energy pion scattering (QCD) which exhibits
resonances in several channels. On the other hand, the K-matrix model [21]
presents the saturation of the Goldstone boson scattering amplitudes without
resonances. These are only two of the possible scenarios and many others have
been studied. However, since the aim of the present study is to probe the
symmetry breaking mechanism without any model assumption on new physics,

no degrees of freedom beyond the Standard Model were considered.

1.3.3 Lower Limit on the SM Higgs

In this section and in the following, limits on Higgs mass are discussed. It is
important understand that even if the Higgs boson is found, the SM, for internal
consistency, predicts an energy scale at which new physics must appear. This
new physics could be investigated by processes studied in this work.

A lower limit [22, 23] on the Higgs mass my can be derived from the re-
quirement of vacuum stability. The limit is a function of the top quark mass
m,; and of the energy scale A where the model breaks down and new physics
appears. The possible instability of the Higgs potential V (¢'@) is generated
by quantum loop corrections to the classical expression of V(¢'¢). At large ¢
the derivative V'(¢'¢) could become negative and the potential would become
unbound from below. As demonstrated in [24, 25| the stability of the potential
for ¢ ~ A > my practically coincides with the requirement that the running
coupling A\(u) never becomes negative up to the break down scale A.

The one-loop renormalization group equation (RGE) for A(p) is:

4
D) = L 1202+ 300 + (0P + 9?7 - 12(™) - 3Ag%+

din 1.55
—3X(g® + g) + 12X ()] (1:59)

This equation must be solved together with the one-loop RGEs for the gauge
and Yukawa couplings, which, in the Standard Model, are given by®:

8For the convention adopted here, the system of coupled equations is solved with the initial
condition A\(mpy) = m3;/2v°.
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Figure 1.11: Dependence of quartic coupling constant A on the energy scale .

dg' 1 (4
ﬁ% = Tox? (Fgls) ;
(1.56)
ddglsnl; 16171'2 (=793),
m m 3
ddlil(f:) = Tor (9 (f) - (893 +19°+ %912) mt) .
For small my with respect to m; it is possible that
dA(t A
MO g (A ; (1.57)
dt 1

thus A can become negative. In Figure 1.11 the dependences of A(y) from p for
two different Higgs mass are shown. One can also invert the relations in Figure
1.11, obtaining the my limits as a function of A (Figure 1.12). The precise
measurement, of the top mass is crucial in order to impose a lower bound on
the Higgs mass. The top mass effect on this limit is shown in Fig. 1.13, where
different values of m; change the curve in Figure 1.12.

It is remarkable that if m; ~ (174 + 178) GeV and A ~ Mpjgnek, then myg
must be larger than 130 GeV. On the other side, if mg < 130 GeV (and m, is
in the range indicated) the SM breaks down well below Mp;,cx: new physics

must appear at the scale where SM breaks down.

my (GeV)



1.3.  Constraints in Spontaneous Symmetry Breaking 34

150 "
125

100

my (GeV)

75

lower bound on mpy

50 m; = 174.3 GeV

25

A RS
109 1012
A (GeV)

|
1015

Figure 1.12: Higgs boson mass lower limit as a function of the breakdown
enerqgy scale A.
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Figure 1.13: Top mass effect on Higgs boson mass lower limit.
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1.3.4 Upper Limit on the SM Higgs

Similarly an upper bound on my (with mild dependence on m;) can be obtained
from the requirement that up to the scale A no Landau pole appears. In fact
[26] if we consider the renormalization group equation for A in the simplified
case when gauge and Yukawa couplings are neglected, we can find:

3)\2
B(A) = 9.2

The variation of the coupling with the scale is summarized by the S-function:

(1.58)

_
= /'Ldu .
Combining Eq. (1.59) with Eq. (1.58), it is possible to compute the behaviour

BN (1.59)

of the coupling constant as a function of the scale:

1 1 3 A
SN L M 1.
o) ) ety (1.60)

W
isolating A(A) in equation (1.60) we find:
Alw)
AA) = : (1.61)
1— ()52 In (%)
We can see that A\(A) has a Landau pole for

A = pexp <3i7(r;)) . (1.62)

Vacuum stability requirement forces Eq. (1.62) to be:

272
A < pexp <—> : (1.63)
3A(w)
Thus for energy scale p = myg,” and remembering that m? ~ 2\(mg)v?, at
tree level, an upper bound on Higgs mass is obtained:
4ry?
A< . 1.64
M exp ( 3 ) (1.64)

9The Higgs mechanism has to be valid, at least, up to this scale of energy, in order to
performs its task.



1.3.  Constraints in Spontaneous Symmetry Breaking 36

400
T [ I I [

" triviality upper bound on my (GeV) ]

300 — ¢ solid: A < 1 for w < A —
i dotted: A < 10 for p < A

200 |— el P —
T —
- -~ -
V2 % -~ dashed: stability lower bound
[ .7 3 dot—dashed: metastability lower bound:
| |
0 R R il i
108 108 109 1012 1015
A (GeV)

Figure 1.14: Upper and lower bounds on my.

The relation (1.64) implies that for a given Higgs boson mass, there is a finite
cutoff energy at which the description of the theory as a fundamental theory
stops making sense. This means that the standard Higgs model can only be
regarded as an effective theory valid below this cutoff . The theory of a relatively
light weakly coupled Higgs boson can be self-consistent to a very high energy.
Conversely, Higgs mass has not to be too large. For example, if the theory
has to be valid up to a typical Grand Unified Theory scale energy, 10'® GeV,
then the Higgs boson mass has to be less than about 170 GeV. Since we have
computed the S-function in perturbation theory, this answer is only reliable at
energy scales at which \(u) (as well as the Higgs boson mass) is small. Non-
perturbative lattice calculations are available. Estimates indicated that if the
theory has to be valid up to 4 TeV, the mass of the Higgs boson has to be less
than about 800 GeV.

The upper limit (1.64) is the so called “triviality bound”, in fact from Eq. (1.63)
it is easy to find that:

272

Ap) < @,

which shows that for A — oo, A — 0. So if the SM is valid up to the Grand
Unification Theory scale, Higgs sector interactions are weak.

(1.65)
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Chapter 2

The LHC Collider and the CMS

Detector

2.1 The Large Hadron Collider (LHC)

In order to explore the Electroweak Symmetry Breaking Mechanism up to the
TeV scale, a high luminosity and high centre-of-mass energy collider is needed.
The perfect machine for this task would have been the Superconducting Super
Collider (SSC) which should have been built in the USA. It had been designed
to collide beams of protons at a centre-of-mass energy of 40 TeV. Unfortunately
the project was terminated because of financial problems. Therefore the best
candidate for the investigation of the EWSB mechanism in general, and of the
WW fusion process in particular, will be the Large Hadron Collider at CERN

which will start running in 2007.

2.1.1 Design of the LHC Machine

As stated before, the discovery of any kind of new physics in the TeV region
needs a machine able to collide high energy particles with very high luminosity.
Since the energy loss due to synchrotron radiation of a particle of mass m and
energy F turning in a ring of radius R is proportional to E*/(m*R), an accel-
erator ring too large to be affordable would be needed to accelerate electrons

to high energies. On the other hand, the idea of a proton-anti-proton collider
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Table 2.1: LHC parameters for p — p and Pb— Pb collisions.

| Parameter | p—p |[?Pb*?" |
Center-of-mass energy (TeV) 14 1148
Number of particles per bunch 1.1x10" | ~ 8 x 107
Number of bunches 2808 608
Design Luminosity (cm™2s™!) 103 2 x 10%7
Luminosity lifetime (h) 10 4.2
Bunch length (mm) 53 75
Beam radius at interaction point (pm) 15
Time between collisions (NC) 24.95 124.75
Bunch crossing rate (MHz) 40.08 0.008
Circumference (km) 26.659
Dipole field (T) 8.3

has to be discarded because it would be too difficult to produce enough anti-
particles to reach the needed luminosity. That is why a proton-proton collider
is the right solution for very high energy physics.

The LHC accelerator will be built in the existing 27 km long tunnel where the
LEP collider was installed. The maximum beam momentum and the maximum
centre-of-mass energy are limited by the magnetic field intensity; LHC will
reach a centre-of-mass energy of 14 TeV. It will run with a bunch crossing rate
of 40 MHz (with a bunch structure such that only 80% of the bunches will
be filled [32]). During the first three years of running the luminosity will be
2 x 10% cm=2s~! (usually called “Low Luminosity”). After this initial period

25~1 will be reached.

the so called “High Luminosity” of 1034 cm™
LHC will not only accelerate protons at high luminosity but it will also be

able to accelerate heavy ions. Some LHC parameters are given in Table 2.1.

2.1.2 LHC Experimental Environment

Since protons are not elementary particles, hard collisions can be thought of
as parton collisions in which the interacting particles carry only a fraction of
the proton energy determined by the Parton Density Functions (PDFs). This

means that the initial total energy and the rest frame of the interaction are
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Figure 2.1: Cross sections and event rates of several processes as a function
of the center-of-mass energy of proton-proton collisions [33].

not known: we only know the initial transverse energy of the system. On the
other hand this situation has the advantage that a wide range of energies can
be explored with fixed-energy beams.

Figure 2.1 shows cross sections for different processes as a function of the
centre-of-mass energy in p — p collisions. The total cross section is very large
while the cross section of interesting events, for example Higgs production, lies
orders of magnitude below it. LHC will compensate the low Higgs production
cross sections through its very high luminosity; the drawback is that the total
event rate becomes so high that several interactions overlap in the same bunch
crossing. Every interesting event will have several “minimum bias" events piled
up on the top of it. Considering the bunch crossing rate of 40 MHz, the design
luminosity of 103* cm~2s~! and the total non-diffractive inelastic p — p cross
section of 55 mb predicted by PYTHIA, the average number of piled up events

will be 17.3 for each bunch crossing. This high interaction rate is not only very
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demanding for detectors trigger and data acquisition systems but also implies
an intense radiation environment. All LHC detectors should have a very fast
response time and the readout electronic should also be very fast. Moreover, to

cope with event pile-up, high granularity is required to avoid particle overlap.

2.1.3 LHC Experiments

The two proton beams intersect at four points where experiments are placed.
Two of these house the ALICE detector [34], which will be used for the study
of heavy ion collisions, and LHC-B [35], a detector optimized for the study
of b-mesons and b-Baryons. The two other regions house the general-purpose
experiments ATLAS [36] and CMS. Since their physics goals are similar, these

two detectors share many common features:

e precision electromagnetic calorimetry;

e good muon identification and precision momentum measurement through

large magnet systems;
e lepton identification and precision measurement up to n = 2.5;

e calorimetry with large n coverage in order to obtain the required missing

Er resolution.

The main differences between these two detectors are related to the magnetic
field configuration. The Compact Muon Solenoid (CMS) uses a big supercon-
ducting solenoid which generates a strong solenoidal field, while ATLAS uses
a toroidal field produced by three sets of air-core toroids complemented by a
small inner solenoid. The CMS solenoidal magnet supplies a very intense field
and the resulting system is very compact: calorimeters can be installed inside
the magnet improving electron and photon energy measurement. Precise track-
ing exploits both the constant field within the magnet and the field inside the
return yoke. Among the disadvantages of this kind of setup we have to consider
that multiple scattering within the yoke degrades the muon system resolution.
On the other hand ATLAS, using a toroidal magnetic field, has the advantage

that pr resolution does not have any dependence on pseudorapidity. Moreover
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Figure 2.2: The CMS detector. Barrel wheels are numbered Z—= -2, -1, 0, 1,
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an air-core toroid together with excellent detector alignment allows a good mo-
mentum resolution even without the inner tracker. Figures 2.3 and 2.2 show
schematic pictures of the ATLAS and CMS detectors. The CMS experiment is

described in a more detailed way in Section 2.2.

2.2 The Compact Muon Solenoid Detector (CMS)

The main goal of LHC will be the investigation of the Electroweak Symmetry
Breaking Mechanism. The two general-purpose experiments ATLAS and CMS
should therefore be able to reveal all kinds of new physics. The discovery
potential of these detectors is very high since, considered the LHC centre-of-
mass energy, it will be possible to detect new particles up to masses of 3—5 TeV.
To achieve this task, the CMS Collaboration designed a very compact detector

characterized by a strong magnetic field generated by a 4 T superconducting
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Figure 2.4: Longitudinal view of one quarter of the CMS detector.

solenoid. The next sections provide a general description of this detector.

2.2.1 Overall Design

The CMS [37] detector is a cylindrical barrel 21.6 m long closed by two endcap
disks, with a diameter of 15 m and a total weight of almost 12500 tonnes. Figure
2.4 shows a longitudinal view of one quarter of the CMS detector while the cross
sectional view of the barrel region is shown in Fig. 2.5.

The CMS coordinate frame is a right-handed system where the z axis points
to the centre of the LHC ring, the y axis points upward and the z axis is parallel
to the beam. However reconstruction algorithms use a spherical coordinate
system based on the distance r from the z axis, the azimuthal angle ¢ with
respect to the z axis and the pseudo-rapidity 7. Pseudo-rapidity is a very
convenient quantity to describe physics at LHC. Since the centre-of-mass of the
interaction could be boosted along the beam direction it is very useful to use
experimental quantities that are invariant under such boosts as the transverse
momentum pp or the rapidity. Rapidity is defined as:

y:}mE+m
2 E-p,

and is often used to describe angular distributions because it has the property

(2.1)
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Figure 2.5: Transverse view of the barrel region of the CMS detector.

that the shape of dN/dy distributions is invariant under boosts along the z
direction. For p > m the rapidity is approximated by the pseudorapidity:

0
n = —Intan 2’ (2.2)

where 6 is the angle between the particle momentum and the z axis. The
pseudorapidity has the advantage that it depends only on € and can be also
used for particles of unknown mass and momentum.

The basic design criteria of CMS are:

e a redundant muon system, to achieve precise muon identification and mo-

mentum measurement;

e high resolution electromagnetic calorimeters for precise energy measure-

ment of photons and electrons;

e a high quality inner tracking system to allow good reconstruction of par-

ticle tracks even in the most difficult experimental conditions.

To achieve these objectives CMS will use a design driven by the choice of its

magnet; a 13 m long superconducting solenoid [38] with a diameter of 5.9 m



2.2.  The Compact Muon Solenoid Detector (CMS) 45

will supply a 4 T magnetic field, which is kept uniform by a massive iron return
yoke. This magnet will be cooled with liquid helium. The yoke houses the muon
system composed of drift tube detectors in the barrel region and cathode strip
chambers in the endcaps (up to |n| < 2.4) complemented by a system of resistive
plate chambers with a coverage of || < 2.1. The muon system is described in
detail in Section 2.2.5.

The innermost tracking detector has to cope with a very high track multi-
plicity. Therefore, to allow precise vertex reconstruction and reliable b-tagging,
a very fine granularity is needed. For this reason a silicon pixel detector was cho-
sen; it consists of three barrel layers and two forward disks. Moreover, outside
the pixel detector, a silicon strip detector is installed, with a radius of about
1.2 m. The whole silicon system (described in Section 2.2.2) allows charged
track reconstruction with at least 12 measurement points and a coverage up to
In| < 2.5.

The calorimeter system is also placed inside the solenoid. It has therefore to
be thick enough to avoid hadronic cascades leaking into the muon system. The
electromagnetic calorimeter (ECAL) is a homogeneous calorimeter composed of
PbW Oy scintillating crystals covering the region |n| < 3. In the endcaps it will
be supplemented by a lead/silicon preshower detector in order to improve the
pion rejection efficiency and the resolution in the determination of the electron
and photon direction. A more detailed description of the ECAL is given in
Section 2.2.3.

The hadronic sampling calorimeter consists of plastic scintillators plates
and copper alloy absorbers. It has the same pseudorapidity coverage as the
ECAL but is complemented by a very forward calorimeter (HF) which reaches
In| < 5.3, improving the hermeticity of the detector. The HCAL is described in
Section 2.2.4.

2.2.2 The Tracker

The inner tracker [39, 40| will provide reconstruction of high-p; charged tracks
in the region |n| < 2.5 with high efficiency and momentum resolution. The
detector is composed of several layers of silicon detectors. The first layers are

crucial for the measurement of the impact parameter and, since they are close to
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Figure 2.6: Three-dimensional view of the full pizel detector.

the interaction point, they have to cope with a very high particle flux; therefore,
finely segmented pixel detectors are used. The other layers are composed of
single-sided silicon strip detectors extending up to r = 110 cm and |z| = 270 cm.
The short distance of the device from the interaction point imposes special

requirements of radiation hardness.

The Pixel Detector The pixel detector, thanks to its high-resolution three-
dimensional measurement, will allow excellent charged track reconstruction and
impact parameter measurement, identification of 7 and b-jets and three dimen-
sional vertex reconstruction. The pixel detector is composed of three barrel
layers at mean radii of 4.4 cm, 7.3 cm and 10.2 cm, extending for a total length
of 53 cm and two endcap disks extending in radius from 6 to 15 cm placed on
each side, at |z| = 34.5 cm and 46.5 cm. This layout will guarantee at least two
pixel hits for tracks originating within 2 o of the nominal collision point, up to
about |n| < 2.2. Fig. 2.6 shows a three-dimensional representation of the pixel
detector.

The full detector consists in a total of 4.4 millions of square n-type silicon
pixels with a size of 150um x 150pum on a n-type silicon substrate. A spatial
resolution of ~ 15um is obtained. With this kind of layout, standalone track
reconstruction, that requires three hits per track, will also be possible with good

efficiency. However, in the initial low-luminosity phase only two barrel layers



2.2.  The Compact Muon Solenoid Detector (CMS) 47

I —_
£10 £
S f® K py =100 GeVic E) ® |, p; =100 GeVic
k] 4 W py=10GeVic o > A |, p; =10 GeVic E Sl
o H® W, pr=1GeVic z = |, p;r=1GeVic i"'
© "'i
- 2 at i
10 ° i .
-
-
o
o
++‘4r*** A i
" acha
h g A
‘oo 00 O i T ATAS
lo-o @O0 n ,‘Ek: L e ephaA AA—AA AGA—A
2 proinl
. g ol
10 o A *ff’”
Bt lo-00-00000 0 ,04000?
AA
10
0702505 075 1 125 15 175 2 225 002505075 1 12515 1.75 2 2.25 25
n n

Figure 2.7: Resolution of the tracker on the transverse momentum (left) and
the transverse impact parameter (right) as a function of pseudorapidity, for
single muons with transverse momentum of 1, 10, 100 GeV/c [41].

and one endcap disk will be installed. The standalone track reconstruction will
therefore not be possible and the region where each track gives two hits will be
limited to |n| < 2.0.

The Silicon Microstrip Detector In addition to the pixel detector the
tracker is composed of several layers of silicon microstrip detectors; they provide
high spatial precision and time resolution combined with adequate radiation
hardness. There are about 15000 microstrip detectors, with a pitch size from
80 to 180 um. In the inner part they are organized in four barrel layers and
three small forward disks while in the outer part there are six barrel layers and
nine forward disks. Some of the modules will be “stereo" modules, composed by
two detectors mounted back-to-back with the strip rotated by 100 prad in order
to provide a measurement in the coordinate orthogonal to the strips. Fig. 2.7
shows the resolution of the full tracker for the transverse momentum and the

impact parameter.

2.2.3 The Electromagnetic Calorimeter

The physics process that imposes the strictest requirements on the electro-

magnetic calorimeter (ECAL) [42] performance is the intermediate mass Higgs
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decay into two photons: the goal is a 1% two-photon invariant mass resolu-
tion. The natural choice to achieve this task is a homogeneous calorimeter; the
CMS collaboration chose a crystal calorimeter composed of about 80000 lead
tungstate (PbWO4) crystals. Lead tungstate is a fast, radiation-hard scintil-
lator characterized by a small Moliere radius (21.9 mm) and short radiation
length (8.9 mm). In the barrel the crystals are 230 mm long while in the end-
caps they are 220 mm long, corresponding to 25.8 and 24.7 radiation lengths,
respectively; the short radiation length allows a good shower containment in
the limited space available for the ECAL.

The calorimeter system should also be able to distinguish between showers
initiated by neutral pions and photons, or charged pions and electrons, which
require good granularity. Crystals are trapezoidal with a square front face of
22 x 22 mm? in the barrel and 30 x 30 mm? in the endcaps, matching the Moliere
radius. This granularity is not high enough in the endcap regions where a
preshower device with higher granularity will be used; it consists of two lead
radiators and two planes of silicon strip detectors with a total radiation length
of 3 X,. This detector will allow rejection of photon pairs from 7° decays which
may fake a single photon.

In the barrel scintillator light is collected by silicon avalanche photo-diodes
while, in the endcaps, vacuum photo-triodes are used.

As shown in Fig. 2.8, the geometric coverage of the ECAL extends up to
In| < 3.0.

Usually the energy (FE) resolution of a calorimeter is parametrized as

(%)2 = (%)2 + (%)2 +é (2:3)

where q is called stochastic term, corresponding to the statistical fluctuations in
the number of primary processes that generate the signal, o, is the noise term
including the energy equivalent of the electronic noise and pile-up effects and c
is a constant term related to the calibration of the calorimeter. The different
contributions to the energy resolution as a function of the measured energy are
shown in Fig. 2.9.
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Figure 2.9: Different contributions to the energy resolution of the ECAL [42].
The curve labeled “intrinsic” includes the shower containment and a constant

term of 0.55%.
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2.2.4 The Hadron Calorimeter

The hadron calorimeter (HCAL) [43] surrounds the ECAL and works together
with it to measure direction and energy of jets and transverse missing energy.
One of the main design requirement for the HCAL is therefore a high her-
meticity. Moreover, the identification of forward jets is very important for the
rejection of many backgrounds. For these reasons, the barrel and the end-
cap parts, which cover up to || = 3.0, are complemented by a very forward
calorimeter which extends the coverage up to |n| = 5.3. The barrel and the
endcap calorimeters with active plastic scintillator layers interleaved with brass
absorber plates; the read out system is composed of wavelength-shifting fibers.
Only the first layer is read out separately while all others are read out together
in towers of size An x A¢ = 0.087 x 0.087. In the barrel region full shower
containment is not possible within the magnet volume and an additional “tail
catcher" is placed outside the magnet.

The very forward calorimeter is placed outside the magnet yoke, 11 m from
the interaction point. It uses quartz fibers parallel to the beam, inserted in steel
absorber plates. The energy resolution is o/E ~ 65%vE @ 5% in the barrel;
o/FE ~ 85%VE @ 5% in the endcaps and o/E ~ 100%VE @® 5% (E in GeV) in
the very forward calorimeter.

2.2.5 The Muon System

The tasks of the muon system [44] are the identification of muons and measure-
ment of their transverse momenta with or without the contribution of the inner
tracker. Muon detection is of central importance because it provides a clean
signature for many physics processes playing an important role. The muon sys-
tem is integrated in the iron return yoke of the magnet. The material in front of
the muon system shields the detector from charged particles other than muons
allowing muon identification even at high luminosity running conditions. The
CMS muon system is composed of three independent subsystems using different
technologies. In the barrel, where the track occupancy is low and the magnetic
field is well contained in the iron plates of the return yoke, drift tube detectors
(DT) are installed. In the endcap region, Chatode Strip Chambers (CSC) are

used because of their good spatial and time resolution which allows usage with
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Figure 2.10: Longitudinal view of the muon system.

high occupancy levels and in presence of large inhomogeneous magnetic fields.
Both in the barrel and in the endcaps the system is complemented by resistive
plate chambers (RPC); they have a limited spatial resolution but fast response
and very good time resolution, very useful in bunch crossing identification and
triggering. They are also used in addition to DTs and CSCs in the pr mea-
surement thereby obtaining redundancy. The RPC system covers the region
In| < 2.1. The muon system layout is shown in Fig. 2.10.

DT chambers are arranged in four stations (i.e. concentric cylinders) named
MB1, MB2, MB3 and MB4; each station consists of twelve chambers except for
MB4 which is composed of fourteen chambers. CSCs are arranged in four disks
(also called stations), placed between the iron disks of the yoke, and labeled
ME1, ME2, ME3, MEA4.

2.2.6 The CMS Trigger

As already seen in Section 2.1.2, the LHC experimental environment is very
demanding for the trigger system: at high luminosity the total event rate is of
the order of 10° Hz while the rate of interesting events is very small. Fig. 2.11
shows cross sections and event rates for the production of various final states
as a function of their mass.

The maximum storage rate for read out data is about 100 Hz; the goal of
the trigger system is therefore to perform such huge on-line selection. Moreover

the time available to perform this selection is limited: with a bunch crossing
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rate of 40 MHz decisions must be taken every 25 ns, a time too small even to
read out all raw data from the detector.

The trigger must be able to select events on the basis of their physics, making
it necessary to use sophisticated on-line selection algorithms. To achieve this,
the trigger selection will be organized in several steps (called levels), where each
step refines the selection using only a part of the available data. In this way,
higher trigger levels have to process fewer events and have more time available
to use more complicated algorithms.

In order to reduce possible dead time, the first step of the CMS trigger,
the Level-1 trigger, is implemented on dedicated programmable hardware. The
Level-1 uses data from the calorimeters and the muon detectors with coarse
granularity to reduce the event rate to a level acceptable for the Data Acquisition
System (DAQ). At the beginning the CMS DAQ system will be able to handle an
event rate of up to 50 kHz. Later, when LHC reaches the full design luminosity,
it will be increased to 100 kHz. Events selected by the Level-1 trigger go through
the High Level Trigger (HLT) selection. This step is based on software running
on a farm of commercial processors. Within the HLT, further logical steps can
be identified (Level-1 and Level-2) but this classification is somehow arbitrary.

In the following a brief discussion of the Level-1 trigger is given.

2.2.6.1 The Level-1 Trigger

The Level-1 trigger [45], to cope with a bunch crossing rate of 40 MHz, is subdi-
vided in a sequence of blocks executing a group of operations within 25 ns. At
every bunch crossing each block passes its results to the next block and analyzes
a new event. In the meantime the complete detector data are stored in pipeline
memories which are able to store data from 128 bunch crossings. Therefore, the
Level-1 decision must be taken within 3.2 us including the transmission time
between the detector and the counting room (up to 600 ns) and, in the case
of DT detectors, the electron drift time (up to 400 ns). The Level-1 trigger is
composed of three subsystems: the Calorimeter Trigger, the Muon Trigger and
the Global Trigger.

The Calorimeter and the Muon Trigger identify “trigger objects" but do not

perform any selection themselves. Trigger objects can be isolated and non- iso-
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lated electron/photons, forward, central and 7-jets and muons. The best four
candidates are delivered to the Global Trigger together with the measurement
of their position, their transverse energy or momentum and a quality flag. The
Global Trigger selects the events using programmable trigger algorithms. Up
to 128 of these algorithms can run in parallel and they select events requir-
ing several objects with energy or momentum above predefined thresholds or
considering topological conditions and correlation between objects.

The calorimeter trigger identifies isolated electrons/photons (they cannot be
distinguished at this stage), non isolated electrons/photons, central jets, forward
jets and 7-jets. Moreover it sends to the Global Trigger also a measurement of
the total and the missing energy of the event.

The Muon Trigger [45] identifies muons by reconstructing their position and
transverse momentum, provides bunch crossing assignment with high efficiency
as well. It will not cover the whole pseudorapidity range covered by the muon
system: its geometric acceptance will be limited to |n| < 2.1. The whole muon
system contributes to the trigger giving, with its redundancy, a robust and
reliable trigger with high efficiency and good background rejection. The best
muon candidates from the different subsystems (DTs, CSCs and RPCs) are
matched by the Global Muon Trigger (GMT) by combining their parameters in
an optimal way. The simplest Level-1 muon trigger is based on a threshold on
the pr of GMT tracks.

The Level-1 Trigger Table Even if Level-1 trigger algorithms can use com-
plex criteria based on topological conditions and correlations, the best choice,
whenever possible, is to use “inclusive" criteria in order to avoid biasing the
selected sample. The simplest trigger criteria are in general the requirements
of one (single-object trigger) or two (di-object trigger) objects of the same type
with E7 or pr higher than a certain threshold. Another possibility is the request
of multiple objects of the same or different type (multiple-object trigger). Of
course in the case of special channels specific exclusive algorithms can be used.
The choice of Level-1 thresholds is driven by the maximum event rate (band-
width) handled by the DAQ system. Even if the DAQ is thought to accept an
event rate of 50 kHz in the first period and 100 kHz in the following, only one
third of this bandwidth will be allocated using the rest as safety margin [41].
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Table 2.2: L1 trigger table at low luminosity [41].

Trigger Threshold Rate | Cumulative Rate

(GeV or GeV/c) | (kHz) (kHz)

Inclusive isolated electron/photon 29 3.3 3.3
Di-electrons/di-photons 17 1.3 4.3
Inclusive muon 14 2.7 7.0
Di-muons 3 0.9 7.9

Single tau-jet trigger 86 2.2 10.1
Two tau-jets 59 1.0 10.9

1-jet, 3-jets, 4-jets 177, 86, 70 3.0 12.5

Jet x ET muss 88 x 46 2.3 14.3
Electron x Jet 21 x 45 0.8 15.1
Minimum-bias (calibration) 0.9 16.0
Total 16.0

The available bandwidth is then shared between the Level-1 objects described
before.
The result is a set of thresholds called trigger table. In Table 2.2 and Ta-

ble 2.3 the trigger tables at low and high luminosity respectively are shown.

2.2.6.2 The High Level Trigger (HLT)

The second step of the on-line selection is the High Level Trigger [41]. Its goal
is to reduce the event rate from the maximum Level-1 event rate of 100 kHz to
a rate of the order of 100 Hz. This is the maximum rate acceptable for storage
and further processing of events which will have, on average, a size of almost 1
MB.

The HLT is fully implemented on software running on a farm of commer-
cial processors, each processing one full event at a time. The result is a fully
programmable system which allows complete flexibility of the algorithms. The
only limits come from the maximum available CPU time and bandwidth. More-
over, the use of standard commercial components not only leads to significant
economies in the cost of hardware but also allows to benefit from future technol-

ogy developments, especially for what regards CPU speed and network band-
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Table 2.3: L1 trigger table at high luminosity [41].

Trigger Threshold Rate | Cumulative Rate
(GeV or GeV/e) | (kHz) (kHz)
Inclusive isolated electron/photon 34 6.5 6.5
Di-electrons/di-photons 19 3.3 9.4
Inclusive muon 20 6.2 15.6
Di-muons 5 1.7 17.3
Single tau-jet trigger 101 5.3 22.6
Two tau-jets 67 3.6 25.0
1-jet, 3-jets, 4-jets 250, 110, 95 3.0 26.7
Jet x ET miss 113 x 70 4.5 30.4
Electron x Jet 25 x 52 1.3 31.7
Muon x Jet 15 % 40 0.8 32.5
Minimum-bias (calibration) 1.0 33.5
Total 33.5

width.

The code used in the HL'T will be identical to the code used in the off-line
data analysis. Therefore, it will benefit from the continuous improvements in
the reconstruction software. This flexibility will also allow to adapt the system
to unforeseen conditions or developments.

The goal of the High Level Trigger is to discard unwanted events as soon as
they are recognized as such. To achieve this task the selection is organized in a
chain of logical steps. Each of them consists of progressively more sophisticated
and CPU-time consuming selection algorithms in order to reduce the event rate
to a level acceptable for the following step. It is customary to identify two
steps, the Level-2, where the data of the calorimeter and the muon detector are
used, and the Level-3, which also uses the information from the inner tracker,
for which reconstruction is more time consuming. The HLT reconstruction al-
gorithms are implemented according to the principle of regional reconstruction:
the objects are reconstructed using only the information coming from a limited
region of one (or more) subdetectors. This leads to significant CPU savings and

allows to discard uninteresting events without reading the full event.
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Chapter 3

CMS Software and Event

Simulation

In a modern high-energy physics experiment, most of the data analysis is done
using computers [46]. When the data from LHC will be processed, only a very
small fraction of the events selected will ever be directly examined by the physi-
cists using visualization programs. Most tasks, such as monitoring, triggering,
calibration, are computerized. To handle these data amounts efficiently and reli-
ably, many software tools have been developed for physics processes simulation,
detector simulation, event triggering and reconstruction, and data analysis, to
name just a few.

For this study signal and background events were generated using the PYTHIA
[47] generator. Then they were processed with the fast simulation package CM-
SJET [48], which gives a reasonable approximation of the detector efficiency
and acceptance.

This Chapter gives a brief overview of the most common software tools in
use at the CMS experiment, especially of those related to this thesis, along with

a description of the generated samples.

3.1 Priority and Challenges for CMS software

The major challenges for LHC software and computing today include:

e Events are big (raw event is 2MB).
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25! approximately 17 minimum bias

At the design luminosity of 103* cm™
events per crossing are produced. With the bunch crossing time so short
(25 ns) a realistic detector digitization has to take into account the fact
that events from different bunch crossings contribute to the digitization.
At least 9 crossings (-5 to +3) contribute to calorimetry digitization while
muon digitization is affected by even more crossings. Typically, infor-
mation from more than 150 (9 x 17) minimum bias events is needed for
each signal event. Thus for 1 million signal events it would be required to
generate more than 150 millions minimum bias events. This is impossible
with the current available CPU, storage etc. Instead the minimum bias
events are included in the digitization step and the simulated minimum
bias events are recycled. For that a data set consisting of a few hundred
thousands minimum bias events has been created. For each signal event
the necessary minimum bias events are randomly selected in a straight-
forward manner. Problems can arise when one single minimum bias event
by itself would trigger the detector, since this event would trigger many
times. Therefore it is necessary to filter the minimum bias events. The
events removed have to be taken into account. The advantage of this
approach is that it is easy to study the same signal events at different
luminosities and also with and without pile-up. The size of the 150 mini-
mum bias events which have to be read in for each signal event is greater

than 50MB. This results in a massive data movement problem.

The CMS Tracker is immersed in a high magnetic field of 4 Tesla. The
tracks of low momentum charged particles loop in the magnetic field and
can persist for many crossings. This requires track finding in a very com-

plex environment.

The total tracker material adds up to 1 radiation length resulting in lots of
bremsstrahlung for the electrons. This makes matching tracks to calorime-

ter clusters a non-trivial task (see Figure 3.1).
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Figure 3.1: Material budget as a function of n for the different tracker subunits.
On the left: material thickness in units of radiation length versus n. On the
right: material thickness in units of interaction length versus 7.

3.2 Monte Carlo Generators

Until the LHC start in 2007, no data will be taken by CMS. Nevertheless,
physicists are at work to prepare their physics reconstruction and data analysis
tools using simulated data.

A simulation chain starts with the generation of physics events with an event
generator, such as PYTHIA [47|, Herwig [49], IsaJet/IsaSUSY [50], TAUOLA
[51], TopRex [52], CompHEP [53], AIpGEN [54] or MadGraph [55]. These
events are preselected according to loose Level-1 cuts to reduce the amount of
unnecessary computations needed in the subsequent steps.

The several physics generators available in the CMS software environment
are collected in the CMKIN (CMS KINematics interface with physics genera-
tors) [56] package. The simulated events by the generators are stored as HEP-
EVT ntuples.

3.2.1 The PYTHIA Event Generator

The PYTHIA [47] Monte Carlo event generator is frequently used in high-energy
physics simulations. It is able to produce a complete set of final states for a wide

range of processes. In particular it is used for the simulation of hard interactions
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in et —e”, p—p and e — p colliders. PYTHIA includes a wide selection of
fundamental electroweak and strong Standard Model processes. Additionally,
it generates “minimum-bias” events and many non-Standard Model processes.
For most of the reactions PYTHIA uses a combination of analytical results and
various models instead of exact calculations.

Most of the samples used in this study were generated with PYTHIA version
6.158. PYTHIA’s output was stored in the standard HEPEVET structure in
HBOOK files and subsequently processed with the CMSJET fast simulation
package (see Section 3.4.1).

3.3 Event Simulation

Signal and background events were generated using the PYTHIA [47] Monte
Carlo generator (see Section 3.2.1).

In order to correctly take into statistical account each process, a weight for
each data sample was set. The weight assigned to each generated event was
calculated as:

w=-—t (3.1)
NGen events
where o is the cross section of the process, Ngen events 1S the number of generated

events for that process and L is the integrated luminosity.

3.3.1 Signal Samples

Among the several sets of parton distribution functions available in PYTHIA,
we chose for all our samples GRV 94L [57]. It is a simple leading order fit to
experimental data and it is the default in the PYTHIA version that we used. To
simulate multiple interactions, a model that assumes double Gaussian spatial
distributions of hadronic matter inside the proton was used. Within this model
the impact parameter between the interacting partons is variable.

The signal samples were generated using processes VV — ZZ and W*Z —
W=*Z, where all the vector bosons are longitudinally polarized. PYTHIA does

not generate scattering processes of transversally polarized vector bosons. In
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Table 3.1: Cross section, number of generated and selected events for different
Higgs masses. The total cross section value are referred to generated events and
not to the events selected according to the required kinematics and decay modes.

| Signal samples |

Higgs mass | Cross section (fb) | Generated events | Selected

(GeV) events
77 ZW 77 VA4

500 9.132 0.667 91596 92902 90 000

1000 3.049 1.039 91 845 92625 90 000

2000 1.778 1.402 92 317 92601 90 000

10000 1.677 1.465 92 362 92483 90 000

the calculation of the two selected processes, PYTHIA uses the Effective Vector-
Boson Approximation (EVBA) [58, 59| (see the Appendix); this method is
equivalent to the Effective Photon Approximation (EPA) used in QED (also
called Weizsécker-Williams approximation). Using this approximation the fermion-
fermion cross section is written as a product of a probability distribution and the
cross section for on-shell vector boson scattering. The probability distribution
describes the emission of vector bosons from fermions.

Among all possible final states the semi-leptonic one was chosen: only the
events with one Z (W) decaying into a quark and anti-quark pair and the other
Z decaying into a muon and an antimuon were selected. Given the geometric
acceptance of the CMS detector (see Section 2.2.5), it was required that the
generated muons satisfy the cuts |n| < 2.5 and Py > 3.0 GeV.

In order to explore the full spectrum of heavy Higgs masses, different datasets
(for both ZZ and ZW signatures) were generated using myg = 500 GeV, mg =
1000 GeV, my = 2000 GeV and mpy = 10000 GeV. The cross section, the num-
ber of generated events and the number of selected events for each of these

datasets are shown in Table 3.1.

3.3.2 Background Samples

In order to assess the possibility of discriminating our signal from the back-

ground, processes with a final state similar to that of the signal were generated.
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Not all possible backgrounds were considered at this stage of the study: only
a selection of the most important was generated, namely the tf — W+W ~bb
process, the production of Z + jet, as well as the ZW associated production and
the production of ZZ pairs. The first includes all processes with a production
of a top anti-top pair; from the top decay a W and a b-quark are produced.
The final state is therefore a six fermion final state similar to the one of VV-
fusion processes. The Z + jet background, in case of leptonic Z decay, has a
dangerous final state as well. Even if the topology of processes with a single Z
in the final state is very different from that of the signal, the huge cross section
makes the discrimination of this background difficult. The production of a pair
of Z bosons with semileptonic Z decays may fake the signal signature (as well
as the ZW background, where the W decays hadronically and the Z decays
leptonically) and its discrimination mainly relies on the requirement of forward
jets originating from the quarks which radiated the vector bosons (see Section
4.1).

It is worth noticing that a very important source of background is missing
in the current study: the scattering of transversally polarized vector bosons,
which has the same topology as the signal. Unfortunately, no Monte Carlo
generator was available to simulate this process. However, the cross section for
this reaction can be calculated exactly within the Standard Model, and it is
therefore possible to get a good estimation the effects of this background!.

Table 3.2 shows the cross section and the number of events of all the back-
ground samples. In the following sections more details about these samples are
given. For the generation of these data set the Higgs mass has been set to
150 GeV.

3.3.2.1 {t — W+W~bb Background

All processes with a tf pair in the final state are a significant background because
the branching ratio of the top quark into a W and a b-jet is almost 100%. These
kinds of events are therefore characterized by a six fermion final state very

similar to that of the signal. These events were generated using the processes

! The equivalence theorem (see section 1.2.1) and the equation (1.33) ensure that V7, Vz-fusion
dominates for high energy scales.
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Table 3.2: Cross section, number of generated and selected events for back-

ground samples.

Background samples

Sample Cross section (fb) | Generated events | Selected events
tt (at least 1 p) 622.049-103 463 789 200 000
tt (2 p) 619.423-103 528 269 49 995
tt (utp ) 620.545-103 7138 185 450 000
Z + 1 jet 1.373-107 1 032 939 624 999
77 653.764 286 624 250 000
ZW 663.385 281 111 250 000

q;7; — tt and gg — tt. Three kinds of samples, in which all possible W decays
were allowed, were generated, but different requirement on the number and the

charge of the muons were applied:

1. At least one muon in final state;
2. two muons (any kind);

3. one muon and one anti-muon.

The only kinematic requirements for these events was that the (anti-)muons in
the final state had pf. > 3.0GeV and |n| < 2.5. The same choice of PDFs and
multiple interaction model as for the signal samples was made. Moreover, for
this sample, a hybrid scheme of fragmentation functions was chosen. Within this
scheme light flavours are treated with symmetric Lund fragmentation functions

while different functions can be separately chosen for charm and heavier flavours.

3.3.2.2 Z + jet Background

The fragmentation scheme chosen is the string fragmentation according to the
Lund model. Final-state QCD and QED radiation was activated and the Z
boson was forced to decay leptonically. PYTHIA is not the most appropriate
Monte Carlo generator to produce this sample, since it can generate only one

jet at quite high pr, while the others are soft because they are produced via
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gluon-strahlung. In future studies a different Monte Carlo generator should be
used, like CompHEP [53] or MadGraph [55]. This background is insidious due
to its high cross section compared to that of the signal (see Tables 3.1 and 3.2).

3.3.2.3 ZZ and ZW Background

An important background for the VV-fusion process is the production of Z
pairs and the ZW associated production by fermion-antifermion annihilation
(fifi = ZZ) and fermion-antifermion scattering (f;f; — ZW=).

The generator uses for this processes a cross section derived from the narrow-
width limit, but extended to include Breit-Wigner shapes, with mass-dependent
width, for the final state particles. In the narrow-width approximation, the
process is separated in the on-shell production of vector bosons and their decay.
The most dangerous final state is the semileptonic one. The Z pair was therefore
forced to decay into a quark and anti-quark pair and a muon and an antimuon
(likewise ZW, where Z — p*p~ and W* — ¢;q;). The muons were required to
be within the detector acceptance (|n| < 2.5) with pf. > 3.0 GeV. The choice of
the other PYTHIA parameters was made consistently with all other samples:

the GRV 94L PDF set was chosen and multiple interactions were switched on.

3.4 Detector Simulation

The purpose of the detector simulation is to transform the simulated physics
events into simulated detector measurements. The detector efficiencies, noise
levels and measurement uncertainties are simulated in detail. The output of the
detector simulation should closely resemble the data that the experiment will
produce.

The main simulation tools for the CMS experiment are based on the OS-
CAR [60]/GEANT4 [61] package for tracking and the ORCA [62] program for
reconstruction.

For the simulation of the CMS detector response OSCAR, Object oriented
Simulation for CMS Analysis and Reconstruction, is used. OSCAR is based on
GEANT4.?

2Geant4 is a toolkit for the simulation of the passage of particles through matter.
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Figure 3.2: CMS software chain.
The Pile-up is selected randomly from a sufficiently large database of minimum
bias events. After digitization the resulting objects are stored in POOL DB.

OSCAR reads the HEPEVT produced by CMKIN generators and produces
the so-called SimHits in the form of POOL? database files. It translates the
events in the interaction region into hits in the detector. The SimHits con-
tain information like: entry point, detector id, particle type, momentum, etc.
In OSCAR the geometry description [63] is handled through DDD [64], De-
tector Description Database. The detector description is realized in the XML
language. Each software package utilizes this description to process the data ac-
cording to the set-up of the detector. Therefore the OSCAR/GEANT4 package
transforms the particles and tracks of the physics events into simulated hits in
the detector, such as tracker hits and energy deposited in calorimeter crystals.
OSCAR is interfaced to CARF for the persistent storage (see below).

The SimHits produced by OSCAR are subsequently read by ORCA (see
Figure 3.2).

The CMS reconstruction framework is called ORCA, Object oriented Re-
construction for CMS Analysis. ORCA, as the name suggests, takes care of the
event reconstruction but it also implements the High Level Trigger algorithms
that will be run on a CPU farm when CMS is operational. ORCA can be used
for final detector optimizations, trigger studies or global detector performance

evaluation. To this end it provides a sub-detector reconstruction skeleton into

3Pool Of persistent Objects for LHC [70].
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Figure 3.3: Major CMS software packages and their interrelations. OSCAR,
CMSIM (obsolete) and FAMOS are programs used for detector simulation.
ORCA 1is used for software triggering, event reconstruction and data-analysis.

COBRA contains common routines for reconstruction, analysis and simulation
shared by ORCA and OSCAR. IGUANA [66] is used for visualization.

which new developers can implement realistic objects and algorithms. Another
important task of ORCA is the digitization of detector simulation data from
OSCAR. It simulates detector efficiencies, electronics noise and statistical fluc-
tuations, and gives output similar to the one that will be obtained from the real
CMS detector. The raw simulated data are then processed by the simulated
Level-1 trigger and the high level triggers in ORCA. The requested event data
is written on disk in compact form for physics analysis.

For some parts of its functionality, ORCA relies on other software packages.
The most important of these is COBRA [65], Coherent Object-oriented Base for
Reconstruction, Analysis and simulation. It provides services common to both
ORCA and OSCAR. ORCA visualization is handled through IGUANA, Inter-
active Graphics for User ANAlysis. The interrelations of the software packages
are shown in Figure 3.3.

It should be noted that many of the programs mentioned above are in contin-
uous development. Due to the increasing complexity of the programs, the CMS
collaboration decided to use object oriented technology and C++ has been cho-
sen as the programming language. This allows the use of many modern C++
standard tools (e.g. the C+-+ standard library). The Software and runtime
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environment is managed and distributed using SCRAM [67]. The source code
is organized into modules using CVS [68] in order to support a multi-developer
environment. All the packages are embedded in the CARF framework.

The Framework The CMS framework is called CARF.* To achieve maxi-
mum flexibility, CARF implements an implicit invocation architecture (Action
on Demand) [69] where modules register themselves at creation time and are
invoked when required. In this way only those modules really needed are loaded
and executed. CARF pins Database objects (POOL [70]) in memory for the
duration of an event. The user does not see if the object is transient or in
the Database. All modules see the same persistent data and each module can
change its local copy of the data, but persistent data cannot unintentionally be

changed.

Even if these powerful tools are widely used in the CMS collaboration, the
full detector simulation is not used for the preliminary study presented here.
Detailed detector simulation is time consuming and in some cases rough approx-
imations for detector response are sufficient. FAMOS [71], FAst MOnte Carlo
Simulation, is being developed, but at the present time stable version is not
yet existing. For this reasons the CMSJET fast simulation package was used.
However in the future the present study will be repeated using the full detector

simulation.

3.4.1 The CMSJET Fast Simulation Package

CMSJET [48] is a package for fast non-GEANT simulation of the CMS detec-
tor response, basically designed for jet physics applications. CMSJET 4.801
was used to process the PYTHIA output in HEPEVET Ntuple format. Recon-
structed objects were written out in Ntuples together with the particle four-
momenta at the parton level.

CMSJET simulates particle tracking by smearing the momentum of the
generated tracks and assuming predefined efficiencies for their detection and

reconstruction. The calorimeter system (see Fig. 3.4) is represented through

4CMS Analysis and Reconstruction Framework.
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Figure 3.4: The CMSJET 4.801 calorimetry model.

a set of cylinders and conical volumes with the granularity discussed in Sec-
tion 2.2.3 for the ECAL and Section 2.2.4 for the HCAL. The magnetic field
used for particle tracking is uniform up to the calorimeter surface and negligible
outside the HCAL endcaps. Smearing effects for the jet energy and momentum
are simulated according to the calorimeter resolution. A simplified noise model
is used for ECAL and HCAL.

Jet finding is performed using a cone algorithm. The size of the cone is
set to AR = /A¢2 + An2 = 0.5 on the whole pseudorapidity range covered
by calorimeters (|n| < 5, see Section 2.2.4). In the CMSJET version used for
this analysis, no jet calibration is applied. For this reason the reconstructed jet
energy has a systematic “shift” towards low values if compared to the energy of
the parent partons.

Muons are identified within the pseudorapidity range |n| < 2.4. The muon
reconstruction simulation is very simplified. It was however considered adequate
for the present exploratory study.

CMSJET contains some routines for pile up treatment, which was considered

in this study.
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All the signal and background samples used for this study were generated
with PYTHIA and processed through CMSJET at the CMS-farm in Torino.

3.4.2 Full and Fast Simulation

As seen in Section 3.4.1 the fast simulation is based on the parametrization®
of both the effect of the interactions of particles with matter (e.g. the mul-
tiple scattering and the Bethe-Block energy loss) and the detector response.
Conversely in the full simulation the material and the detector response are
simulated with Monte Carlo Techniques and the particles are followed step by
step. Given that, it is inevitable that there are some differences between the
two CMS experiment simulations. In this section it will be shown that for the
present study the discrepancies are not such as to invalidate the analysis.

About 950 events with my = 2000 GeV, with pile-up, were processed by the
full simulation on digital unix machines. In the following some plots are shown.

Figure 3.5 compares the distribution of number of jets for the OSCAR/ORCA
chain (with Ar cone of 0.5) and the CMSJET one. The differences are due in
part to the low statistics available for the full simulation and to differences in
jet reconstruction algorithms (see figure 3.5).

For what concerns the muon number distribution, no significant differences
are present (Figure 3.6) between the two simulations. In Figure 3.7 the pr
distribution of the Z that decay leptonically is shown. The statistics for the full
simulation is low, but the two distribution are consistent.

Obviously CMSJET is an approximation of a detector simulation, therefore
cuts and reconstruction parameters used in this work have to tuned on the full
simulation, in a near future. The use of the full simulation will provide new
tools: as an example a better control of the detector will allow to study the
systematic errors and reject backgrounds like the ¢f using the information on

the secondary vertex.

5The parameters are extracted from the full simulation. When LHC will be operational,
the parameters can be taken from real detector. A test on the full simulation will be done
comparing the parameters extracted from it with the ones taken from real detector.



3.4. Detector Simulation 70

o
[

TTTT T T T T T T T T T T T T T T T T T

—— Fast Simulation

0.45

—— Full Simulation

frequency

o
N

o
w
TTTTTTTTT T T T T T T T I T T I ITTT T T

0.35

0.25

o
)

0.15

©
s

.
——

0.05

PO
N
w

10
Number of jets

Figure 3.5: Comparison of number of jets per event between fast (blue) and
full (red) simulation.

§ 1 —— Fast Simulation
[}
qg; —— Full Simulation
10?
'
T .
102
0 1 2 3 4 5 6

Number of muons

Figure 3.6: Comparison of number of muons per event between fast (blue) and
full (red) simulation.



3.4. Detector Simulation 71

> 0.2p— - -
o C —— Fast Simulation
S 0.18f
g o —— Full Simulation
20.16fF
0.14F =
0.12F . -
01F A i
0.08f e =
C == m
0.06[- o ]
0.04F S S + =
002 -1 -1|:~_+ -
C _+_ +——ad]
0 100 200 300 400 500 600
pr [GeVic]

Figure 3.7: Comparison of pr distributions of the Z which decays leptonically
between fast (blue) and full (red) simulation.



72

Chapter 4
Data Analysis

This Chapter summarizes the key results of the present work, which focuses on

a model-independent study of the reactions !:

pp — jripZi 7L + X — jrjpp i+ X (4.1)

pp — jripZiWr + X = jriputu ji+ X . (4.2)

As seen in Section 1.2.1, vector boson fusion is a very promising family
of processes to study the electroweak symmetry breaking. The aim of this
Chapter is to demonstrate that V'V -fusion events can be reconstructed in the
CMS detector and that the cross section of the process, as a function of the
centre-of-mass energy (oyy (MI“%™")), is a good observable of EWSB.

Other important parameters are the resolution on oy (M7“"™), the sig-
nal reconstruction efficiency and the integrated luminosity needed to reach an
appropriate? signal over background ratio (S/v/B).

Moreover, it is important to determine if the two processes (4.1) and (4.2)
are experimentally distinguishable.

In the first part of this Chapter, the main features of signal and background

are described. Understanding the signal and the background kinematics as well

! The subscripts “F” and “B” mean forward and backward, because the jets originated from
the quarks that have emitted the V’s are concentrated in the high pseudorapidity region.
20ne standard deviation from the background corresponds at 95% of confidence level. Three
and five deviations correspond respectively to an evidence for and a discovery of new physics.
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Figure 4.1: The signal topology.

as the detector response is crucial in order to be able to reconstruct the signal
events and reject the background. Then cuts to reduce the background and the

results are discussed.

4.1 The Signal

In p—p collisions, the signature of the V'V -fusion signal is based on the fact that
the final state has six fermions (see Figure 4.1): in a heuristic way it is possible
to see the vector boson fusion process as follows. Two protons approach and a
vector boson is emitted from a quark (or an anti-quark) of each proton. The
two V’s interact (the fusion process is described at tree-level by diagrams in
Figs. 1.4 and 1.5) yielding two V’s in the final state. The final state considered
is the one where the Z decays into two muons and the other V into two quarks.
In addition, there are two more jets from the quarks which have radiated the
Vs, the so called tag jets. They are the signature that the two V’s in the final
state have been produced by a vector boson fusion process, and are a powerful
tool to reject most of the background. Usually the remnants of the interacting
protons escape undetected into the beam pipe.

The central jets and the two leptons are used to reconstruct the VV system
invariant mass while the forward jets, originating from the hadronisation of
the quarks that radiated the vector bosons, are used to tag the events. The
calorimetry system of the CMS detector has a large pseudorapidity coverage,
with the HF calorimeter allowing jet reconstruction up to n = +£5.

The two signal processes taken in account are:

o ViVi, = Z1Zy, — utuTjj
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o WiZ1, > WirZ, — jjutu,

where one Z always decays leptonically and the other vector boson hadronically.

The two signals have common features and experimentally the only possi-
bility to distinguish them is by reconstructing the invariant mass of the hadron-
ically decaying vector bosons. One of the goals of this work is to understand if
it is possible to single them out.

In order to explore the sensitivity of the analysis method to the whole
heavy Higgs mass spectrum, we generated Monte Carlo data sets with dif-
ferent Higgs masses: my = 500 GeV, myg = 1000 GeV, myg = 2000 GeV and
mpy = 10000 GeV. In the first two samples, the V'V invariant mass spectrum
exhibits a resonance at the Higgs mass. The other two samples simulate the

no-Higgs scenario.

The kinematics One of the most important kinematic variables is the pseu-
dorapidity 7. The study of its distribution allows to single out the tag jets with
respect to the jets from the vector boson decay and to reject a large fraction of
the background.

Figure 4.2 shows the 7 distributions for the two families of jets: tag jets are
mainly in forward-backward regions (i.e. the end-caps), whereas jets® from V’s
are in the central region (i.e. the barrel).

Further differences between the two kinds of jets lie in their transverse mo-
mentum and energy distributions (see fig. 4.3). Applying requests on 7, pr and

E, it is therefore possible to distinguish the vector bosons jets from the tag jets.

4.2 The Background

In order to estimate the signal over background ratio, the most important back-
grounds are taken into account. In this section a detailed description of the
kinematics of backgrounds is given.

The most difficult background to the fusion of longitudinally polarized W
and Z boson, is given by V.,V and V-V scattering. However, at this stage of the

study, this background is not considered because no appropriate Monte Carlo

3 Also the muons from the Z are in the barrel.
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Figure 4.3: Transverse momentum and energy distributions of quarks from
vector boson decay and of forward-backward quarks (signal parton level).
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Figure 4.4: Tree-level Feynman diagrams for the tt background.

Figure 4.5: it background topology. The above decays combination is one of
the possibles to obtain two muons in the final state.

generator was available. For the same reason the bremsstrahlung radiation of

vector bosons is not included.

4.2.1 tt Background

This background is given by the reaction

=+ X = WTW™ + X — Gyjep u i+ X . (4.3)

Two partons (quarks or gluons) from the two incoming protons interact to give
a top anti-top pair (see Figure 4.4). Since the top decays into a W boson and a
b-quark with a branching ratio of almost 100 %, the ¢f process also gives a six
fermion final state (fig. 4.5). Since both the W’s and the B hadrons can decay
leptonically, the final state has a very similar topology to that of the signal.

The kinematics In Figure 4.6 the pseudorapidity distribution for ¢ is shown.
The pseudorapidity of the b-quarks peaks in the barrel region, whereas tag

quarks from the signal are in end-cap regions. As a consequence, the rejection



4.2.  The Background 77

forward-backward quarks

12

events
T

b-quarks (divided by 250k)

10

£ ™ A
IV ANVANL

‘b\ T
_l_l—._

Tt
_r'_'7
1_|_|_

i
e

6 -4 -2 0 2 4 6
Pseudorapidity

Figure 4.6: Pseudorapidity distribution of b-quarks from tt background com-
pared with that for the signal forward-backward quarks (parton level).

of this background can be largely achieved by requiring two jets with high 7
and An. Moreover, there are differences between the ¢¢ and signal processes in
the pr and energy distributions. Figures 4.7 and 4.8 show that quarks for the
signal have a larger energy and transverse momentum than quarks from the ¢t

process.

4.2.2 77 and WZ Associated Production

This background is characterized by the presence of a Z pair or a WZ boson
pair, which then decay in a semileptonic final state. A schematic description of

the two processes

pp—=Z2Z+X s utu ji+X (4.4)

pp—IZW+X =t ji+X (4.5)

is given in Figure 4.9. The main diagrams of these processes are shown in Figure
4.10. The absence of quarks in the forward-backward region helps the analysis

algorithm to single out this kind of events as background.
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Figure 4.7: Transverse momentum and energy distributions of b-quarks from
tt background compared with those for the signal quarks (parton level).
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Figure 4.8: Transverse momentum and energy distributions of quarks from
the vector boson for the tt background compared with those for the signal quarks
(parton level).

Figure 4.9: Z7Z and ZW background topology. One vector boson is forced to
decay in two muons and the other in a quark pair.
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Figure 4.10: Tree-level Feynman diagrams for Z7Z and ZW backgrounds.
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Figure 4.11: Pseudorapidity distribution of quarks from vector boson for ZZ
and WZ backgrounds compared with that for the signal quarks (parton level).

The kinematics The pseudorapidity of the quarks from the hadronically
decaying vector boson is distributed mostly at low n (fig. 4.11), as for the
signal. However, since the pr and the energy distributions (Fig. 4.12) of the
quarks and the muons are softer than those from the signal, a set of cuts on

these kinematic variables allows to suppress this background.

4.2.3 7 + jet Background

This background (Figure 4.13) is described by the tree-level diagrams in Figure
4.14. The Z boson is produced together with a quark or a gluon, which then
hadronizes in one hard jet. Other jets are produced via parton splitting, and are

mainly soft. Similarly to the ZZ and WZ associated production backgrounds,
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Figure 4.12: Transverse momentum and energy distributions of quarks from
vector boson for ZZ and WZ backgrounds compared with those for the signal
quarks (parton level).

Figure 4.13: 7 + jet background topology.

the absence of quarks in the forward-backward region allows to reject most of
the Z + jet events.

The kinematics The quark from this process (Fig. 4.13) has, on average,
low pseudorapidity, similarly to the quarks from the vector boson decay in
signal events. However comparing the two spectra it is possible to see that the
Z + jet distribution is less steep than that of the signal. In Figure 4.16 the
quark transverse momentum and energy distributions are shown: since the pr
and the energy are softer than that from the signal, appropriate requirements

on these variables suppress this background.
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compared with that for the signal quarks (parton level).
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Figure 4.16: Transverse momentum and energy distributions of quarks for
Z + quark background compared with those for the signal quarks (parton level).
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Figure 4.17: Time response of the CMS electromagnetic calorimeter.

4.3 Signal Reconstruction and Background Re-
jection

Two are the main goals of the present analysis: the determination of the VV-
fusion cross section as a function of the centre-of-mass energy and the rejection

of the background. Five main steps can be identified in the analysis procedure:

1. Pile-up rejection.

2. Minimal requirements on the topology of the events: at least one u* and

one u~, more than three jets and the tag jets.
3. Cuts on the muons and jet kinematic variables.
4. Vector boson reconstruction.

5. Cuts on vector boson kinematic variables.

4.3.1 Pile-up Rejection

Due to the high p—p cross section and finite response times of the detectors (e.g.
the ECAL, as shown in Fig. 4.17), a lot of backgrounds come from secondary
proton-proton collisions. There are two kinds of pile-up events: “in-time” and
“out-of-time”. In-time pile-up comes from p — p collisions that occurred in the
same bunch crossing as the event(s) selected by the trigger. Out-of-time pile-up

is due to p—p collisions in previous and following bunch crossings (Figure 4.18).
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Figure 4.18: Left: “in-time” pile-up: particles from the same bunch crossing
but from a different p—p interaction. Right: “Out-of-time” and “in-time” pile-up
effect: left-over signals from interactions in previous crossings are summed over
the current bunch signal.

As shown in Figures 4.19 and 4.20, pile-up jets populate the high pseudorapidity
region and have low pr compared to the ones from hard processes (see the same
Figures). Therefore a cut of 25 GeV on the transverse momentum of jets is
applied. Since jets from the background processes discussed in the previous
Sections have a pr distribution softer than the signal one, this cut allows to
reject also some of that background. In Table 4.1 the effect of this cut is

summarized.

4.3.2 Requirements on Event Topology

In order to reconstruct the signal events and reject the background with a

different topology than the signal, three main constraints are needed:

e at least one p* and one y;
e the number of jets greater than three;

e the presence of jets in the forward and backward regions.

utp” request  Since the CMS detector will have a good momentum resolution
and a perfect magnetic field control, requests on particle charges can be made.
The request of at least one ;™ and one p~ in the final state is a strong constraint.
The effects of this request are listed in Table 4.2.
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Figure 4.19: On the left: distribution of jet energy and pseudorapidity for
a data set (myg = 2000 GeV) processed with pile-up. On the right: the same
data set processed without pile-up. Pile-up jets are mostly at low transverse
momentum.
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Figure 4.20: The same plots as in the previous figure, but in a logarithmic
scale.On the left: distribution of jet energy and pseudorapidity for a data set
processed with pile-up. On the right: data set processed without pile-up. Pile-up
jets are mostly at low transverse momentum, whereas jets from hard processes
populate the whole pr range, up to 2000 GeV.
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Table 4.1: Efficiency of the pile-up removal cut.

| Samples | Efficiency |
Signal in ZZ (mg = 500 GeV) 99.99 %
Signal in ZW (my = 500 GeV) 99.99 %
Signal in ZZ (my = 1000 GeV) 99.98 %
Signal in ZW (ms = 1000 GeV) | ~ 100 %
Signal in ZZ (my = 2000 GeV) 99.97 %
Signal in ZW (mg = 2000 GeV) 99.99 %
Signal in ZZ (mg = 10000 GeV) | 99.97 %
Signal in ZW (mg = 10000 GeV) | 99.99 %

qq — 77 background 95.95 %
qq — ZW background 96.48 %
Z + jet background 45.67 %
it at least 1 muon 99.91 %
tt 2 muons any charge 99.81 %
tt1 ptand 1 p~ 99.81 %

Number of jets The signal topology is characterized by four jets in the final
state. The request to have at least four jets with pr greater than 25 GeV is
the minimum one in order to correctly reconstruct the signal. In Figure 4.21
the distributions of the number of jets for the signals and the backgrounds are

shown. The effects of this cut are shown in Table 4.2.

Tag jets This is one of the most powerful cuts. As shown in Table 4.2, it
allows to reject most of the background. The signal efficiency is also reduced
by this request. However application of the cut results in a net increase of the
signal over background ratio.

The tag jets reconstruction is performed through a set of requests on single
jets and on the candidate pair of tag-jets. First of all only jets with both |n| >
1.5and E > 100 GeV (see Figures 4.2 and 4.3) are taken in account; then all the
possible pairs of jets are taken in turn as tag jet candidates. Candidates undergo
cuts on the energy, on the transverse momentum and on the pseudorapidity

difference between the two tag-jets candidates:

o )+ Ey > 500 GeV,
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Figure 4.21: Number of jets per event for the signal (VV — ZZ with
my = 10000 GeV) and for the background samples.

e pj + p3 > 35 GeV,

e Ap > 3.5.

This last request has the non negligible effect to reject almost all the ¢t back-
ground, since, even if it is a six fermion final state, the An between the two jets
has very low values (see Figure 4.22).

Among the pairs that have passed the selection criteria, the one with the

best combination of F, pr and An is taken as tag-jet pair.

The signal and background efficiencies after these three requests are shown in
Table 4.2.

4.3.3 Kinematic Cuts

Figure 4.23 shows the pp distribution of all the reconstructed muons. The
muons from the background are mainly at low transverse momentum. Thus the
request of having one y* and one = both with pr greater than 20 GeV rejects
a good fraction of the background (see Table 4.3).
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Table 4.2: Efficiencies of topological cuts.

15
An

| Samples | 1 charge | Num. of jets | Jets tag | Combined |

Signal

Z7Z (mg =0.5 TeV) 88.02 % 93.55 % 49.08 % 43.83 %

ZW (myg =0.5 TeV) | 82.56 % 92.20 % 47.89 % 40.38 %

77 (mu =1 TeV) | 88.76 % 0121 % | 5280 % | 4753 %

ZW (mu =1 TeV) | 83.97 % 92.18 % 5013 % | 4293 %

ZZ (myg =2 TeV) 86.15 % 91.29 % 50.54 % 44.31 %

ZW (my =2 TeV) 85.48 % 92.18 % 52.40 % 45.58 %

ZZ (myg =10 TeV) 85.59 % 91.11 % 49.72 % 43.42 %

ZW (myg =10 TeV) | 85.83 % 92.19 % 52.96 % 46.60 %

Background

qQq —> 727 59.26 % 45.63 % 5.87 % 3.27 %

g — W 61.58 % 1332 % 6.66% | 420%

7 + jet 26.84 % 16.89 % 4.30 % 0.83 %

tt at least 1 muon 6.60 % 91.35 % 11.23 % 0.69 %

tt 2 u’s any charge | 29.39 % 88.46 % 12.04 % 3.06 %

tt 1 ptand 1 p~ 4517 % 87.20 % 10.75% 4.83 %
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Figure 4.23: Transverse momentum distributions of the muons in the event.
The signal is multiplied by 103.

The distribution of the p — p invariant mass is shown in Figure 4.24 for the
background and the signal.

Imposing a cut at 1 TeV, the efficiencies shown in Table 4.3 are obtained.

4.3.4 Vector Bosons Reconstruction

A correct reconstruction of the vector bosons is a key aspect of the analysis
not only for the signal reconstruction and the background rejection, but also to
answer the question: are VV — ZZ and ZW — ZW distinguishable?

4.3.4.1 Z — u*p~ Reconstruction

Since about 4.5% of the events have three or more muons (see Figure 4.25) a
selection to identify the correct pu*u~ pair is necessary.

The reconstruction algorithm combines all the possible muon anti-muon
pairs. A first selection of the pairs is done exploiting the collinearity in pz,
as shown in Figure 4.26 for the generated samples. Since there are few events in
which the two muons are not properly collinear (p‘Z‘+ -ply < 0), a less stringent
request on the py collinearity was applied. The pairs which satisfy one of these

equations:
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Figure 4.24: Total invariant mass of the p — p process (the jets with pr lesser
than 25 GeV are not taken into account). Cutting at 1 TeV, the background
is suppressed, preserving high signal over background ratio. (The signal is
VV — ZZ with mg = 10000 GeV)
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Figure 4.25: Number of muons per event for the 77 signal
(my = 10000 GeV).
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Table 4.3: Efficiencies after cuts on the total invariant mass (1 TeV) of the
process and on the muons transverse momentum (20 GeV). It is remarkable
that for high Higgs masses the efficiency for the two channels VV — ZZ and
ZW — ZW tend to the same value.

| Samples | pr of muons | Total invariant mass | Combined |

Signal

77 (mn =05 TeV) | 82.75 % 93.22 % TT81 %

ZW (mu =05 TeV) | 7555 % 90.68 % 69.55 %

77 (my =1 TeV) 81.73 % 95.12 % 81.57 %

W (mu=1TeV) | 7784 % 92.36 % 7285 %

Z7Z (myg =2 TeV) 81.02 % 92.96 % 76.50 %

ZW (mug =2 TeV) | 8014 % 93.85 % 76.20 %

77 (mg =10 TeV) | 80.28 % 92.80 % 75.62 %

ZW (mn =10 TeV) | 80.60 % 94.06 % 76.75 %

Background

qq — 47 48.57 % 48.93 % 24.65 %

qq — ZW 51.90 % 51.08 % 27.65 %

Z + jet 20.37 % 28.39 % 8.02 %

tt at least 1 muon 3.14 % 60.31 % 2.00 %

tt 2 u’s any charge 13.84 % 61.31 % 8.76 %

1 ptand 1 - 21.54 % 60.81 % 13.66 %
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Figure 4.26: Collinearity in p; between muon and anti-muon (parton level)
in the signal process.

Pz Ofﬂ+>ﬁ for py of p= >0 (46)
pzof/ﬁ<ﬁ for py of p= < 0 .

pass the selection. If more than one pair is left, then the one with the highest
pr is chosen. In Table 4.4 the reconstruction efficiencies after the pz collinearity
request are listed. This reconstruction method is enough to single out the right
pair, but not to single it out from the background pairs. Therefore other three

requirement are imposed:

o 85 GeV < Miny(Ziep) < 97 GeV
® 7y —28 <+ <my- +2.8,

o p2 > 100 GeV .

In Table 4.5 the relative and the total efficiencies are given.

The resolution R is defined as:

__parton level value - reconstucted value

R

4.7
parton level value (47)
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Table 4.4: Efficiencies for Z — putu~ reconstruction, with the only require-
ment on the pz collinearity.

Signal Samples Efficiency
Z7Z (mg =0.5 TeV) 99.19 %
ZW (myg =05 TeV) | 98.67 %

Z7Z (mpg =1 TeV) 99.03 %
ZW (mpg =1 TeV) 98.73 %

ZZ (my =2 TeV) 98.87 %

ZW (myg =2 TeV) 98.81 %
ZZ (myg =10 TeV) 98.80 %
ZW (myg =10 TeV) 98.70 %

| Background Samples | Efficiency |

g9 — 27 94.51 %

qq — ZW 91.38 %

7 + jet 84.63 %

tt at least 1 muon 98.10 %
tt 2 u’s any charge 97.711 %
tt 1 utand 1 p~ 97.61 %

Table 4.5: Selection efficiencies for the Zj., reconstruction algorithm.

| Samples | My, cut | nn cut | pr cut | Combined |

Signal

Z7Z (mg =05 TeV) | 80.01 % | 87.02 % | 99.93 % 69.55 %

ZW (myg =0.5 TeV) | 80.39 % | 70.88 % | 99.84 % 56.99 %

ZZ (myg =1 TeV) 79.80 % | 87.12 % | 99.92 % 69.13 %

ZW (my =1 TeV) 80.19 % | 77.70 % | 99.89 % 62.05 %

Z7 (mg =2 TeV) 79.88 % | 80.09 % | 99.85 % 63.68 %

ZW (my =2 TeV) 80.05 % | 82.50 % | 99.91 % 65.66 %

Z7Z (myg =10 TeV) 80.41 % | 78.17 % | 99.82 % 62.63 %

ZW (myg =10 TeV) | 80.23 % | 82.95 % | 99.90 % 66.16 %

Background

g — 27 7448 % | 1741 % | 9341 % | 1254 %

qq — ZW 80.29 % | 15.63 % | 97.80 % 11.47 %

7 + jet 70.18 % 2.25 % | 95.60 % 1.33 %

tt at least 1 muon 5.06 % | 11.90 % | 97.62 % 0.95 %

tt 2 u’s any charge 4.89 % |10.98 % | 97.66 % 0.52 %

1ptand 1 | 522% |11.67% | 97.39% | 0.87 %
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Figure 4.27: Invariant mass of Z — putu~ in the no Higgs scenario signal
sample (my = 10 TeV in Z7Z events). Mean value is (90.9 £ 0.7) GeV and the
width is T = (2.1 £0.9) GeV.

A resolution of R ~ 1.5 % is obtained on ijgﬂ for the signals. In Figure 4.28
the resolution on the invariant mass of the Z into two muons is shown.

The resolution distribution is fitted using two Gaussian curves in order to
control the tail at low masses. The deviation from the single Gaussian fit is
due to the bremsstrahlung photon emission from muons. Therefore the invari-
ant mass of the Z is underestimated. The resolution achieved is (1.5 £+ 0.3)%

corresponding to the width of the first Gaussian.

4.3.4.2 V — j7 Reconstruction

The selection of the jets from the vector boson decay is carried out using two
algorithms, which follow two different approaches: thinning and composition.
Both select only jets with |n| < 3. The jets previously recognized as tag jets are

not taken into account.

Thinning The basic concept is the following: compute the invariant mass of
all the selected jets, then remove the jets one by one until the invariant mass
of all remaining jets is within a defined mass interval. In this analysis at most

two jets are removed from the initial set. The procedure is the following:
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Figure 4.28: Invariant mass resolution for Z — pu*pu~ (my =10 TeV in ZZ
events).

1. All the final state jets with || < 3 and pr > 25 GeV are taken in account.
In general this set of jets contains n jets:

Ji
J:

Initial set = 2. (4.8)
Jn

The invariant mass of the n jets is computed and if

40 GeV < My, (Z J,-) < 140 GeV, (4.9)
i=1
where J; is the 4-vector of the i** jet, then Yoy Ji is taken as the Lorentz
vector of the vector boson. Otherwise, two cases can be identified:

(a) if My, (X7 J;) < 40 GeV the thinning method fails.

1=

(b) else if My, (37— Ji) > 140 GeV then n sets, each made of n-1 jets,

1=

are created.
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J1 J2 Jl Jl

O N Bl J2 (4.10)

Jn Jn Jn Jn—l

. The previous step is repeated for all the n sets of jets, with the following

difference: if the statement (4.9) is satisfied by one of these sets, it does
not become automatically the 4-vector of the vector boson, but it is loaded
into a container. The sets which have the total invariant mass bigger than

140 GeV are split in n-1 sets, each one made of n-2 jets:
J1 Jo J1 J1
Ji_ Ji_ Ji_ Ji_
= oL S . (4.11)
Ji1 Jit1 Jit1 Jit1

Jn Jn Jn Jn—l
A loop over the n-1 sets of jets concludes the search. If the statement (4.9),
without any exception, is false then the thinning method fails. Otherwise

if the request on the total invariant mass of the set is satisfied, then the

corresponding 4-vector is loaded into the previously introduced container.

If the container of the sets of jets is not empty, then the set with the

highest p; is associated to the vector boson.

Composition. This algorithm forms all possible jet pairs with:

;tl' ;tQ 205
pr > 120 GeV ,

74 GeV < M, (jet, + jety) < 105 GeV .

If more than one pair is reconstructed, then the following is requested:

Ar < 2, see Figure 4.29.



4.3. Signal Reconstruction and Background Rejection 96

14 =TT

10

events
T

Ji e z

Figure 4.29: Ar distribution for quarks from vector boson decay for the signal
(mg =10 TeV in ZZ events, parton level).

where Ar is defined as:

Ar = /(A®)? + (An)?. (4.12)

In case there are two or more pairs left, then the one with the highest pr is

chosen.

The composition algorithm is called if the thinning one fails. If the composition
also fails, the thinning is called again but considering only jets with pr greater
that 200 GeV.

The hadronically decayed vector boson reconstruction efficiencies are listed
in Table 4.6. In Figure 4.30 the invariant mass distributions for the processes
ZW — ZW and VV — ZZ are shown. The two samples cannot be distin-
guished.

4.3.5 Cuts and Requests on the Signal

Many features of the signal can be exploited. The following requirements on
the vector boson kinematic variables, such as invariant mass and transverse

momentum, have been imposed:
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Table 4.6: Reconstruction efficiencies of vector bosons which decay hadroni-
cally.

‘ Samples ‘ Thinning ‘ Composition ‘ Total ‘
Signal
Z7Z (mg =0.5 TeV) 50.63 % 13.92 % 64.55 %
ZW (myg =0.5 TeV) | 4891 % 7.43 % 56.34 %
Z7Z (mg =1 TeV) 67.27 % 8.37 % 75.64 %
ZW (mpg =1 TeV) 54.15 % 741 % 61.56 %
ZZ (my =2 TeV) 62.77 % 8.23 % 71.00 %
ZW (my =2 TeV) 58.70 % 6.96 % 65.66 %
ZZ (myg =10 TeV) 60.97 % 8.31 % 69.28 %
ZW (my =10 TeV) | 60.46 % 6.45 % 66.91 %
Background
qgq — 27 28.07 % 6.04 % 34.11 %
qq — ZW 28.43 % 2.99 % 31.42 %
Z + jet 20.29 % ~0 % 20.29 %
tt at least 1 muon 30.77 % 7.69 % 38.46 %
tt 2 u’s any charge ~50 % ~0 % ~50 %
tt 1 ptand 1y~ 26.60 % 10.64 % 37.24 %
0 S o
§ a5k _ — ZZ process
® af — L — ZW process
3.5% ... - =
af — ] -
2.5F :
2 = T — E
15 [ ]
£ | E
0.52 — — I_“_'-—.._,_‘|_|_==
% 5060 70 80 90 100 110 120 130 "%110
M, [GeVicT]

Figure 4.30: Invariant mass of vector boson reconstructed from the jets
with myg = 10 TeV. Since the mean values are my = (81 £ 4) GeV and
myz = (88 + 4) GeVand the width for both is T'y = (11 £ 5) GeV, the two
samples cannot be distinguished.
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Figure 4.31: Jet-jet invariant mass (my,,,) distribution for the signal
(my = 10000 GeV) and the background.

e 50 GeV < my, , <120 GeV.

Figure 4.31 shows the signal and background distributions as function of
the jet-jet invariant mass my, ,: some background is suppressed by this
cut, in particular the combinatorial one. The Z + jet and ¢t backgrounds
do not exhibit a resonance structure. In Table 4.7 the efficiencies after this
cut, for signal and background samples, are given. The mean efficiency
for the signal is ~ 93%, whereas for the background goes from ~ 83% to
40%.

o prad > 110 GeV.

In spite of the low statistics for the background, it is possible to see how
this cut acts. The py distributions for the background is peaked at low
values. Therefore making a request on the transverse momentum of the
vector boson which decays hadronically, more than half of the background
can be discarded (Table 4.8). This cut also affects the signal, in particular
the ZW’s, which does not have a resonant channel for the Higgs. As the
“Higgs” mass increases, ZW channels tend to have the same efficiency as
the ZZ.
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Table 4.7: Efficiencies after the cuts on the invariant mass of the vector boson
which decays hadronically. The efficiencies correspond to the events in which
the vector boson was reconstructed.

| Signal Samples | my,,, |

ZZ (mg = 0.5 TeV) | 94.26 % | Background [ my,, |

ZW (mg =0.5 TeV) | 91.36 % qq— 727 82.86 %
ZZ (my =1 TeV) |95.45 % qq —> ZW 77.78 %
W (mu =1 TeV) | 93.21% 7 + jel 64.20 %
ZZ (mg =2 TeV) |92.19 % tt at least 1 muon | 40.00%
ZW (my =2 TeV) | 93.60 % tt 2 u’s any charge | 75.00%
Z7Z (myg =10 TeV) | 92.49 % tt 1 ptand 1 p~ 82.86 %

ZW (my =10 TeV) | 9327 %

i} | = signal
5] ff -~ 22
3 —ff o ZW
— 7+ jet
2
10 ttbar
1
|
1 J e Fry) N—
1
A A O N
0 100 200 300 400 500 600 700
pr [GeVic]

Figure 4.32: Transverse momentum distribution for the signal (myg = 10000
GeV) and the background, of the vector boson reconstructed from jets.
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Table 4.8: Efficiencies after the cuts on the transverse momentum of the vector
boson which decays hadronically. The efficiencies correspond to the events in
which the vector boson was reconstructed.

‘ Signal Samples ‘ pg’“‘d ‘

77 (myg =05 TeV) | 87.75 % | Background | p7¢ |

ZW (mu = 0.5 TeV) | 75.26 % A 13.43 %
ZZ (mg =1 TeV) |93.61 % qq — ZW 39.42 %
ZW (myg =1 TeV) | 8212 % 7 + jet 50.00 %
ZZ (my =2 TeV) | 89.64 % tt at least 1 muon | 40.00 %
ZW (mg =2 TeV) | 87.86 % tt 2 u’s any charge | 0 %
ZZ (my =10 TeV) | 88.60 % tt 1 ptand 1 p~ 58.57 %
ZW (mg =10 TeV) | 88.10 %

o M., (jet tag, + jet tag,) > 450 GeV.

The invariant mass of the tagging jet system is used to discriminate be-
tween real spectator jets of the signal and fake forward jets from back-
ground processes. In fact the invariant mass spectrum (see Figure 4.33) of
the two tag jets decreases steeply below 500 GeV, while the same spectrum
for all backgrounds decreases at lower invariant masses. The requirement
of tag jet invariant mass bigger than 450 GeV is therefore applied. In

Table 4.9 the signal and background efficiencies are shown.

e Angle between pt and i~ three-vectors (lab. frame) in the range (0.075+1.67)

rad.

As is shown in Figure 4.34 the distribution of the angle between the muon

and the anti-muon for the signal is limited to the region ~(0.07+1.7) rad.

e Angle between the two vector boson three-vectors (lab. frame) greater
than 0.2 rad.

The spectrum of the angular difference between the vector boson three-
vectors (see Figure 4.35) for the signal grows from 0 up to 7, whereas for
the background it is constant. Therefore a cut at low angular difference
can increase S/ VB . Table 4.11 shows the fraction of events that sur-
vives this cut. A harder cut (i.e. at 0.5 rad) will be placed only when
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Figure 4.33: Invariant mass distribution of the sum of tag jet 4-vectors. (Sig-
nal my=10000 GeV, in ZZ7)

Table 4.9: Efficiencies after the cuts on the invariant mass of the jets tag.
The efficiencies correspond to the events in which the vector boson which decays
hadronically was reconstructed.

‘ Signal Samples ‘ M9t ‘
ZZ (my =0.5 TeV) | 99.66 %
ZW (mg = 0.5 TeV) | 99.64 %

77 (my =1 TeV) | 99.77 %
ZW (mn =1 TeV) | 99.70 %
77 (mg =2 TeV) | 99.74 %
ZW (myg =2 TeV) | 99.78 %
77 (mg = 10 TeV) | 99.74 %
ZW (myg =10 TeV) | 99.76 %

|  Background | M7 |
qq — 247 95.43 %
qq — ZIW 97.09 %
7 1 jel 8571 %
tt at least 1 muon | 100 %
tt 2 u’s any charge | 100 %
tt 1 utand 1 p~ 100 %
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Figure 4.34: Distribution of the angle between muon and anti-muon from the
decay of the Z boson (my = 10000 GeV).

Table 4.10: Efficiencies after the cut on the angle between the two muons from
the 7 boson decay. The efficiencies correspond to the events in which thee vector
boson which decays hadronically was reconstructed.

‘ Signal Samples ‘ wrp— ‘

ZZ (my = 0.5 TeV) | 98.75 % | Background [ utp |
ZW (mpg =0.5 TeV) | 97.84 % qq— ZZ 92.86 %
77 (my =1 TeV) | 9958 % 9q — ZW 93.39 %
ZW (mu =1 TeV) | 98.62 % 7 1 je 7143 %
ZZ (my =2 TeV) | 98.94 % tt at least 1 muon | 80.00 %
ZW (myg =2 TeV) |99.01 % tt 2 u’s any charge | 100 %
ZZ (mg =10 TeV) | 99.07 % tt 1 ptand 1 p~ | 71.43 %
ZW (mg =10 TeV) | 98.77 %
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Figure 4.35: Distribution of the angle between the wvector bosons
(mg = 10000 GeV).

background statistics will be huge.

e Ar between the two vector bosons greater than 1.

In Figure 4.36 the distributions of Ar for signal and background samples
are shown. It would be better to place a more stringent cut i.e. 1.5 <
Ar < 5, but due to low background statistics it would affect the signal
over background ratio. In future when background statistics will be huge,

this cut will also be refined.

The combined efficiencies for this set of cuts are shown in Table 4.13.

4.3.6 Summary on the Selection Criteria and Total Effi-

ciencies

One of the major background sources is the pile-up (section 4.3.1). A cut at 25
GeV on the jet transverse momentum allows to suppress it while maintaining
a high signal efficiency (close to 100%). Also a large part of the background
survives this cut, except Z + jet which is reduced by more than a factor two.
This is due to the low average pr of the single jet coming from the Z + jet hard
process (see Figure 4.16).
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Table 4.11: Efficiencies after the cuts on the angle between the two recon-
structed vector bosons. The efficiencies correspond to the events in which the
hadronically decayed vector boson was reconstructed.

‘ Signal Samples ‘ Vv ‘

77 (mu =05 TeV) | 99.27 % | Background | VV |

ZW (my =0.5 TeV) | 98.83 % qq— 27 93.43 %
77 (mg =1 TeV) | 99.49 % 9q — W 90.48 %
ZW (myg =1 TeV) |99.24 % 7 + jet 92.86 %
ZZ (my =2 TeV) | 99.31 % tt at least 1 muon | 100 %
ZW (my =2 TeV) |99.25 % tt 2 u’s any charge | 100 %
ZZ (my =10 TeV) | 99.35 % tt 1 ptand 1 p~ 95.71 %
ZW (my = 10 TeV) | 99.42 %

fg T z LA N z LA N LA N z T —SignalxlO
S ff ~ 27
> 2 —_ff - ZW
10 G v
RTINS ttbar
[
|
6 7
Ar
Figure 4.36: Ar  distribution  between the two wector bosons

(my = 10000 GeV).
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Table 4.12: Efficiencies after the cuts on the Ar between the two reconstructed
vector bosons. The efficiencies correspond to the events in which the V. — jj
was reconstructed.

‘ Signal Samples ‘ Ar ‘

77 (my = 0.5 TeV) | 98.70 % | Background | Ar |

ZW (myg =0.5 TeV) | 96.98 % qq— 27 91.71 %
77 (my =1 TeV) | 99.04 % 9q — ZW 86.77 %
ZW (mu =1 TeV) | 93.18 % Z 7 jel 92.86 %
ZZ (mg =2 TeV) | 98.49 % tt at least 1 muon | 100 %
ZW (myg =2 TeV) | 98.45 % tt 2 p’s any charge | 100 %
77 (mg =10 TeV) | 98.42 % tt 1 ptand 1 p~ | 91.43 %
ZW (mu = 10 TeV) | 98.69 %

Table 4.13: Combined efficiencies after the six cuts explained in the text. The
efficiencies correspond to the events in which the V — jj was reconstructed.

| Signal Samples | Combined |

ZZ (my =05 TeV) 81.83 % |  Background | Combined |

ZW (mg =0.5 TeV) | 67.55 % q— Z7Z 31.43 %
77 (mu =1 TeV) | 89.05 % 9q = ZW 24.34 %
ZW (mpg =1 TeV) 76.35 % 7 + jet 7.14 %
77 (mg =2 TeV) 81.66 % tt at least 1 muon 20.00 %
ZW (my =2 TeV) 81.66 % tt 2 pu’s any charge 0%

ZZ (my =10 TeV) 81.17 % tt 1 ptand 1y~ 32.86 %
ZW (mu =10 TeV) | 81.50 %
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Since the signature of the signal is well defined, requirements on event topol-
ogy (Section 4.3.2) are applied and are the most powerful tool to reject the back-
ground. The mean efficiency for the signal samples is about 44%, whereas for
the background it is only a few percent. Another set of requirements on global
kinematic variables of the event can further reduce the remaining background
(Section 4.3.3).

The two vector bosons in the final state have to be reconstructed (Section
4.3.4). The reconstruction efficiency of the Z which decays leptonically (see Sec-
tion 4.3.4.1) is close to 99% for the signal samples, whereas for the background
it is 3+4% lower. Important cuts on the muon pairs coming from the Z decay
are applied. While the signal efficiencies are around 64%, the background ones
are about one percent for Z + jet and tt and 12% for the ZZ, ZW production.

Also the V which decays hadronically must be reconstructed. Two different
methods are adopted: thinning and composition (see Section 4.3.4.2). The mean
reconstruction efficiency is 66% for signal and 30% for the background. Figure
4.30 addresses the issue of the discrimination of VV — ZZ from ZW — ZW':
they are not distinguishable.

After the vector boson reconstruction, a set of cuts is applied (Section 4.3.5).
The most important is the cut on the pr of the vector boson which decays
hadronically: it reduces to a half the number of background events in which the
V has been reconstructed. The low statistics for the background data sets does
not allow to quantify the performance of the other cuts, however their effect
is shown in Table 4.13: their combination allows to reject about 80% of the
reconstructed vector bosons which decay hadronically for the background, and
only 20% for the signal.

The total efficiencies after all cuts are given in Table 4.14 for the signal and
in Table 4.15 for the background.

Background

After all the cuts only a small fraction of the background survives. In particular
the Z + jet and t¢, which have a very high cross section (see Table 3.2), are
kept under control.
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Table 4.14: Total efficiencies for the signal samples.

Signal Samples Total Efficiency
ZZ (my = 0.5 TeV) 15.57 %
ZW (mg = 0.5 TeV) 8.46 %
ZZ (my =1 TeV) 21.75 %
ZW (mg =1 TeV) 12.17 %
Z7Z (myg =2 TeV) 16.08 %
ZW (mpg =2 TeV) 15.67 %
Z7Z (myg =10 TeV) 14.93 %
ZW (mg =10 TeV) 16.30 %

Table 4.15: Total efficiencies for the background samples.

Background Samples | Total Efficiency
qq — 274 0.04 %
qq — ZW 0.03 %
7 + jet 0%
tt at least 1 muon 0.0005 %
tt 2 u’s any charge 0%
tt 1 utand 1 p~ 0.0027 %
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Signal

The efficiency of the signal is quite high for all the samples and, as will explained
in the following section, allows to reach a good signal over background ratio.
Since the analysis is optimized for the no-Higgs scenario, the efficiencies
for high Higgs masses are larger than the ones for low Higgs mass (my =
500 GeV). It is important to notice that the efficiencies for my = 500 GeV and

mpg = 1000 GeV in ZW are smaller than the others for two related reason:

1. the analysis is tuned on the ZZ process;

2. the ZZ process, at (quite) low Higgs masses, has a resonant s channel

with Higgs exchange (see diagrams in Figure 1.4).

Tuning the analysis on the ZZ process does not bias the final result. In fact
for the no-Higgs scenario the differences in the kinematics between ZW and ZZ
processes are suppressed (see Figures 1.4 and 1.5) and the two efficiencies (and
also the cross sections, see Table 3.1) become equal. On the other hand, in case
of a light Higgs boson mass, the ZW process has a very small cross section with
respect to the ZZ one, which has a resonance at /s ~ my due the s channel
Higgs exchange diagram.

For this reasons and for the fact that the two processes are not experi-
mentally distinguishable, in the following, for the signal over background ratio

computation, the two signal event samples will be merged.

4.4 The Results

The goal of this analysis is the reconstruction of the vector boson fusion pro-
cesses and the simultaneous rejection of the background. In Figures 4.37 and
4.38 the selection efficiencies, as a function of the invariant mass of the VV pair,
are shown. The efficiencies for the signals grow with the V'V centre-of-mass en-
ergy, reaching 30 % in the region of major interest, i.e. 500 GeV (1 TeV) for
the my = 500 GeV (my = 1 TeV) sample and over 700 GeV for the no-Higgs
scenario samples (my at 2 TeV and 10 TeV). The background efficiency is below
the percent level.
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Figure 4.37: Efficiency as a function of invariant mass of the VV-fusion
process, for mg = 500 GeV and my = 1000 GeV.
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Figure 4.38: Efficiency as a function of invariant mass of the VV-fusion
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Figure 4.39: Left: pseudorapidity distribution for the two muons in the final
state, compared with the generated muon n. Right: the corresponding resolution
on the muons pseudorapidity. (myg = 10000 GeV)

In order to measure the main parameters of the VV-fusion process, i.e. 7,
pr and M, for each boson have to be well known, together with the invariant
mass of the V'V state.

To estimate the resolution, see Eq. (4.7), on the reconstructed signal ob-
servables, a comparison with the Monte Carlo generated observables has been
carried out.

As CMSJET does not assume any jet energy calibration, the jet energy is
underestimated; moreover no bremsstrahlung radiation for the muons can be
evaluated with the fast simulation. Therefore a sum of two Gaussians is used to
fit the resolution distributions, where the second one describes the tail at low
energies. However, at this stage of the study, the only interesting parameter is
the width of the Gaussian which fits the peak.

All the plots presented here are referred to an integrated luminosity of 100

fb~!, corresponding to one year of high luminosity running.

4.4.1 Observables in VV-fusion
4.4.1.1 Muon Observables

The CMS muon system (see Section 2.2.5) will have a high resolution on the
muon track measurements, thus the CMSJET fast and simplified simulation is
acceptable for this study.

In Figures 4.39, 4.40 and 4.41 pseudorapidity, transverse momentum and en-
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compared with the generated muon energy. Right: the corresponding resolution.
(my = 10000 GeV)
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ergy distributions with the respective resolutions are shown. The distributions
are referred to the no-Higgs scenario (i.e. my = 10 TeV), the distributions are
similar for all the other signal samples.

The resolutions are:

o R, ~ (0.06+0.01)% ,

o R, ~ (1.8+0.3)%,

PT —

e Ry~ (18+0.3)%.

4.4.1.2 Vector Bosons Observables

The vector boson reconstruction is the core of the analysis, since it allows to
compute the energy scale of the process, 7.e. the invariant mass of the two
vector bosons system, and to suppress the background. A good resolution on
n, pr and M;,, of the vector boson has been achieved. Of course the Z boson
which decays leptonically is better reconstructed than the vector boson which

decays into hadrons.
o 7 — utu:

— R, ~ (0.15+ 0.07)%
~ R,, ~ (1.8+0.4)%,

T —

— Ru,. ~(1.5+0.3)% .

o V —jj:

- R, ~(3+1)%,
- Ry, ~(8+3)%,

mnv

In Figures 4.42, 4.43 and 4.44 the n, pr and M,,, spectra of the Z boson which
decays leptonically are shown, while in Figure 4.45, 4.46 and 4.47 are plotted

the ones for the boson which decays hadronically.
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Figure 4.42: Left: pseudorapidity distribution for the Z boson which decays
leptonically, compared with the generated one. Right: resolution on pseudora-
pidity. (mg = 10000 GeV)
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Figure 4.43: Left: transverse momentum distribution for the Z boson which
decays leptonically, compared with the generated one. Right: resolution on trans-
verse momentum. (my = 10000 GeV)
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Figure 4.44: Left: invariant mass distribution for the Z boson which decays
leptonically. Right: corresponding resolution. (mg = 10000 GeV)
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Figure 4.45: Left: pseudorapidity distribution for the Z boson which decays
hadronically, compared with the generated one. Right: resolution on pseudora-
pidity. (mg = 10000 GeV)
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Figure 4.46: Left: transverse momentum distribution for the Z boson which
decays hadronically, compared with the generated one. Right: resolution on
transverse momentum. (my = 10000 GeV)
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Figure 4.47: Left: invariant mass distribution for the Z boson which decays
hadronically. Right: corresponding resolution. (my = 10000 GeV)
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Figure 4.48: Number of reconstructed events as a function of the VV invariant
mass. (mg = 10000 GeV)
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Figure 4.49: Number of reconstructed events as a function of the VV invariant
mass. (my = 500 GeV)
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4.4.1.3 VV-fusion Invariant Mass

As the histograms 4.48 and 4.49 show, as the exchanged quantum mass (over
1 TeV the term “Higgs boson” loses its meaning) increases, the two channels
tend to have the same VV invariant mass spectrum. The two cross section
values and the two reconstruction efficiencies become equal (see Tables 3.1 and
4.14). This is due to the presence of the s-channel Feynman diagram (in which
the symmetry breaking quantum is exchanged) only for the ZZ process. If my
increases, this channel is suppressed by the SB boson’s propagator (~ 1/m?%).
Moreover at high energy, differences between my, and my; become negligible.
Therefore for my and /s > (mw, my) the two cross section spectra tend to
coincide. The crucial issue is if they are experimentally separable. The answer
after this analysis is negative, because the invariant mass spectra of the Z (from
Z7 process) and the W (from the ZW process) bosons are not sufficiently
separated (the difference between the central values is less than one standard
deviation). Therefore there are no observables that allow to discriminate from
which of the two process the event comes from.

Since the two processes studied

pp — jripZi %L + X — jripptpii + X

pp = JjripZiWr + X = jriputp ji+ X

cannot be separated, in the V'V -fusion invariant mass plots and in the signal over
background ratio computation, the respective reconstructed events are merged.

The results of the event selection are plotted in Figures 4.50, 4.51,4.52 and
4.53. Each of these histograms shows the number of reconstructed events as a
function of the invariant mass of the longitudinal vector boson system. On the
same plot also background distributions are shown. These plots correspond to
an integrated luminosity of 100 fb *. The relative resolution spectra are shown
in Figures 4.54 and 4.55.

A good sensitivity is achieved to myy for all the Higgs masses considered.

The resolution for the different signal datasets are:
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Figure 4.50: Number of reconstructed events as a function of the VV invariant
mass. Signal compared with background. (mg = 500 GeV)
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Figure 4.51: Number of reconstructed events as a function of the VV invariant
mass. Signal compared with background. (my = 1000 GeV)
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Figure 4.52: Number of reconstructed events as a function of the VV invariant
mass. Signal compared with background. (mg = 2000 GeV)
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Figure 4.53: Number of reconstructed events as a function of the VV invariant
mass. Signal compared with background. (my = 10000 GeV)
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Figure 4.54: Resolution on the VV invariant mass. (left: my = 500 GeV.
Right: my = 1000 GeV)
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Figure 4.55: Resolution on the VV invariant mass. (left: myg = 2000 GeV.
Right: my = 10000 GeV)
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Table 4.16: Number of signal events after 100 fo ' of integrated luminosity.
The statistical uncertainty is given.

‘ Signal
Samples 0<MYV<1 TeV | 1<M})V<2 TeV | M)V >2 TeV All
myg = 500 GeV 143.8+1.2 1.2940.09 0.3140.02 | 145.4+1.2
my = 1000 GeV 55.040.4 22.040.3 0.3340.03 | 77.3+0.5
my = 2000 GeV 31.440.3 15.840.2 2.07+0.06 | 49.3+0.3
my = 10000 GeV 30.540.2 15.240.2 2.1240.06 | 47.840.3

my = 500 GeV: R ~ (4.0 + 0.5)%;

mz = 1000 GeV: R ~ (4.0 + 0.6)%;

my = 2000 GeV: R ~ (4.1 £ 0.8)%;

my = 10000 GeV: R ~ (4.1 +0.8)%.

4.4.2 Signal Over Background Ratio

High signal over background ratio is extremely important to discriminate the
signal from the background and to draw a conclusion on the presence of the
signal (see Note 2 of this Chapter).

In Tables 4.16 and 4.17, the number of signal and background events are
shown. There are no background events over 2 TeV. For the no-Higgs scenario
samples, two events are present over 2 TeV (after 100 fb_l).

In Table 4.18, S/ /B ratio for all the signal data samples and for two dif-
ferent intervals of the VV system invariant mass are shown. The intervals
taken in account are: 0<M}V<1 TeV and M}V >1 TeV, because 1 TeV is a
convenient limit between Higgs scenario (first interval) and no-Higgs scenario
(second interval). The signal over background ratios are high in the regions of
interest for all the signals. Since this is a preliminary study, the results are

satisfactory.
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Table 4.17: Number of background events after 100 fo~* of integrated luminos-
ity. The statistical uncertainty is given.

| Background |
Samples 0<M})V<1 TeV | 1<MYV<2 TeV | M}V>2 TeV | Al
qq —~ 27 21+£2 1.440.6 0 23+£2
qq — W 1642 1.4+0.6 0 1842
7 + jet 0 0 0 0
tt 238+137 0 0 238+137
All background 276137 2.8£0.8 0 2791137

Table 4.18: Signal over background ratio after 100 fo~t of integrated luminos-

1ty.

Signal over background ratio

Samples 0<M)V<1 TeV | M)V >1 TeV | All
mpy = 500 GeV 9+3 1.0£0.6 9+3
mpy = 1000 GeV 3.3+1.2 13+£3 5xE2
mpy = 2000 GeV 1.9+0.7 1142 3.0£1.0

mpy = 10000 GeV 1.8£0.6 10£2 2.9£1.0




122

Summary

Electroweak symmetry breaking can be probed through the fusion of longitu-
dinally polarized vector bosons. Since no real data are yet available, Monte
Carlo samples processed through the CMS detector simulation have been used
for this study. At this stage the CMSJET fast simulation package was used.
Its reliability was confirmed by a comparison with the results obtained with the
full simulation.

Good resolution on the signal observables (for both the V,V;, — Z;Z; and
Z Wi, — Zi Wy, processes) has been achieved: in particular a resolution of 4%
on the invariant mass of the V'V -fusion process has been obtained.

No significant experimental difference has been found between the two signal
processes studied; therefore the two samples were merged.

It has been shown that most of the background can be rejected, in particular
at high values of the VV system mass. The most powerful tool to reject the
background is the tagging of the two jets which emit the vector bosons.

Since the background efficiency is lower than one percent and the signal
efficiency reaches 30%, a high signal over background ratio (s/v/B) has been
achieved for an integrated luminosity of 100 fb ' (~ 8.5 in the interval M)V €

mv

[0,1] TeV for the Higgs mass set to 500 GeV and ~ 10.5 for M} > 1 TeV for
the no Higgs scenario).

In conclusion the CMS experiment can be used to probe electroweak symme-
try breaking through the fusion of longitudinally polarized vector bosons. The
signal reconstruction and the background rejection algorithm has been success-
fully tested on the fast simulation. In the near future the study will be repeated

with the full simulation.
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Appendix

The Effective Vector Boson Approximation (EVBA)

If no light Higgs boson exists, a perturbative calculation involving V'V pro-
duction will not be useful, whereas the effective vector boson approximation
(EVBA) can still be used. The EVBA [58, 59| is equivalent to the Effective
Photon Approximation (EPA, or Weizsicker-Williams approximation) used in
QED for the study of photon-photon processes. It is a reliable technique which
consists of treating the W and Z bosons as on-shell partons in the quarks: the
fermion-fermion cross section is written as a product of the distribution func-
tions of the vector boson inside the quark and the cross section for on-shell
VV scattering. Consider, for example, the scattering process a + A — X at a
centre-of-mass energy s; the cross section is factorized into probability densi-
ties PV/ ,%(z) for finding a vector boson V with polarization pol in the incoming
fermion a, and hard vector boson scattering cross sections at a reduced centre-

of-mass energy ws:

1
do(a+A—)X,s):/ dz 3" Y PY(2)do (Vyu + A — X, 15).

pol
VvV  pol

In the application to V'V scattering the probability densities for vector boson

pairs are obtained as a convolution of single vector boson probability densities:

polipola poly pola

1 d
L@ = [ R P (/7).
Zmin R
Thus, the cross section for two fermion scattering can be written as:

_ 1 V1V2/ab poll pola
do(a+b— X, s) = dz > Y L x)do (VP + VP — X xs)

P0l1P0l2
min V1,Va pol,pola
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The basic assumption is that the cross section for the scattering of an on-shell
vector boson is similar to the cross section for on-shell vectors. If there is no
Higgs with mass below ~ 0.8 TeV, the EVBA technique is essential to make
progress in the study of V'V scattering. Otherwise, if a light Higgs boson exists,
this approximation can be still considered a useful and simplifying approach to
the calculations. In fact the EVBA gives reliable results for heavy Higgs boson
production through the VV-fusion process when all the tree-level diagrams are

considered.
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