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Abstract

The Brout-Englert-Higgs mechanism proposed in the 60’s predicts the existence of
the Higgs boson, the last undiscovered elementary particleof the Standard Model of
fundamental interactions. It is based on the presence of onedoublet field governing
the scalar potential of the theory. Alternative models predict more scalar doublet fields
and a corresponding increase of the number of Higgs particles. The observation of
these Higgs bosons is one of the primary goals of the Large Hadron Collider, whose
first collisions are expected in 2010. In this context, particular attention is given in this
work on the quality of hadron collision modeling. This includes multi-jet final states
which are particularly dangerous backgrounds to many searches at the LHC as well as
heavy colored particle production which could be the sign ofnew physics.

In this thesis an unconventional realization of the two-Higgs-doublet model is pre-
sented, which is mainly characterized by an inverted mass hierarchy of the resulting
Higgs particles. It is shown that this model cannot be excluded by existing theoreti-
cal and experimental constraints and that it could be observed at the LHC via a large
variety of experimental signatures in CMS and ATLAS detectors.

In particular, it is shown that the pseudo scalar Higgs particle, the A boson, could
be discovered in CMS only after a few inverse femptobarns of integrated luminosity
via the production of another Higgs particle decaying into Zand A bosons which
subsequently decay into charged leptons.





à la mémoire d’Olivier Garcet, mon ami.
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Introduction

I N the next few years, the Large Hadron Collider (LHC) is expected to lead us to-
wards a better comprehension of high-energy physics up to the TeV scale. Despite

the success of Standard Model in the 80’s and 90’s (e.g. confirmation of the existence
of the weak currents and direct observation of top quark) some questions of the first
importance are left open like the origin of the mass of particles, the mass hierarchy of
fermions, the origin of the matter-antimatter asymmetry. The commonly considered
solution to explain how particles acquire a mass is the Brout-Englert-Higgs mecha-
nism. It consists in a spontaneous symmetry breaking of a scalar potential, predicting
the existence of the so-called Higgs boson(s), still unobserved.

While the Standard Model predicts the presence of one of these scalars, its extensions
contain more complex Higgs sectors. The supersymmetric models are such commonly
considered solutions, as they have the interesting properties of solving the hierarchy
problem and tends to give a good behavior to the coupling constants convergence at a
larger scale. However, beside this apparent elegance, the number of degrees of free-
dom explodes literally with the presence of supersymmetricparticles, whose masses
are unknown. In this work we prefer to concentrate on a two-Higgs doublet model,
not supersymmetric, with a minimal set of free parameters, and characterized by an
inverted scalar mass-spectrum compared to the minimal supersymmetric model. The
first interest of this model is to provide unusual experimental signatures at the LHC
and being still viable by theoretical and experimental constrains.

In the first chapter the Brout-Englert-Higgs mechanism is first presented in the context
of the Standard Model. The theoretical, indirect and directconstraints are briefly
reviewed. The discussion is then extended to aCP -conserving two-Higgs-doublet
model with a twisted custodial symmetry present in its potential. The interest of such
a symmetry is to allow a particular scalar sector, with a heavy SM -like Higgs boson
h, a degenerated triplet formed byH± and theCP -evenH0 boson and finally a light



pseudoscalarA. As for the Standard Model the result of theoretical, indirect and direct
constraints are given.

Before reviewing in details how the scalar sector can be studied at the LHC, in the
second chapter we discuss the importance of the events simulation, especially from
the point of view of the QCD activity from initial state radiation. For about 10 years,
many improvements have been done to get more precise distribution shapes and cross-
sections predictions. This is done by merging the matrix-element and parton shower
descriptions and by calculating processes production up tonext-to-leading orders. In
this work we investigate what are the impacts of jet matchingtechniques in the SM
and beyond.

While the first chapter describes the two-Higgs-doublet model from a theoretical point
of view, the third chapter reviews the reactions which couldbe studied for the Higgs
boson(s) discoveries at the LHC. The discovery potential ofthree of these reactions is
discussed in more details, using simple analyses and a fast detector simulation. These
processes arepp→ H0 → ZA, pp→ tH− → tW−A andpp→ h→ ZAZA.

The reactionpp→ H0 → ZA followed by the leptonic decay of theZ andA bosons
appears to be particularly promising and is the subject of the fourth chapter. The dis-
covery potential of this reaction is evaluated by using the official detector simulation
and reconstruction tool of CMS. The analysis of this reaction is realized in whole al-
lowed mass range for the Higgs bosons masses and allows to evaluate the required
integrated luminosity to reject the SM hypothesis. The data-driven control of the
reducible background processes is also discussed and the study of a particular bench-
mark point is achieved by means of a more sophisticated analyses including neural
network techniques and effects of systematic errors.

The work presented in this thesis is essentially based on thefollowing publications:

• “Unconventionalphenomenologyof a minimal two-Higgs-doublet model”. S. de
Visscher, J-M. Gerard, M. Herquet, V. Lemaitre, F. Maltoni,JHEP 08 (2009)
042, arXiv:0904.0705 [hep-ph]

• “QCD radiation in the production of heavy colored particlesat the LHC” J. Al-
wall, S. de Visscher and F. MaltoniJHEP02(2009) 017, arXiv:0810.5350 [hep-
ph]



CHAPTER

ONE

The scalar sectors in the Standard Model and
two-Higgs-doublet model

THE Standard Model (SM) is the successful realization of several decades of re-
search in high-energy physics, both at the theoretical and experimental level. It

largely describes the fundamental interactions between particles [1] content as well as
their interactions.

The fermions, often referenced as matter fields, have a 1/2- spin and are divided them-
selves into two types. The quarks which carry the electromagnetic, weak and strong
charges and the leptons which only carry the electromagnetic and weak charges1. The
fermion electric charges and masses in the SM are summarizedin Tab 1.1.

In the Standard Model, interactions result from local invariance of the lagrangian un-
der specific gauge groups. Interaction being mediated by virtual particle exchanges,
for each local gauge symmetry, a number of mediators (bosons) is predicted accord-
ing to the dimension of the corresponding group. These bosons carry an integer spin.
There are eight massless gluons for the strong interaction,the massiveZ (91.1786
GeV/c2) andW± (80.403 GeV/c2) bosons (Ref. [2]) for the weak interaction, and
finally the massless photon for the electromagnetic interaction.

1Both types are also sensitive to gravity but the smallness ofits strength is such that it is neglected in
this work
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Quarks Leptons

name charge mass name charge mass
u 2/3 (1.5-3.3)×10−3 νe 0 <2 eV
d -1/3 (3.5-6)×10−3 e -1 0.511 keV
c 2/3 1.27+0.07

0.11 νµ 0 <0.19 MeV
s -1/3 105+25

−35 × 10−3 µ -1 0.105
t 2/3 171.3±2.3 ντ 0 <18.2 MeV
b -1/3 4.2+0.17

−0.07 τ -1 1776.99±0.17

Table 1.1: List of fermions in the SM, with their respective charge and masses [2].
The mass are expressed in GeV/c2 unless stated explicitly.

In the 60’s Salam, Glashow and Weinberg [1] have suggested that the electromagnetic
and weak interactions could be two manifestations of a singleelectroweakinteraction,
Resulting from the gauge symmetry groupSU(2)L × U(1)Y whereL recalls the
maximal parity violation for the leptons (no right-handed neutrinos exist) andY is
the hypercharge. It implies the presence of four fields:Bµ for the groupU(1)Y , and
three fieldsW i

µ (i=1,2,3) forSU(2)L. The corresponding lagrangien (we restrict the
fermionic part to thee andν) can be written as

L = LLγ
µ(i∂µ−g

τ i

2
W i

µ+g′
Bµ

2
)LL+eRγµ(i∂µ+g′Bµ)eR−

1

4
WµνWµν−

1

4
BµνBµν

(1.1)

where the terms in parenthesis are the covariant derivatives required for the local gauge
invariance,LL is the isospin doublet containing the left-handed neutrinoand electron,
eR is the right-handed electron,τ i are the Pauli matrices, g and g’ are the coupling
constants for the weak isospin and hypercharge currents. Finally W i

µν andBµν are
the kinetic energy terms for both categories of fields, with the stress tensors defined as

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gǫijkW j

µW
k
ν (1.2)

Bµν = ∂µBν − ∂νBµ (1.3)

At this stage, no mass term∝ m2W iµW i
µ is present and even allowed. Indeed this

would break the gauge invariance ofL. For the fermions, a mass term has the form
mψψ whereψ = ψL + ψR with both left and right-handed components. Such cou-
plings break the gauge invariance as well, so this version ofthe theory forbids massive
fermions.

However, experiments tells us that the fermions as well as theW andZ gauge bosons
have a mass. A solution for both problems may come from the Brout-Englert-Higgs
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mechanism ([3, 4, 5]) that breaks spontaneously the symmetry SU(2)L ×U(1)Y into
U(1)em, allowing to gauge bosons and fermions to acquire a mass.

We first review the main features of this mechanism in the context of the Standard
Model as well as the theoretical and experimental constraints on the associated Higgs
boson. We then focus on a particular realization of the two-Higgs-doublet-model char-
acterized by the presence of a “twisted" custodial symmetry. The theoretical and
experimental constraints are reviewed, defining the parameter space that should be
considered for experimental analyses.

1.1 The scalar sector of the Standard Model

1.1.1 Introduction

The Brout-Englert-Higgs mechanism is realized in the SM with the contribution of a
new doubletφ of complex scalar fields

φ =
1√
2

(

η1 + iη2
η3 + iη4

)

. (1.4)

The lower component of the doublet is a neutral scalar field that ensures that the sub-
groupU(1)em remains unbroken.

The SM lagrangien (1.1) is extended with two new terms:LHiggs andLY ukawa con-
tainingφ. The first term reads:

LHiggs = |Dµφ|2 − µ2φ2 − λφ4. (1.5)

whereD is the covariant derivative

D = i∂µ − g
τi
2
W i

µ − g′

2
Bµ. (1.6)

A potential of the formµ2x2 + λx4 has only two parameterization leading to the
presence of a minimum ifλ >0. The position of the minimum is zero ifµ2 > 0 while
different from zero ifµ2 < 0. In the second case, the potential has a continuum of
minima in∂V/∂φ = 0, hence inφ = µ2/2λ. This is illustrated in a 1-dimensional
case in Fig. 1.1.

To allows the conservation of the electric charge, the position of the minimum can be
chosen asη1 = η2 = η4 = 0 andη3 = v wherev is the vacuum expectation value
(v.e.v.). The radial excitation around the v.e.v. can be quantified with a new fieldh.
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Figure 1.1: Shape of a potential of the formµ2x2 + λx4 with µ > 0 (left) andµ < 0

(right).

The variation of the potential in theη3 direction therefore correspond to the generation
of a massive Higgs boson. On the contrary, the orthogonal directions generate the
massless Goldstone bosons.

The potential part of Eq. (1.5) can be rewritten using the minimum as

V =
1

2
µ2(v + h)2 +

1

4
λ(v + h)4. (1.7)

As we haveµ2 = −λv2, the potential reads

V = −1

4
λv4 + λv2h2 + λvh3 +

1

4
λh4. (1.8)

The mass related to the Higgs field is identified withm2
h = 2v2λ, whereas the terms

in h3 andh4 correspond to the couplings of the Higgs boson with itself.

From (1.5), and by introducing the fieldsW±
µ = 1

2 (W 1
µ ∓W 2

µ), on gets then

∣

∣

∣

∣

(−g τi
2
W i

µ − g′

2
Bµ)φ

∣

∣

∣

∣

2

=
1

8

∣

∣

∣

∣

(

gW 3
µ + g′Bµ gW 1

µ − igW 2
µ

gW 1 − igW 2
µ −gW3 + g′Bµ

)(

0

v + h

)∣

∣

∣

∣

2

=
1

2
(v + h)2gW+µW−

µ +

(v + h)2

8

[

g2W 3µW 3
µ − 2gg′BµW

3µ + g′2BµB
µ

]

.

Two combination of the fieldsB andW correspond to the observed fieldsA (photon)
andZ (Z boson):

Aµ = Bµ cos θW +W 3
µ sin θW (1.9)

Zµ = −Bµ sin θW +W 3
µ cos θW . (1.10)
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with θW the Weinberg mixing angle. The identification of the mass terms of the gauge
fields reads

m2
WW+

µ W
−µ +

1

2
(m2

ZZµZ
µ +m2

AA
µAµ). (1.11)

It is then straightforward to show that

tan θW =
g′

g
, (1.12)

and hence

mW =
1

2
vg, mZ =

1

2
v
√

g2 + g′2, mA = 0. (1.13)

From (1.13) the masses of theZ andW bosons are linked via the relation

ρ =
m2

W

m2
Zcos

2θW
, (1.14)

that is exactly equal to 1 at the tree-level. This relation isvery important as it is an
observable measured experimentally very close to the unity.

The value ofv can be found via the Fermi constant

GF√
2

=
g2

8m2
W

=
g2

8(1
4v

2g2)
=

1

2v
⇒ v ∼ 246GeV/c2, (1.15)

with GF = 1.166353(9)× 10−5 GeV−2 [6]. The value ofv gives the scale at which
theSU(2)L × U(1)Y symmetry is broken intoU(1)em. However, since the value of
the parameterλ is unknown, the Higgs boson mass is therefore a free parameter of the
theory.

Note that the relation (1.5) defines also the possible couplings of the Higgs field to the
gauge bosons. One then has the trilinear couplingshWW , hZZ and also four-legs
verticeshhZZ andhhWW .

Using the same scalar fieldφ, the fermions can also acquire a non-vanishing mass
thanks to the Yukawa interaction. The lagrangian (invariant underSU(2)L) can be
written

LY ukawa = −λeLφeR − λdQφdR − λuQφ̃uR + h.c. (1.16)

with the isodoublet̃φ = iT2φ
∗ needed to generate the up-quark masses. For instance,

the Yukawa interactions with theτ andντ is written, after spontaneous symmetry
breaking as

L =
λτ√

2

[

(ντ , τ )L

(

0

v + h

)

τR + τR(0, v + h)

(

ντ

τ

)

L

]

. (1.17)
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Figure 1.2: (a) Branching ratios of the Standard Model Higgs.(b) Evolution of the
Higgs boson width with respect to its mass (from Ref. [7]).

The mass of theτ lepton is identified withmτ = λτ v√
2

and the mass of the neutrino is
zero.

Depending on its mass, the SM Higgs boson can decay in fermionic and/or bosonic
modes. The evolution of the branching ratios with respect tomh is shown in Fig. 1.2
shows . In the low mass regime, the Higgs boson decays preferentially into a pair of
b quarks, whereas above 130 GeV/c2 the decay into twoW vector bosons becomes
dominant, followed at the higher mass regions by the decay into twoZ bosons.

As said previously the mass of the Higgs boson is an unknown parameter of the theory.
However a range of possibility formh can be obtained thanks to a set of theoretical
and experimental constraints.

1.1.2 Constraints on the SM Higgs mass

Triviality, vacuum stability, unitarity and perturbativity

Two first constraints on the Higgs boson are illustrated in Fig. 1.3(a) with respect to
an energy cutoffΛ. This cutoff is defined as the energy before which no new physics
effect can appear. The upper bound (red curve) comes from thetriviality condition
while the lower bound (green curve) is due to thevacuum stabilitycondition.
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Figure 1.3: (a) Triviality (red) and stability (green) bounds [10]. (b) The result of the
electroweak global fit expressed in∆χ2 = χ2 −χ2

min, with respect to the mass of the
Higgs boson. [11].

The triviality2 condition ensures that the radiative corrections of theλ parameter re-
main finite below the scaleΛ. Close to the TeV scale, the triviality bound ismh .700
GeV/c2 [8] .

The existence of the vacuum expectation value (and its stability) has a meaning if the
potential possesses a minimum. The vacuum stability condition is guaranteed ifλ is
positive at all energies and all all orders. The sign ofλ depends on the cutoffΛ and
the energy involved. It is shown that ifΛ ∼1 TeV, the Higgs mass range is bounded
from below at around 70 GeV/c2 [9] .

An additional theoretical constraint is related to the violation of unitarity at high en-
ergies in electroweak processes likeW+W− → W+W−. Indeed the corresponding
cross-section diverges as∼ s/M2

W wheres is the squared energy involved in the
process[12]. This can be solved by introducing the contribution of the Higgs particle
in the diagrams. It has been calculated that this contribution is sufficient if the Higgs
boson is lighter than 840 GeV/c2[13].

Finally if Γh ∼ mh, the perturbative expansion involving the Higgs boson doesnot
hold any longer. Moreover, the particle appellation in sucha context can also be
questioned. From Fig. 1.2 (b),Γh becomes large compared tomh at around 1 TeV.
An approximative upper limit ofmh . 700 GeV/c2 is in general considered here [14].

2The appellation comes from the possibility to considerλ = 0 at all orders and energies. This is
equivalent to have a non-interacting model and therefore isnot satisfying as no spontaneous symmetry
breaking is possible.



8 Chapter 1. The scalar sectors in the Standard Model and two-Higgs-doublet model

Indirect and direct constraints

Since the 70’s, the parameters of the Standard Model have been evaluated experimen-
tally with a high accuracy and confronted to the theoreticalpredictions, notably with
the calculation of radiative corrections to these parameters.

The level of precision reached by measurements allows to be sensitive to the presence
of the Higgs boson in radiative corrections. The comparisonbetween data and the
theoretical prediction is englobed in the electroweak fit ofthe SM parameters. The fit
quality expressed by means of∆χ2 = χ2 −χ2

min is shown in Fig. 1.3(b) with respect
tomh. The position of the minimum isχ2

min ∼ 100 GeV/c2 and represents the best fit
to the electroweak precision measurements. The Higgs bosonmass should be lighter
than around 160 GeV/c2 at 95% C.L..

The absence of direct observation of the SM Higgs boson signatures puts also limits
on its mass. The main production mechanism of the SM higgs boson at LEP during
the second run (Ec.m.s. ∼ 210 GeV) is the Higgstrahlung processe+e− → Zh, which
has a significant cross section for Higgs lighter than roughly 120 GeV/c2. Below this
mass, the Higgs boson decays essentially in abb or τ+τ− pair. The main final states
considered were therefore twob-jets from the Higgs boson, acoplanar with either two
leptons, light jets,b-jets or missing transverse energy/ET , depending on theZ boson
decay mode. The channel withh→ ττ andZ → qq was also studied. The combined
analysis from the four different LEP experiments has given a95% C.L. lower bound
on the Higgs boson mass at 114.4 GeV/c2 (Ref. [15]). Note that the corresponding
limit for the light Higgs bosonh in the context of MSSM fluctuates significantly from
the SM value, depending on the scenario (Ref.[16]).

The Tevatron experiments are currently pursuing the mission of LEP, imposing new
direct constraints on the SM Higgs mass. The Higgs boson production modes at√
s=1.96 TeV are dominated by the gluon fusion, quark annihilation qq → Wh,Zh

and vector boson fusionqq → q′′q′h processes as shown in Fig. 1.4 (up).

In March 2009, the combined results of CDF and D/0, using these channels and the
decays of the Higgs bosonh → bb,WW, ττ andh → γγ, allowed a new exclusion
zone formh (see Ref. [17]). The result, obtained with a total integrated luminosity
of 4.2 fb−1, is shown in Fig. 1.4 (down). This important conclusion willbe certainly
updated with the expected 11 fb−1 of integrated luminosity that should be reached
before the Tevatron shuts down, moving the bound across a larger mass range if no
discovery is made.
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Figure 1.4: (Up) Cross-section for SM Higgs production at Tevatron (from [18]).
(Down) The limits on Standard Model Higgs observation at Tevatron, dated from
march 2009.

1.1.3 Higgs searches at the LHC

As briefly discussed in Sec. 1.1.2, the mass of the Standard Model Higgs is expected to
be much smaller than the TeV/c2, most probably smaller than 150 GeV/c2. However,
with a c.m.s. energy of 14 TeV, the Large Hadron Collider willallow to produce the
Higgs boson abundantly up to 1 TeV/c2.
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Figure 1.5: NLO cross-sections of the most relevant processes for Higgs production
at the LHC. (see Ref. [18])

There are different ways to produce the Higgs boson at the LHC. For instance the
gluon fusion has the largest cross-section on the whole Higgs boson mass range, fol-
lowed by the vector boson fusion and Higgstrahlung process.The NLO production
cross-sections evolution with respect tomh are given in Fig. 1.5.

The observability of the Higgs boson depends strongly on thecross-section (and there-
fore on its mass), but even more on the decay modes, as seen in Fig. 1.2 (left). It has
been shown in Ref. [19] that in themh range higher than 180 GeV/c2, the 5-σ ev-
idence could be reached with 10 fb−1 with the processpp → h → ZZ → µµµµ

(Fig. 1.6 (left)). With four electrons in final state the required integrated luminosity is
20 fb−1 (Fig. 1.6 (right)).

In the lower mass region,i.e. between 114 and 150 GeV/c2, the discovery of a Higgs
boson decaying into photons could be achieved with an integrated luminosity larger
than roughly 20 fb−1. Up to 180 GeV/c2, there are other channels of interest. For
instance the vector boson fusion process withh → ττ should allow to reach the dis-
covery level after 60 fb−1 for masses below 145 GeV/c2. The Higgstrahlung process
Wh is also foreseen to be interesting, but would require a larger luminosity (∼ 100
fb−1) to reach a 5-σ evidence on the [140-180] GeV/c2 mass range. See. [19] for more
detailed discussions.
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(a) h → ZZ(∗)
→ µµµµ (b) h → ZZ(∗)

→ eeee

Figure 1.6: (a) The integrated luminosity required reach the 5-σ evidence for SM
Higgs boson detection through the processgg → h → ZZ → µµµµ in CMS .
(b) Same as (a) but with four electrons in the final state. Notethat the statistical
estimators are slightly different in both figures.Scp is related to the probability to
observeµS + µB events if the event distribution follows a Poisson law with mean
µB. This probability is converted in a number of equivalent standard deviation of a
gaussian distribution.SL is

√
2lnQwhereQ is the likelihood ratio used to evaluate the

compatibility between the signal+background and the background hypotheses. [19]

These analyses will be crucial, not only for a possible discovery of the SM Higgs
boson, but also to detect possible signs of physics beyond the SM (BSM). Indeed,
many of the BSM models contain a scalar sector, and often Higgs boson(s) presenting
similar characteristics as the SM one. The structure of thisscalar sector could however
lead to a modification of the “SM-like" Higgs branching ratios with respect to those in
an unaltered SM case. A simple example would be the decay of this Higgs boson into
additional scalars. This situation is already possible in one of the simplest extension of
the SM scalar sector, the two-Higgs-doublet model. The nextsection focuses precisely
on a particular realization of this model.
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1.2 The two-Higgs-doublet model and the in-
verted mass spectrum

1.2.1 Introduction

The most common extension of the scalar sector of the Standard Model contains a
secondSU(2) doublet, like for example in the Minimal Super Symmetric Model
(MSSM). A large number of studies have been achieved in this context. The MSSM
contains a scalar sector with five Higgs bosons: a lighth, two chargedH±, a neutral
H0 and a pseudo-scalarA. In this work we base our discussion on a complementary
alternative with a light pseudo-scalarA boson. This is a particular minimal realization
of the non-supersymmetric two-Higgs-doublet-Model (M2HDM) discussed in details
in Ref. [20] and Ref. [21]. The M2HDM potential is defined as

VM2HDM(φ1, φ2) = −m2
1φ

†
1φ1 −m2

2φ
†
2φ2 +

λS

2
(φ†1φ1 + φ†2φ2)

2

+
λAS

2
(φ†1φ2 − φ†2φ1)

2 , (1.18)

with m1,2 andλS,AS a set of free real parameters. Assuming the charge conservation,
the mean values of the two doubletsφ1,2 reads for instance

〈φ1〉 =
1√
2

(

0

v1

)

and 〈φ2〉 =
1√
2

(

0

v2e
iθ

)

, (1.19)

wherev1 andv2 are the vacuum expectation values ofφ1 andφ2 respectively.

The “Minimal” appellation of this model refers to its low number of free parameters, 4
compared to 14 in a general 2HDM. This choice is motivated by the following points.
First the lagrangian is invariant underCP . This is an important statement, it allows
to have clearly defined scalar states like in MSSM, notably aCP -odd and aCP -even
Higgs boson.

Second, the potential (1.18) is invariant under a custodialsymmetry,i.e. a symmetry
that protects the value of theρ parameter linking the weak boson masses as

m2
W± = m2

Z cos2 θ (1.20)

In the SM, the scalar potential, which involves onlyφ1, displays an SO(4) global sym-
metry spontaneously broken into a custodial SO(3). This global symmetry is apparent
at the level of the massless Goldstone bosons

m2
G± = m2

G0 = 0 (with G0 CP − odd) (1.21)
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“eaten” by the weak gauge fields whose masses have the same SO(3) degeneracy

m2
W± = m2

W 3 . (1.22)

In the case of the M2HDM, the radiative corrections to the mass of theW andZ
bosons take into account the contributions of the whole scalar sector. The relevant
contributions of the scalars are illustrated in Fig. 1.7 [22].

(a)

W , Z W , Z

H0, h

W , Z
(b)

W , Z W , Z

h,H0,H± A

h,H0,H± A
(c)

W , Z

h,H0,H±

W , Z

Figure 1.7: Illustration of the scalar contribution forW andZ mass calculation in (a)
scalar-vector loop, (b) and (c) scalar-scalar loops.

The stability of theρ parameter is therefore naturally ensured if both corrections are
the same and this is obviously dependent of the scalar mass spectrum.

To understand this from the point of view of the potential, wechoose to place our-
selves in aHiggs basisRef. [23]. This basis is obtained by redefining through aU(2)

transformation the fieldsφ1 → Φ1 andφ2 → Φ2 so that one of them has a vanishing
vacuum expectation value, for instanceΦ2. The first doublet plays therefore the same
role as the unique doublet in the SM.

The “Standard Model” custodial symmetry acting on Goldstone bosons related toΦ1

can be extended to the fields contained inΦ2 if

m2
H± = m2

A (with ACP − odd). (1.23)

This is the degeneracy foreseen by the MSSM for example.

However, it has been demonstrated recently in Ref. [20] thatthe particular form of the
potential (1.18) holds another SO(3) mass degeneracy, namely

m2
H± = m2

H0 (with H0 CP − even). (1.24)
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This particular degeneracy corresponds to the “twisted” custodial symmetry.

Finally this potential exhibits an additionalZ2 symmetry that forbids the presence of
Flavor-Changing-Neutral-Currents (FCNC). A detailed discussion about these points
can be found also in Ref. [8] and Ref. [21]

Scalars masses and couplings

The twisted custodial symmetry forces to have a mass degeneracy between the charged
Higgs bosonsH± and theCP -even scalarH0. The values of the masses with respect
to the parameters of the lagrangian can be found by rewritingthe potential in terms
of the eight real fieldsηi, and by finding the second derivatives with respect to theses
real fields. In the Higgs basis the Higgs bosons masses are thediagonal elements of
the 8×8 matrix∂2V M2HDM/∂ηiηj (i,j=1..8).

The first derivative ofV M2HDM gives the minimization conditionm1 = −v
√

λS/2

and the calculation shows that the charged andH0 boson masses are

m2
H± = m2

H0 =
v2λS

2
−m2

2 = m2
1 −m2

2, (1.25)

The bosonH0 is built from the fields of the second doublet, where the v.e.v. vanishes.
As a consequence neitherH0WW norH0ZZ couplings is allowed.

This potential is also characterized by the presence of neutral SM-like Higgs bosonh.
This can be understood in the Higgs basis as only the doubletΦ1 possess a v.e.v. This,
associated to the fact that no mixing is present between the two doublets - and this is
the choice we adopt here-, means thatΦ1 contains a SM-like Higgs bosonh with the
Yukawa couplings of the SM. Its mass is

m2
h = λSv

2 , (1.26)

Finally the pseudoscalar stateA has the mass

m2
A = m2

2 +
1

2
v2(λS − 2λAS) = m2

H± − λASv
2 . (1.27)

In the potential (1.18), four free parameters are present (against 14 in a general 2HDM
with charge conservation):m1, m2, λS , λAS . It turns out that the twisted custodial
symmetry suppresses one degree of freedom, sinceλAS, m2

1 andm2
2 lead to the de-

termination of only two masses:mA andmT .
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Yukawa couplings

It is shown in Ref. [8] that the presence of theZ2 symmetry on the potential (1.18) al-
lows to define two types of models for couplings between the scalars and the fermions.

The Yukawa couplings of the bosonsA, H0 andH± are dependent of the ratio of
the v.e.v.tanβ = v2/v1, which can be considered as an extra free parameter of the
theory.

• In Type I all fermions couple to one doublet in a generic basis. The Yukawa
couplings ofH0,H± andA are rescaled bytanβ

• In the Type II the up-fermions couple to one doublet and the down-fermions to
the other doublet in a generic basis. This correspond to the situation of MSSM,
the couplings with up (down)-fermions are scaled bycotβ (tanβ).

The inverted mass spectrum

The twisted custodial symmetry does not constraint theA boson to be degenerate in
mass with the charged Higgs bosons like in the usual custodial case. This leaves us
the possibility to choose its mass, and in order to focus on the region of the M2HDM
parameter space not covered by the MSSM, we impose theA boson to be the lightest
Higgs (mA < 90 GeV/c2). We also assume that the heaviest boson ish, followed by
the tripletT ≡ (H±, H0). This configuration has the virtue to increase the number of
possibilities of scalar-to-scalar decays. In addition, ifthey are kinematically allowed,
the unusual decay modesH± →W±A andH0 → ZA lead to interesting final states
particles.

In the following we therefore restrict our discussion to the”inverted" mass spectrum
mA < mT < mh such that the decay ofH± andH0 into a scalar and a gauge boson
is kinematically allowed. We will refer to this particular configuration by using the
word “iM2HDM”.

1.2.2 Theoretical and indirect constraints

As explained in the previous section, theiM2HDM is described with four parameters
mA, mT = mH0 = mH± , mh andtanβ. Although freea priori, these parameters
have domains restricted by theoretical arguments and must be compatible with precise
experimental data. Note that most of the theoretical and indirect constraints are not
only limited to this model but also to less minimal version ofthe 2HDM. A more
detailed discussion as well as the calculations can be foundin Ref. [21] and Ref. [8] .
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Figure 1.8: Unitarity (a) and perturbativity (b) constraints in the(mA,mT ) plane for
the M2HDM scenario. Dotted red lines are limits formh = 120 GeV/c2, dashed
green lines formh = 300 GeV/c2 and plain blue lines formh = 500 GeV/c2. The
allowed regions lie between these lines.

Theoretical constraints

The vacuum stability requires that the potential is lower bounded at large values in the
(φ1, φ2) plane. This condition is fulfilled if

m2
h,A,T > 0 (1.28)

m2
h > m2

T −m2
A (1.29)

As in the SM, the evaluation of the unitarity constraint has to be estimated as new
contributions enters in the scattering amplitudes for vector boson productions. If all
scalars masses are non negligible, the unitarity requirement may help to restrict the
allowed region in the(mA,mT ) plane for different values ofmh, see Fig. 1.8(a).
Essentially the restriction in the case of theiM2HDM is mT . 500 GeV/c2

As in the SM the perturbativity condition constrains the masses of the Higgs bosons
so that they can be described as resonances. This region in the (mA,mT ) plane is
shown in Fig. 1.8(b) for different values of theh boson mass. This bound is slightly
looser than the unitarity condition, asmT . 600 GeV/c2.

In the following we review the indirect constraints, first related the electroweak sector,
then to the measurement ofb → sγ transition rate andB0 − B

0
mixing. The effect
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of the measurements ofZ → bb, the muon anomalous magnetic moment and the
B → τν are also briefly discussed.

Electroweak constraints

The electroweakS, T andU parameters [2] allows to quantify all the one-loop BSM
electroweak effects.

TheT parameter is proportional to the radiative corrections of theρ parameter defined
in (1.14) and is therefore sensitive to the measurement ofW andZ masses and widths.
More precisely the deviation from the unity is quantified as [2]:

αEWT = ∆ρ = 0.0002+0.0007
−0.0004 (1.30)

As mentioned in Sec. 1.2.1, theh boson contributes in the radiative corrections ofW

andZ mass. Ifh boson is heavy, large logarithms are present in∆T (the difference
between the measurement and the theoretical expectation),and therefore affectρ. This
deviation can be compensated by a loss of degeneracy betweenH0 andH±. It is
shown in [8] that the deviation from the Standard Model∆T can be maintained at
zero even for large masses ofh boson is a mass splitting betweenH0 andH± is
present. This splitting is shown in Fig. 1.9.

200 400 600 800 1000
mho

0.20

0.10

0.05

0.02

0.01

mH+ -mHo

mHo

Figure 1.9: Relative mass difference(mH±−mH0)/mH0 required to achieve∆T = 0

with respect to SM-like Higgs boson massmh0 in theiM2HDM scenario. The dotted
red, dashed green and plain blue lines correspond tom0

H=200, 300 and 400 GeV/c2

respectively. TheA mass is fixed at 100 GeV/c2 but this does not affect sizably the
result.
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The S and U parameters are the other two variables needed to describe the one-loop
BSM electroweak corrections. From the electroweak fit, the values ofS andU are
−0.13 ± 0.1 and0.2 ± 0.12 respectively [2].

It turns out that theiM2HDM is not strongly constrained by these parameters, asS

is lowered by roughly 15% (0.02) at maximum whileU is raised by roughly 2.5%
at maximum. However it is shown in [8] that bothS andU seems in favor of an
iM2HDM.

Constraints from b→ sγ measurement

In the Standard Model, the radiative processb → sγ involves a flavor change via the
presence of aW bosons loop. In the case of an extended scalar sector, the contribution
of a charged Higgs boson is also present (Fig. 1.10) and its mass can be constrained.

b t s

H±
γ

Figure 1.10: Feynman diagram of the transitionb → sγ with a loop involving a
charged HiggsH±.

The average value of the transition has been measured by Belle, Babar and CLEO as
BR(b → sγ) = (3.53±0.23(stat)±0.09(syst))×10−4 forEγ >1.6 GeV [24]. The
Standard Model NNLO prediction is BR(b → sγ) = (3.15 ± 0.23)× 10−4 [25].

The iM2HDM prediction has been normalized to the SM expectation by setting the
mass of the charged Higgs boson to infinity, this removes the contribution of the
charged Higgs in the loop. In theiM2HDM the leading order constraint is shown
in the (tanβ −mH± ) plane in Type I (Fig.1.11 (a)) and Type II (Fig.1.11 (b)).

The scaling of Yukawa coupling in the Type I allows clearly only the smalltanβ

region. A very tight unconstrained region aroundtanβ=2 is also present because of
an interplay between the contributions associated to theW andH± in Inami-Lim
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Figure 1.11: Leading orderb → sγ bounds on the charged Higgs mass (in GeV/c2)
with respect totanβ in (a) Type I and (b) Type II scenarios, at one (dotted red), two
(dashed green) and three (plain blue) standard deviations.

terms [26],i.e. the loop contributions with one vector and one charged Higgsboson.
We do not consider this region as a case of interest.

In Type II, the excluded region corresponds essentially to very large values ofmH± (>
500 GeV/c2), on the wholetanβ range. However, as in Ref. [25], the NLO calculation
decreases this limit to roughlymH± >300 GeV/c2 (∼ 95% C.L.).

B0 −B0 mixing

The presence of the charged Higgs bosons might also affect theBd −Bd oscillations
[27] as shown in the Feynman diagram in Fig. 1.12

As for the b → sγ process, the measurement of the oscillation amplitude gives a
bound on the charged Higgs mass, depending ontanβ. The observable∆mB ≡
|MBL −MBs | can be calculated (see Ref. [27] for more details) in the context of the
iM2HDM. Here again, the calculation with theiM2HDM is normalized to the SM
prediction [28] by setting the mass of the charged Higgs to infinity.

As shown in Fig. 1.13 the resulting constraints in Type I and Type II are typically
fairly symmetric aroundtanβ=1 and rather insensitive to the charged Higgs mass.
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b H−,W−
b

d H+,W+ d

u, c, t u, c, t

Figure 1.12: Feynman diagram of theB0−B0 oscillation, including the contributions
of the charged HiggsH± bosons.

Rb and Ab constraint

The processZ → bb yields two observables sensitive to the presence of new scalars.
TheRb quantity is the hadronic branching ratio of Z to b quarks

Rb = ΓZ→bb/ΓZ→hadr. (1.31)

andAb quantifies the asymmetric rate ofb-jets produced in the forward or backward
direction in ae+e− collider. This asymmetry is expressed as

Ab =
σ(e−L → bF ) − σ(e−L → bB) + σ(e−R → bF ) − σ(e−R → bB)

σ(e−L → bF ) + σ(e−L → bB) + σ(e−R → bF ) + σ(e−R → bB)
, (1.32)

wheree−L,R are left and right handed initial state electrons andbF,B the b-quarks in
forward and backward direction, defined as the direction andanti-direction of initial
electrons movement respectively.

The constraint on a Type I model is relevant for the charged Higgs bosons and turns
out to be an upper bound oftanβ <1(Ref. [8]) . In the Type II model, the neutral
bosons contribute as well and the result gives an upper boundin |mT −mA|, getting
stronger astanβ increases. For instance iftanβ ∼ 50 the Type II is excluded at 2-σ
for a light pseudoscalar (below∼50 GeV/c2) since the mass of the triplet should be
under 300 GeV/c2, which is disfavored by theb → sγ transition. Attanβ ∼ 30,
mA & 30 GeV/c2 for the same reasons.

aµ constraint

The measurement of the anomalous magnetic moment of the muonis defined asaµ =
g−2
2 where theg-factor links the spin of the muon to its anomalous magnetic moment.
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Figure 1.13: 2-σ (dashed green) and 3-σ (solid blue) bounds on the charged Higgs
mass (in GeV/c2) from theB0 − B0 mixing measurement, with respect totanβ in
(a) Type I and (b) Type II scenarios, at two (dashed green) andthree (plain blue) stan-
dard deviations. There are no1σ limits on these figures due to the slight discrepancy
between the SM prediction and the current experimental measurement.

This quantity is sensitive to the physics beyond the Standard Model through the one
and two loops corrections ofµµγ vertex shown in Fig.1.14. In our case, This concerns
only the Type II since the Higgs bosons must couple to the muons.

For the one loop case, the calculation shows that the contributions of neutral Higgs
boson dominate for masses above 0.2 GeV. It is in favor of a light (. 10 GeV/c2) H0

boson, which is experimentally excluded by the measurementof Υ → Aγ → τ+τ−γ

done by the CLEO collaboration.

The two loop correction is more interesting since the contribution of the pseudoscalar
can compensate the discrepancy observed between the SM prediction [29] and exper-
imental measurements [30]:

aSM
µ = (11659180.4± 5.1) × 10−10 (1.33)

aexp
µ = (11659208± 6.3)× 10−10 (1.34)

This is the case where the mass of the pseudo-scalar is close to 20 GeV/c2 andtanβ ∼
30. We will consider the limitmA <100 GeV/c2 adopted in Ref. [8].
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(a)

µ µ

γ

H0, A µµ

(b)

H− H−

γ

νµ µµ

(c)

γ

µ µµ
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H0, A γ

(d)

γ

µ µµ

H+,W+

h γ

Figure 1.14: One-loop contribution toaµ due to (a) neutral (pseudo)scalars and
(b) charged Higgs boson exchange. Two-loop contributions to aµ from (c) a light
(pseudo)scalar with a fermionic loop or (d) from a light scalar with a charged boson
loop.

B → τν

In a Type II Model,i.e. at largetanβ, the charged Higgs may be produced by the
fusion of ab-quark and au or c quark, and decay intoτν. This should therefore
induce a deviation from the SM expectation for theB → τν rate.

The recent result from Babar collaboration has shown that the deviation between the
experimental result and the SM expectation is [31]

BR(B → τν)

BR(B → τν)SM
= 1.13 ± 0.44. (1.35)

This leads, in the context of theiM2HDM Type II (see Ref. [8]) to the constraint

tanβ . 0.13 GeV−1 ×mH± .

Theb → sγ limit for the mass of the charged Higgs being close to 300 GeV/c2, the
corresponding limit would be close totanβ ∼ 40.

For the sake of clarity, the theoretical and indirect constraints are summarized in
Tab. 1.2
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Type Constraint Origin

I & II

mh < 500 GeV/c2 Unitarity
√

m2
T −m2

A <400 GeV/c2 Perturbativity
mH0 ∼ mH± ∆T if mh is large
mA << mT ∆S, ∆U if mh is large

I tanβ <0.5 B-physics

II

mT >300 GeV b→ sγ

mA >30 GeV/c2 Rb if tanβ ∼ 30
mA <100 GeV/c2 aµ

tanβ > 2 B0 −B0 mixing
tanβ < 40 B → τν

Table 1.2: Summary of the theoretical and indirect constraints in theiM2HDM.

1.2.3 Decays of Higgs bosons

In this section we review the decays3 of the Higgs bosons in Type I and Type II models
and then consider the direct constraints on the scalar mass spectrum.

Neutral Higgs bosons

As shown in Fig. 1.2 (left), the decay modes of the Standard Model Higgs bosonh
are, essentially dominated byh → W+W− andh → ZZ above 130 GeV/c2, while
below most of the decays are in fermions pairs.

In the context ofiM2HDM, the situation can be dramatically different, especially in
the low mass regions, due to the presence of additional scalars. Indeed the decay
widths ofh into a pair of generic scalarsφ is given by

Γh→φφ = k
GF

64
√

2πmh

|ghφφ|2
(

1 − 4
m2

φ

m2
h

)

(1.36)

wherek is 1 or 2 depending whether the final state particles are distinguishable or not,
ghφφ is the coupling values betweenh and a scalarφ andGF is the Fermi constant.
From the Feynman rules related to the potential (1.18), and depending on the nature
of φ, the valueghφφ is given by

gh0AA = m2
h0 + 2m2

A − 2m2
T

gh0H0H0 = m2
h0

gh0H+H− = m2
h0 .

3Only 1 → 2 decays are considered.
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The decay width ofh into fermions reads

Γh0→ff =
GF√

2

mhm
2
f

4π

(

1 − 4
m2

f

m2
h

)3/2

. (1.37)

As a consequence, the branching ratios of theh boson in the low mass region are
totally dominated by the scalar decays, as shown in Fig. 1.15. There is however a
small exception: the couplingghAA depends from bothmA andmT , and vanishes if
m2

h = 2m2
T − 2mA. As a consequence, the non-observation of a Higgs decaying into

A boson does not necessarily mean that2mA > mh.

A typical situation, withmA=20 GeV/c2, andmT =150 GeV/c2 is illustrated in Fig. 1.15
where the BR(h→ AA) falls rapidly whenmh is close to 210 GeV/c2. The remaining
decays areh→WW andh→ ZZ, very close to the SM values.

Figure 1.15: Branching ratios ofh for mA=20 GeV/c2 andmT =150 GeV/c2.

From 150 GeV/c2 towards heavier masses, theh boson always decays into vector
bosons and, if allowed kinematically, also into the scalarsH0 andH±. All decay
modes,i.e. h → WW,ZZ, H+H− andH0H0 could then be considered in experi-
mental analyses.

The situation is less complicated for the decay ofH0 as no coupling betweenH0 and
a pair of gauge bosons is allowed iniM2HDM. The only available modes are thus
H0 → ff ′ andH0 → ZA. The decay width ofH0 for the decay intoZA is given by

ΓH0→ZA =
GFm

2
Wm2

Z

8
√

2πmH0

(

1 − 2
m2

Z +m2
A

m2
H0

+
(m2

Z −m2
A)2

m4
H0

)3/2

(1.38)
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Figure 1.16: Branching ratios of theH0 Higgs in the Type II formA=40 GeV/c2 and
thetanβ parameter for the values 4 (left), 10 (center) and 40 (right).

and into fermions (bb) by

ΓH0→bb =
3GF√

2

mH0m2
b tan2 β

4π

(

1 − 4
m2

b

m2
H0

)3/2

. (1.39)

In the Type I model,tanβ is restricted to be small (. 0.3). It turns out that the
branching ratio BR(H0 → bb) is suppressed if the decayH → ZA is allowed.If
mA +mZ > m0

H theH0 boson decays essentially intobb andττ .

In the Type II iM2HDM, the mass of the tripletT is bounded from below by the
b → sγ indirect constraint at around 300 GeV/c2, andtanβ > 4. The main decays
are thenH0 → ZA andH0 → bb. However, as shown in Fig. 1.16, theH0 → ZA is
seriously affected oncetanβ is larger than 40.

The decay modes of the pseudoscalarA are quite simple in both types. The main
decays areA→ bb (0.85-0.9) andτ+τ− (0.05-1) ifmA & 10 GeV/c2.
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Figure 1.17: Branching ratios of theH± Higgs in the Type II formA=40 GeV/c2 and
thetanβ parameter for the values 4 (left), 10 (center) and 40 (right).

Charged Higgs bosons

In the iM2HDM, the possible decays of the charged Higgs areH± → W±A and
H± → ff ′. The decay width is given by

ΓH±→W±A =
GFm

4
W

8
√

2πmH±

(

1 − 2
m2

W +m2
A

m2
H±

+
(m2

W −m2
A)2

m4
H±

)3/2

(1.40)

As forH0, the decay into fermions depends ontanβ. In particular, the experimentally
more interesting leptonic partial decay width reads:

ΓH±→l±νl
=
GFmH±

4
√

2π
m2

l tan2 β

(

1 − m2
l

m2
H±

)3

. (1.41)

If the decay intoWA is kinematically allowed, BR(H± → W±A)∼1 except in the
Type II for a largetanβ. The possible dominance of this decay is important as it may
lead to the suppression of theH± → τν decay often considered in many analyses
for the detection of a charged Higgs boson . In the case of atanβ around 40, the
branching ratio withmH± is at worst around 0.6, followed by the decay intotb whose
branching ratio is close to 0.2. This shows the importance ofthe decay intoW±A in
both types.

As for theH0 case, the evolution of the main branching ratios of the charged Higgs in
the Type II is illustrated in Fig. 1.17
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1.2.4 Direct constraints

This section present briefly the constraints on theiM2HDM that could be established
from the direct searches at past and present colliders. We also list some processes of
interest to establish a first set of constraints (or a discovery) on iM2HDM at Tevatron.

Constraints on neutral Higgs bosons h, H0 and A

As seen in the section 1.1.2, the Standard Model Higgs has been constrained by the
LEP experiment to be heavier than 114.4 GeV/c2 and by the analyses in CDF and D/O
to be below 160 of above 170 GeV/c2. This holds of course only if the decay modes are
exactly those foreseen in the Standard Model, i.e. if they follow the branching ratios
given in Fig. 1.2. This statement is not true iniM2HDM since the decayh→ AA can
automatically be considered andh→ H0H0 andh→ H+H− are possible in Type I.

At LEP, the analyses of topologiesZ+2b-jets andZ+4b-jets showed an excess of
events. This has been interpreted in the context of NMSSM [32], which allows the
presence of a lightA boson decaying into a pair ofb-quarks. However, the fact that
these excess stands for slightly different masses ofh led to the conclusion that no sig-
nificant deviations from the SM expectation was observed. Wetherefore keep themh

lower bound at 114 GeV/c2.

At the Tevatron, to our knowledge, no official search of the decayh → AA, with h
produced by gluon fusion or by associate production with a vector boson has been
attempted up to now. This channel has been recently discussed in Ref. [33] and shown
to be very difficult. This is due either to the large QCD backgrounds if the pseudo-
scalars decay intob quarks, or to the too low signal visible cross-section if oneor two
A decay(s) intoτ ’s.

From the most recent public results of Tevatron (in fact CDF)[34], a constraint on
theA boson mass is made from the analysis ofbb → A → ττ channel in Type
II. Unfortunately theA mass considered in the analysis is at minimum 70 GeV/c2

since the research is essentially oriented towards MSSM. The CDF result is shown in
Fig. 1.18, we adopt the conservative limitmA > 70 GeV/c2 if tanβ >35.

However, an excluded region in themA−tanβ plane has ben set at LEP in the context
of analyses ofe+e− → bbA channel withA → bb, τ+τ−. The tables provided in
Ref. [36] gives an approximative limit intanβ versusmA: if tanβ >15,mA >10
GeV/c2.

A simultaneous constraints on bothH0 andA masses could be established with the
study of the reactione+e− → Z∗ → H0A done at LEP. In theiM2HDM the decay
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Figure 1.18: The exclusion limits for the Run 2 at Tevatron. The meaning of the
benchmark choices can be found in Ref. [35]

H0 → ZA is automatically considered, leading to the final stateZbbbb. As said
before, no significant excess in this final state has been observed, we suppose therefore
that the sum of the Higgs boson masses is out of reach for the center-of mass energy
at LEP2. The constraint adopted ismA +mH & 200 GeV/c2.

At Tevatron, a constraint onmH0 could be achieved viabb→ H0 → ZA in the Type
II model. Assuming theB physics restrictions andtanβ=30, the NLO cross-section
is close to 50 fb. WithA → τ+τ− branching ratio of a few percents, only the main
A→ bb decay could have been observed , leading to the final stateZbbbb. However it
seems that such an analysis has not been realized. Thereforeup to now no constraint
onH0 mass can be set from this channel.

Constraints on the charged Higgs bosons

At LEP, the main production mechanism of charged Higgs bosons ise+e− → Z∗ →
H+H−. Both theW+(∗)W−(∗)AA andW±(∗)Aτν final states have been studied for
mH± < 90 GeV/c2 [37] . The result is a lower bound of 76.7 GeV/c2 for mH± in
Type I scenarios. A limit can also be obtained in Type II, but is not considered here
since the mass of the scalar triplet has to remain above 300 GeV/c2 due toB-physics
constraints.
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At the Tevatron there are two main ways to produce the chargedHiggs: via the top
decayt → H±b or the single top associated productionpp → tH−. This latter case
does not offer a viable alternative to observe the Higgs boson due to its too low cross-
section (< 1 fb even in Type I). However the first option provides a reasonable final
state associated with a sizable cross-section. The test of Standard Modeltt production
has been done in both CDF and D/0 (with different assumptions for BSM decay of the
charged Higgs boson) and it turns out that the 1-σ limit to branching ratio BR(t →
H±b) is lower than 30% on the whole mass range ofmH± . This does not constraint
theiM2HDM where this branching ratio is at maximum around 10% (see Ref. [8] for
more details).

1.3 Conclusion

In this chapter we have briefly reviewed the Brout-Englert-Higgs mechanism and the
properties of the associated SM Higgs boson. We have presented a possible exten-
sion of the SM case by introducing a particular realization of the two-Higgs-doublet-
Model,CP conserving and holding a twisted custodial symmetry imposing a degen-
eracy between the charged and aCP -even Higgs bosonH0. This model leaves the
possibility to consider an inverted mass spectrum where thelightest Higgs boson is
the pseudo-scalarA and the heaviest is the SM-likeh

The impact of a set of theoretical and experimental constraints have been discussed
and summarized in Tab. 1.3. Both Type I and Type II models leave an unconstrained
parameter space where the scalar mass arrangement ofiM2HDM is possible. The
comparison between scalar masses in the SPS1a benchmark point of MSSM and
within both types of thei2HDM is represented in Fig. 1.19.

The study of such a scalar sector, and more generally, of the BSM phenomenologywill
require both a large luminosity and high energy. At the LHC itwill strongly rely on the
comparison with Monte Carlo simulation for the signals but also for the backgrounds.
One of the major problem at the LHC is the presence of a potentially hard QCD
activity from initial states radiation, potentially penalizing for the establishment of
event shapes estimation. This consideration could be therefore crucial to hopefully
identify the small BSM event excesses from the Standard Model background. The
next chapter describes in more details this problematic andthe solutions proposed.
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Type Constraint Origin

I & II

mh < 500 GeV/c2 Unitarity
√

m2
T −m2

A <400 GeV/c2 Perturbativity
mH0 ∼ mH± ∆T if mh is large
mA << mT ∆S if mh is large
mh >114 GeV/c2 LEP direct constraint

I
mT +mA >200 GeV/c2 LEPZbbbb
tanβ <0.5 B-physics

II

mT >300 GeV b→ sγ

mA >30 GeV/c2 Rb at tanβ ∼ 30
mA <100 GeV/c2 aµ

mA <70 GeV/c2 if tanβ > 35 Tevatron bbA
tanβ > 2 B0 −B0 mixing
tanβ < 40 B → τν

Table 1.3: Summary of the theoretical and experimental constraints in theiM2HDM.

Figure 1.19: Typical mass spectra in MSSM (SPS1a), and in both Type I and Type II
configurations of theiM2HDM. The arrows indicate typical scalar decays.



CHAPTER

TWO

The LHC and the modeling of collision

BEFORE the end of year 2009, the Large Hadron Collider will start to strike pro-
tons together, slowly increasing its center-of-mass energy up to 14 TeV. At such

an energy the analyses done from the data collected by the detectors will be sensi-
tive to the existence of new particles predicted by different models, for instance the
Higgs boson(s), the supersymmetric particles and other heavy resonances present for
instance in models with extra-dimension or in technicolor models. Their detection is
one of the main challenge of the LHC experiments and certainly a major step towards
the understanding of physics up to the TeV scale.

In this chapter the generalities about the Large Hadron Collider are first reviewed.
The discussion focuses then on the modeling of hadron-hadron collisions, especially
the multi-jet processes generation where additional jets are produced by initial state
radiation (ISR). This is particularly important as any event produced at the LHC will
be affected by this QCD activity. A difficulty resides in the simulation of this radiation
in the large range of energy, from TeV scale down to hadronization scale. A solution
to this issue is presented (jet matching/merging), and the consequences of using such
technique are described, mostly for the production of heavycolored particles.
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2.1 The LHC

2.1.1 The installation

The LHC is installed near Geneva, at the Franco-Swiss borderand exactly on the
former LEP tunnel, the electron-positron collider that ranfrom 1989 to 2000.

To reach 14 TeV of colliding energy, different steps of acceleration are needed as it
can be seen in Fig. 2.1.

Figure 2.1: Illustration of the acceleration chain for the LHC.

The protons are first produced by hydrogen ionization in the Duoplasmatron Proton
Ion Source (see for instance Ref. [38] for more details). After a geometric arrange-
ment into bunches the protons are injected in the Linac-2 accelerator. Coupled to the
Proton Synchrotron Booster, the protons accelerate to get akinetic energy of 1.4 GeV.
Then with the Proton Synchrotron the energy reaches around 26 GeV, and the time
separation of 25 ns between each bunch is established. Afterwards, the injection is
done in the SPS, which accelerates protons up to 450 GeV, and finally the LHC ring
itself finalizes the acceleration process with radio-frequency cavities to obtain 7 TeV
per proton. Two beams in opposite directions are needed. In order to bend the path of
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the proton, a magnetic field of 8.33 Tesla is applied thanks to1282 dipoles placed all
along the curve. The field is generated by NbTi supraconductors cooled at 2 K with
liquid helium.

The protons are grouped by bunches, each of them will containat best 1.15.1011

protons. In the whole ring there will be at maximum around 2800 bunches, each
of an approximate length of 8 cm. The diameter of a bunch varies in function of the
position and should be close to 6µm at the interaction points.

Four main experiments are installed on the LHC ring: CMS and ATLAS are called
"multi-purpose" detectors by opposition to the two others,ALICE and LHCb which
are oriented towards more specific fields of interest. The main motivation of multi-
purpose detectors is to detect the signature of new particles while the direction of
research in ALICE is oriented toward the studies of QCD plasma physics and LHCb
towardsCP -violation in B-physics. While CMS1, ATLAS and LHCb searches are es-
sentially based on proton-proton collisions, heavy ions (Pb, Au) collisions are mostly
looked at by ALICE.

At the interaction points the rate of production associatedto a particular type of pro-
cess is related to its cross-section, but also to the luminosity. The instantaneous lumi-
nosity can be defined as

L = fk
N1N2

πσ2
(2.1)

where f is the frequency of crossing,N1,2 are the number of proton per bunch and
σ is the estimated RMS of the bunch distribution in the transverse plane. With the
time-spacing of 25 ns induced by the PS, the frequency reaches 40 MHz. The factor
k represents the beam occupancy level: the 2800 bunches represents around 77% of
the overall number of available spaces. There are a few different steps scheduled to
increase the luminosity. For instance within the first monthit is expected to reach
1.2×1030 cms−2s−1, with an accumulated luminosity of 200 nb−1. This is expected
to be realized at 5 TeV of energy per beam. The low luminosity regime (∼ 2 ×
1033cm−2s−1) will then probably require 5 month of commissioning beforebeing
reached. The luminosity should then slowly increase to hopefully reach its nominal
regime (1034 cm−2s−1). This will normally correspond to 100 fb−1 of integrated
luminosity per year.

The total inelastic cross-section of proton-proton collision is roughly 70 mb. Assum-
ing that the mean bunch crossing rate is 40 MHz×0.77=31 MHz, and the high instan-
taneous luminosity is1034 cm−2s−1 = 1010b−1s−1, up to 20 simultaneous (piled-up)
interactions are expected. At low luminosity, this number follows a Poisson distribu-

1In fact heavy ion collision should also take place in CMS
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tion with an expected mean around 4.5. Pile-up events make many analyses more
difficult to do, especially those where the soft jets are important.

2.1.2 p-p interactions

The choice of using protons as colliding particles is related to the desired high lumi-
nosity. Inpp colliders (SPS, Tevatron), this is indeed a major limitation. However in
both cases this choice was reasonable: at SPS the discovery of the weak vector boson
need quarks as initial states and at Tevatron the observation of top quark pairs events
was one of the main motivation. With 1.96 TeV of c.m.s the cross-section is domi-
nated by quark-antiquark interactions, which is not longerthe case at 14 TeV, where
gg interactions are predominant.

This is clearly visible from the parton density distributions (pdf) at 14 TeV, and more
precisely from the computation of inclusive cross-sections for each combinations of
initial partons. The cross-section of a process with two hadrons in initial states, each
carrying a momentumPi, can be written as in (2.2).

σ(P1, P2) =
∑

a,b

∫ 1

0

∫ 1

0

σ̂a,b(p1, p2, Q
2/µ2)fa(x1, µ

2)fb(x2, µ
2)dx1dx2 (2.2)

The termsa andb run over the parton type (e.g. u, d, s, c, g, b and their antiparticles),
x1,2 are the fraction of the momentum carried by the partons,σ̂ represents the partonic
cross-section withpi = xiPi,Q2 is the scale of the process (withQ typically close to
the masses involved in the process and/or still thePT of produced massless particles),
µ is the factorization scale andfi the parton distribution function. The factorization
scale is an arbitrary parameter that defines the separation between the hard and soft
perturbative regimes at NLO and higher orders. Essentially, the emission of soft par-
tons from the initial states leads to logarithmic divergencies that can be reabsorbed
in the pdf at the condition that the factorization scale is close to the scale of the hard
scattering process.

We define the quantityτ = x1x2 = ŝ/s wheres = P1 + P2 andŝ = p1 + p2. The
variablesx1 andx2 can be rewritten as functions ofτ and the rapidity of the systemy

x1 =
√
τey (2.3)

x2 =
√
τe−y (2.4)
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In theτ, y basis the expression (2.2) can be rewritten as

σ =
∑

a,b

∫

dŝ

ŝ
dy
dLa,b

dŝdy
ŝ, σ̂a,b (2.5)

where

dLi,j

dydŝ
=

1

s

1

1 + δi,j

[

fi(xa)fj(xb) + (a↔ b)

]

(2.6)

is a differential luminosity term that helps to quantify thepartons flux in terms of the
total momentum and the rapidity. If the integration is performed overy the differential
luminositiesdL/dŝ corresponding to CTEQ6L1 pdf’s and

√
s=14 TeV are shown in

Fig. 2.2 (see also [39]). The luminosity corresponding togg initial state is indicated
in green,

∑

gqi + gqi + qig + qig in blue, and
∑

qiqi + qiqi in red.

We see that at low
√
ŝ (low-x) the processes with at least one gluon dominates whereas

this does not hold when̂s tends tos. This implies for instance that a process with
colored particles likett, corresponding toτ ∼ 0.25 will be mainly produced with at
least one gluon.

Figure 2.2: Differential luminosities for different combinations of gluons and quarks
at the LHC for

√
s=14 TeV: gg in green,

∑

gqi + gqi + qig + qig is in blue, and
∑

qiqi + qiqi in red. .

Both the gluons and the quarks are susceptible to emit resolvable radiation. The Monte
Carlo simulation events with hard initial state radiation is a long-term work still in pro-
gression. However it is now clear that the control of the different techniques available
will be crucial both at the level of the distribution normalization and in point of view
of the shapes. This could indeed affect the discovery of new particles with more or less
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large impact depending of the signal and background signatures. In the next section
we treat the problem of the multi-jet event simulations.

2.2 Monte Carlo simulation of collisions

2.2.1 Factorization of hard and soft processes

Two common approaches exist for the modeling of a collision.The first is the matrix-
element technique that allows to calculate exactly the Feynman amplitudes associated
to a process, taking into account for instance the possible interferences between di-
agrams, the spin correlations, etc... The integration overthe phase space gives an
estimation of the cross-section and allows the generation of events. The second is
the parton shower simulation that allows to simulate the successive parton splittings
between a given, possibly hard, scattering scale and the typical scale considered for
hadronization.

There are several generators that can be used for the matrix-element calculation:
Sherpa [40], CalcHep [41], MADGRAPH/MADEVENT[42], CompHep [43], Alpgen
[44], HELAC [45] or Whizard [46].

Besides flexibility, the particle content can be adapted to in principle any model in
particle physics, this approach is appropriate only in certain regions of the phase-
space. The calculation of a process cross-section with emission of massless partons
will be correct only if they are sufficiently separated in thephase-space as fixed-order
calculations suffer from collinear and infrared divergencies [39, 47].

In the soft and collinear limit of a gluon emission, the cross-sectionσn associated to
a process withn partons, is modified by the splitting of one parton as

dσn+1 = dσn
αs

2π

dt

t
P (z)dz (2.7)

wheret is the virtuality of the incoming parton in the splitting,z the ratio between the
energy of this parton and the energy of one of the outcoming partons in the splitting
and finallyP is the Altarelli-Parisi splitting function [39] which depends of the nature
of the partons involved in the branching.

The expression shows that in the collinear/soft limit, the problem is factorizable into
two pieces: on one hand the Born cross-section (dσn) is evaluated one time for all,
while the term containing the divergencies can be considered separately.
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From the expression (2.7), it can be shown that the case of a successive number N of
gluon emissions leads (we here concentrate on the collineardivergence) to the follow-
ing expression:

σ = σ0α
N

∫ Q2

t0

dt1
t1

∫ t1

t0

dt2
t2
...

∫ tN−1

t0

dtN
tN

(2.8)

∼ σ0
αN

N !

[

ln

(

Q2

t0

)]N

, (2.9)

whereQ is the starting scale of the emission andt0 the threshold under which no split
is allowed, typically the hadronization scale.

In the practical context of Monte Carlo generations, theσ0 term could corresponds to
the partonic cross-section calculated with a matrix-element method while the logarith-
mically divergent term is given by the parton shower simulation.

The parton shower approach helps to bridge the simulation ofhard-scattering interac-
tions and the detector level in a realistic way, leading to the creation of stable parti-
cles. For both initial and final states radiation, the algorithm creates a tree-structure
of branching, controlled by the DGLAP evolution equation [48, 49, 50]. An initial
state radiation sees its virtuality (or an other ordering variable) increased with the
successive parton emissions while in a final state shower it decreases towards the
hadronization scale. The showers structure is therefore related to the probability of
having emission above a given threshold.

Assuming that a parton is generated at the virtualityta, the probability that no re-
solvable emission,i.e. above a given cutoffǫ, happens before the parton reaches the
virtuality tb is given by the Sudakov form factor∆(ta, tb):

∆(ta, tb) = exp

[

−
∫ ta

tb

dt′

t′

∫ 1−ǫ

ǫ

dz
αs(t)

2π
P (z)

]

(2.10)

Practically, the shower algorithm controls the branchingsvia the equation∆(ta, tb) =

R whereR is random number out from a uniform distribution on the interval [0,1].
Second, the value of the momentum fraction hold by each parton produced is also cal-
culated from a random variable, according to a probability proportional to the splitting
functionP (z).

The branchings can happen while the virtuality stays biggerthan the hadronization
scale in the case of final state radiation or lower than the hard scattering scale in the
case of initial state radiation.
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Different redefinition of evolution variable to perform showering are available in the
parton shower algorithms. In PYTHIA [51], there are the virtuality-ordering and the
recently developedPT ordering. They are defined by using respectivelym2 = E2−p2

andPT
2 = z(1 − z)m2. Note that the forthcoming discussion is restricted to these

two cases. The Herwig [52] method is based on the emission angle m2/(z(1 − z))

and finally ARIADNE [53] usesz(1 − z)m2.

2.2.2 Matching/merging of initial state radiation

The discussion focuses on the problems to simulate properlythe multi-jet event pro-
duction with Monte Carlo techniques, where the additional jets are produced by initial
state radiation. In principle this discussion should be extended to final state radiation,
i.e. jets from decays, but in such a case the available phase-space is related to the mass
of decaying particle whereas the ISR can benefit from whole energy available at the
collision.

The first option is to simulate processes with parton shower generators only. This is
possible thanks to a library of processes integrated to the software. The corresponding
matrix-element are mostly limited to2 → 2 mode. In the case of processes likett,
g̃g̃, ZZ, the ISR production is therefore not controlled by the matrix-element but by
the shower algorithm. This statement hold partially if one light final state parton is
present in the matrix-element of the process; for instance inZ/W/h0 + 1 light parton.

The first problem in this approach is that the shower model is intended to describe
the parton splittings (and therefore the radiation) in the soft and collinear limit. It
turns then out that the parton shower description can easilybreak down above a given
scale (where the matrix-element calculation should be considered instead). As a con-
sequence, if the scale of the process is hard enough, the kinematics of ISR generated
by the shower algorithm only might be underestimated.

The second issue is that the shower can be easily parameterized, for instance in terms
of evolution variable or shower starting scale. This therefore affects also the extra-jets2

with no initial parton present at the matrix-element level.

A solution to get rid of these two questions is to maximize thenumber of ISR partons
at the matrix-element level and merge together the simulations done by matrix-element
and parton shower generators.

If both matrix-element (ME) and parton shower (PS) approaches are considered at the
same time without control, a double counting between samples of different multiplic-
ities appears. For instance two collinear partons at the matrix-element level give the

2We refer to this denomination for the jet produced by ISR.
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Figure 2.3: Illustration of the issue of double counting between jet topologies: on the
upper left part att + 2 collinear ME partons is shown, giving the same topology asa
tt+1 ME parton (upper right) with no additional resolvable PS radiation. The lower
left side case if att+2 well separated partons, no additional resolvable PS radiation
and it looks the same as att+1 ME parton and one additional resolvable PS radiation.
The arrows denotedp1 andp2 indicate the ME partons, the blue cone refers to a given
jet size definition and the red sine curves stand for PS radiation.

same topology as a single shower confined in a small region of the phase-space . In
the same way, a resolvable radiation emitted while the showering is performed may
exhibit an additional jet with respect to the initial numberof partons. This is illus-
trated in Fig. 2.3. The problem of double-counting plus the soft/collinear divergencies
for fixed order calculation can strongly affect the estimation of the cross-section as
well as the distributions. This can be solved by using a jet matching/merging method.
The principle of the jet matching is to divide the phase-space into two independent
regions characterized by the hardness of QCD emissions. Theregion containing the
soft/collinear emission is naturally ruled by the shower generator while the other is
ruled by the matrix-element generator. The separation between the two regions of
the phase-space is namedQmatch and can be expressed either in terms of∆R andPT

(Cone algorithm) or still with thek⊥ distance.

In the following we restrict our discussion to MadGraph and PYTHIA . In this software
chain, two commonly used matching methods have been tested and used, respectively
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k⊥-MLM [54] and Shower-k⊥ [55]. Both use thek⊥ measure to defineQmatch and
have their working principle based on the original MLM method[56].

Thek⊥-MLM can be used with both virtuality andPT ordered showers in PYTHIA , it
works as follows:

• The matrix-element events are generated in MADGRAPH/MADEVENT with ad-
ditional light ISR partons (for instanceW±+0,1,2,3 partons). The distance be-
tween these partons is defined asQME

cut . Since the matrix-element generator is
required to only populate the region above the matching scaleQmatch, there is
in principle no reason to chooseQME

cut different fromQmatch. However, as the
k⊥-MLM matching method cuts on the combined radiation from theshowers,
a smearing across the matching scale may happen. Therefore if QME

cut = Qmatch,
events with a jet configuration close toQmatch in one of the differential jet rate
transition (see Sec. 2.2.3) can be lost while the event rejection takes place. In
this caseQME

cut must be smaller thanQmatch.

• A reweighting byαs(k⊥) at each vertex is performed in order to mimic what is
done in the shower algorithms. This helps to get a smooth transition between
both regions of the phase-space.

• The showering is performed with PYTHIA .

• The showered partons are clustered into jets using thek⊥ algorithm. The scale
definition of the jets isQmatch.

• If the event does not have the highest (partonic) multiplicity (e.g.W±+2 partons
in aW±+0,1,2,3 parton production), it has to be treated exclusively. This means
that each jet has to be matched with a parton and vice-versa within a distance
defined byQmatch. If the event has the highest multiplicity the additional jets
not produced by the matrix-element partons should be kept. Therefore the only
requirement is to have each matrix-element parton matched with a jet. If the
matching condition is not fulfilled, the event is simply rejected.

The shower-k⊥ scheme works exclusively withPT -ordered showers. The principle of
the rejection is the same as fork⊥-MLM, but the criteria are slightly different. The
algorithm is the following:

• The events are generated by MADGRAPH/MADEVENT as fork⊥-MLM, in-
cluding the reweighting ofαs.

• Each event is then passed to PYTHIA and showered using thePT -ordered show-
ers. PYTHIA reports the scale of the hardest emission,QPS

hardestin the shower.



2.2. Monte Carlo simulation of collisions 41

• The events from lower-multiplicity samples are rejected ifQPS
hardestis above the

matching scaleQmatch, while events from the highest multiplicity sample are
rejected ifQPS

hardest> QME
softest, the scale of the softest matrix element parton in

the event.

This matching scheme, although simple, effectively mimicsthe behavior of thek⊥-jet
MLM scheme. However, it allows for the matching scaleQmatch to be set equal to the
matrix element cutoff scaleQME

cut .

As shown in Sec. 2.2.3, the physical outputs of both methods are, aboveQmatch, quite
similar.

Note that while the principle of MLM methods is based on eventrejection, the com-
plementary point of view is possible and used in the CKKW matching method[57]. In
this method, the showers are controlled so that each parton in the events of the lower-
multiplicity samples are matched with one jet and vice versa. There is therefore no
rejection but a reweighting by the probability to not have additional radiation above
the matching scaleQmatch has to be applied. This is called the Sudakov reweighting
since the definition of the Sudakov form factor is precisely linked to this probability.

2.2.3 Control of the matching parameters

As depicted in the previous sections, the matching procedures rely on a small set of
parameters, basicallyQME

cut andQmatch. It is said in the description of thek⊥-MLM
method that the value ofQME

cut has to be chosen belowQmatch, but except from this
precise case,QME

cut can be chosen equal toQmatch; this means that the parameterization
of the matching is essentially related toQmatch.

The matching scale is not a physical observable, therefore the choice of the value
of Qmatch is arbitrary . However, the transition between parton shower and matrix-
element regimes has to be smooth and the cross-section must be stable with respect to
the variation ofQmatch. These requirements can be influenced by the choice of too low
or too high values of the matching scale. For instance, if thevalue is set too high, dead
zones may appear,i.e. regions of the phase-space that the parton-shower is unable
to fill correctly. On the contrary, if the matching scale is too low, divergencies may
appear at the level of the matrix-element generation. This is why the cross-section
stability with respect to small variations ofQmatch is a good indicator.

This last argument is illustrated in Tab. 2.1 for the case of W+0,1,2 ME parton, treated
with thek⊥-MLM method .



42 Chapter 2. The LHC and the modeling of collision

(QME
cut )Qmatch

σ(nb) ∑

σ(nb) ǫM (%)
Nj=0 Nj=1 Nj=2+

(5)7 1.9 1.56 1.82 5.27 30
(7)10 2.4 1.37 1.19 5.0 39
(10)15 3.0 1.2 0.7 5.0 50
(20)30 3.4 0.9 0.4 4.8 63
(30)40 3.8 0.6 0.2 4.7 72

Table 2.1: Cross-sections at the LHC (14 TeV) by multiplicity, total cross-section and
k⊥-MLM matching efficiencies as a function of theQME

cut andQmatch parameters, for
W−+jets, with up to 2 ME partons. The "+" prescription indicates the inclusiveness
of the treatment of the highest multiplicity.

Since both matching implementations employed here rely (totally or partially) on the
Durhamk⊥ measure to achieve the separation of the phase space, the most revealing
distributions to study their features are the differentialjet rates defined according to
the same measure.

The differential jet rate variable is defined by thek⊥ scale at which an event pass from
a N+1 jet(s) configuration to a N jet(s) configuration while the k⊥ algorithm clusters
the showered partons. After the matching procedure, all showered partons belonging
to a same shower are grouped together within ak⊥ distance smaller than the cutoff.
On the contrary, the jets issued each from a different ME parton lay at ak⊥ distance
larger than this cutoff. Therefore in a transition denoted “N+1→N”, the events with a
multiplicity smaller than N+1 will be situated below the cutoff, while the events with
a multiplicity higher or equal to N+1 are situated above thiscutoff.

This statement is graphically explained in Fig. 2.4 in the case oftt+0,1,2,3 jets.

In the k⊥-jet MLM scheme, there is at parton level a sharp division in the jet rates
between the shower and matrix element regions, making it very easy to see to which
extent the transitions are smooth. For the showerk⊥ scheme, as well as the cone
jet MLM scheme implemented in ALPGEN and the CKKW scheme implemented in
SHERPA, the separation is less sharp, but the differential jet rates still tend to be the
best variables to study the transition between parton showers and matrix elements.

To illustrate the behavior of the differential jet rates, weconsider the processtt+0,1,2
partons. As it turns out, thePT -ordered PYTHIA showers allows significantly higher
matching scales than the virtuality-ordered showers. The reason for this is that they
give significantly harder emissions than the virtuality-ordered showers, and therefore
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Figure 2.4: Illustration of differential jet rates construction (3 → 2, 2 → 1, 1 → 0) for
ISR control (here withtt+ 0,1 and 2 jets). The notationp refers to an original parton at
ME level. The notationq, q′ andq′′ refers to the showered partons, and the clustered
partons for the successive clustering iterations.
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give distributions more similar to the matrix element distributions, at least up to a
given scale. For virtuality-ordered showers,QME

cut = 20 GeV andQmatch = 30 GeV,
for PT -ordered showersQME

cut andQmatch= 100 GeV.
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Figure 2.5: Differential jet rates for1 → 0 and 2 → 1 jets from QCD radiation
for tt̄ production at the LHC. The first two columns show the distributions for the
two types of PYTHIA showers, virtuality-ordered andPT -ordered, for three different
choices for the matching scale. For the default choice, alsothe contributions from
the separate multiplicity samples are shown. The colored arrow show the value of the
threeQmatchused for each kind of shower. The third column shows how the matched
curve interpolates between the pure parton shower curve andthe pure matrix element
curve without parton showering.

In Fig. 2.5 we she show the2 → 1 and1 → 0 differential jet rates There is no need
to look at higher orders because the maximal parton multiplicity considered here is 2,
which means that the transition3 → 2 is given entirely by the parton shower. The first
and second columns show the result for the virtuality andPT -ordered showers respec-
tively, with the first and second rows indicating the1 → 0 and2 → 1 transitions, with
a variation by a factor 2 of the defaultQmatch.

The difference between the two matching schemes is visible in the plots, in the dif-
ferent behavior of the parton multiplicity sample contributions. The left-hand column
for each particle type shows thek⊥-MLM matching scheme, with the contributions
from the different parton multiplicity samples in grey. Thematching scale cutoff is,
in this scheme, done in the same variable that is plotted, thedifferential jet rate, and
there is therefore a sharp cutoff between the 0- and 1-partonsamples in DJR(0 → 1),
and between the 1- and 2-parton samples in DJR(1 → 2), so that below the cutoff
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only the lower-multiplicity samples contribute and above the cutoff only the higher-
multiplicity samples.

In the middle column, the Shower-k⊥ method is used (with thePT -ordered PYTHIA

showers). This method cuts on the first emission of the partonshower rather than on
the combined radiation of the whole shower, giving some smearing across the match-
ing scale. This scheme allows to use the same cut at matrix element and parton shower
levels. The distributions for thePT -ordered showers have been double-checked using
thek⊥-jet MLM matching method, with excellent agreement.

In both left and middle columns, the arrows indicate the different values ofQmatch

considered. The corresponding global DJR curves are shown,showing a good stability
with respect to the variation ofQmatch.

In the right hand-side column, the curve for unmatched PYTHIA showers with default
parameters are shown (red), together with the pure matrix element prediction without
any parton showering or matching (green) and the matched curve (black). We see
that the matched curve smoothly interpolates between the unmatched PYTHIA curve
below the matching scale, and the matrix element predictionfor large scales. This last
statement is very important because at large scale the behavior has to follow the pure
matrix element calculation.

It is also interesting to notice the differences in curve shapes depending on the choice
of shower type. Below the matching scale, the shape of the curve is given completely
by the shower, in particular for the0 → 1 jet rate. Above the matching scale, however,
the shape is mainly given by the matrix element. It is easy to see the reason for the
different choices of matching scales for the different showers – thePT -ordered shower
gives significantly harder distributions than the virtuality-ordered shower, and is more
similar to the matrix element curve, hence allowing a highermatching scale.

In conclusion the differential jet rates give a lot of information on the matching result
both in the behavior of each multiplicity but also at a global(physical) point of view.
Using such variable constitutes an important sanity check to be sure that a production
with matching has been correctly performed. In the appendixB, we propose a easy
solution to obtain these distributions.

In the next sections we review the main effects of jet matching in the case of Standard
Model. The production of heavy colored particles in the context of the SM and SUSY
is then discussed in details.
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2.2.4 Multi-jet event production in the SM

The correct simulation of multi-jet event within the Standard Model is important as
for instance the QCD events and productions of a vector bosonwith jets have, at the
LHC, a very large cross-section compared to most productionmechanism beyond the
SM. The LO cross-section of some of the main SM processes are given for two center
of mass energy (10 TeV and 14 TeV) in Tab. 2.2, using PYTHIA and thek⊥-MLM jet
matching for virtuality-ordered showers. The cutoffsQME

cut andQmatchused both at the
ME level and at the PS level are indicated as well as, if needed, the minimalHT value
defined as the sum of thePT of the partons (u, d, s, c, (b)). This cut is useful to get
reasonable statistics far in the tails without having to populate the bulks with millions
of events. The basic cuts required are|ηj | < 5 andPT = QME

cut . In addition, forZ0/γ,
the minimal invariant mass of the two leptons is required to be larger than 50 GeV.

Process Particular cut QME
cut Qmatch σ(pb) (10TeV) σ(pb) (14TeV)

QCD HT ∈ [100, 250] 20 30 1.5 × 107 2.4 × 107

QCD HT ∈ [250, 500] 20 30 4 × 105 7.7 × 105

QCD HT ∈ [500, 1000] 40 60 1.4 × 104 3.6 × 104

QCD HT ∈ [1000, inf] 40 60 3.7 × 102 1 × 103

B-enr. HT ∈ [100, 250] 20 30 4.5 × 105 9 × 105

B-enr. HT ∈ [250, 500] 20 30 1.5 × 104 5 × 104

B-enr. HT ∈ [500, 1000] 20 30 7 × 102 4 × 103

B-enr. HT ∈ [1000, inf] 40 60 13 1.5 × 102

W±+j / 10 15 4 × 104 6 × 104

Z0/γ+j / 10 15 3.7 × 103 7 × 103

tt+j / 20 30 3.2 × 102 7.5 × 102

Table 2.2: Cross-sections of some of the main Standard ModelProcesses. The first
column indicates the type of process: the “QCD” appellationconcerns the inclusive
production of 2,3 and 4 ME partons (j=u,d,s,c,b); B-enr. goes for the b quark enriched
samples, defined bybb+0,1,2,3 ME partons +b(b)+1,2,3 ME partons (jet=u,d,s,c).
W± andZ0/γ decays intoe, µ, τ and are accompanied by 0,1,2,3,4 ME partons of
the five flavors, whereas thett has only up to 3 extra-partons.

Due to their large cross-sections, any unknown systematic effect originating from
Monte Carlo generators could easily lead to a misinterpretation of the data.
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Figure 2.6: Left:PT of the leading jet with a LO simulation (red line and yellow
band ) and with a NLO simulation done with the generator MCFM (blue line and blue
band). Right:PT of the leading jet (in blue) andZ0 with (plain lines) and without
(dashed line) the matrix-element calculation of the kinematics of a second emitted
parton.

An example of this kind of issue is illustrated by the simulation of theZ+jet process
with a LO and a NLO generator (see Ref. [58]). The LO generation is made in a2 → 2

more precisely the matrix element isZ+1 parton (Fig. 2.7(a)). The NLO mode takes
into account one additional jet compared to the LO generation.

ThePT of the leading jet simulated with a LO simulation (red line and yellow band )
and a NLO simulation from the generator MCFM (blue line and blue band) is shown
in Fig. 2.6(left). The 1.5 K-factor helps to normalize the LOcross-section to the
NLO estimation. This normalization is largely weighted by the bulk region (very low
PT ) and it appears that besides this problem of normalization adiscrepancy between
the shapes is also visible at largePT , this difference reaching almost one order of
magnitude at the TeV scale.

The second jet ruled by the matching in the processZ+1,2 parton can play the role of
real corrections to the LO generation, mimicking at least a part of the NLO behavior.
To check this and understand the origin of the discrepancy inthe largePT region we
have reproduce the result of Fig. 2.6(left) with the Shower-k⊥ matching method.

In the Fig. 2.6(right) we show thePT spectrum of theZ boson and leading jet in
PT with and without the Shower-k⊥ matching method. The dashed lines indicate
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Figure 2.7: Representative processes for Z+1 ME parton (left) and Z+2 ME partons
(right) in which there is a possible collinearity between a jet and the Z.

the distribution inPT of the Z boson while the solid lines show the distributions of
the leading jet inPT . The blue and red colors denote respectively the matched and
unmatched productions.

It is clear that the shape discrepancy observed in Fig. 2.6(left) is also present when
passing fromZ+1 parton toZ+1,2 partons. This shows that the matching is able to
reproduce trustfully some NLO effects.

Besides this we can see that thePT distribution of the Z is not affected when passing
fromZ + 1 jets toZ + 1, 2 jets. This tends to show that the excessive recoil taken by
the leading jet is the consequence of the presence of a secondjet relatively close to the
Z. This situation cannot be represented in a2 → 2 process done with a PS simulation
standalone as it should mean to have a Z "radiated" by a jet. This is illustrated in
Fig. 2.7(b). The distance (here∆R =

√

∆η2 + ∆φ2) between the Z and the closest
jet is shown in Fig. 2.8. This confirms the expectation about their collinearity.

This result shows the importance of considering the jet matching in cases supposed
to be rather simple or well known. This suggests also that up to a given level of
approximation the simulation using a fast and adaptative tree-level generator can be
useful even as a stand-in for NLO calculations.

In the next section we generalize the study of the impact of jet matching. To do so
we emphasize on the case of heavy colored particle production, for which the level
of QCD radiation is expected to be the largest and therefore the most problematic for
analyses.
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range is higher.

2.3 Multi-jet event production with heavy col-
ored particles

In this section we first study the QCD radiation accompanyingthe production of heavy
colored states obtained from either a standalone parton shower (PYTHIA ) and from a
matrix element plus parton shower (MadGraph + PYTHIA ). In the rest of this chapter
we consider the production of SUSY particles as a toy-model because it contains the
commonly considered heavy colored gluinos and squarks.

Parameter dependence in matched and unmatched generation

As described above, the parton shower Monte Carlo generators have different built in
parameters which modify the behavior of the shower, and hence allows tuning to data.
This means that the parton shower has a lack of predictability: it is not in general clear
that a tune done for one type of initial state will be applicable to other initial states, or
that a tune done for a particular mass of a pair-produced particle will be applicable for
other masses.

The discussion is here focused on the showers emitted by initial state QCD radiation,
so no jets from decays are taken into account due to the fact that in principle their



50 Chapter 2. The LHC and the modeling of collision

kinematics are well defined and the result shouldn’t be too much dependent of the
shower scheme/parameterization chosen. In order to study and compare the system-
atic uncertainties involved in parton showering, we use thetwo different showering
implementations of PYTHIA described before: the virtuality-ordered andPT -ordered
showers, with a range of shower parameters similar to that in[59]3. We also use two
different matching schemes, thek⊥-jet MLM scheme for virtuality-ordered showers
and the showerk⊥ scheme forPT -ordered showers. The description of these tech-
niques has been done in Sec. 2.2.2.

For most of the studies here below, the other shower parameter that is varied is the
starting scale of the shower. This is the most important parameter determining the
hardness of radiation allowed in parton shower emissions, and the default value has
varied over the years and is still dependent of the processesstored in the software
bank.

For both types of shower, we follow the nomenclature of Ref. [59] and call the appel-
lation "wimpy" and "power" for the lowest and uppermost limits of hardness of the
showers. The wimpy shower use the factorization scale as themaximal starting scale
while for the power shower the whole available phase space may be used.

In order to see how this lack of predictability is reduced by using the kinematics calcu-
lated at the matrix-element level, we first compare the results obtained withgg̃+0, 1, 2

ME andgg̃ + 0 ME partons (equivalent to the2 → 2 mode of PYTHIA standalone ).
ThePT distributions of the two leading extra-jets is shown in Fig.2.9. We include
also the variation of both factorization and renormalization scales by a factor1/2 and
2 for one of the showers parameterization, in the matrix element as well as the parton
showers4. The mass of the gluinos is fixed at 607 GeV/c2 (benchmark SPS1a). The
different curves correspond to the different shower parameters settings: the virtuality-
ordered shower and thePT -ordered implementation, each with two different choices
for the starting scale of the shower, wimpy and power showers. Several interesting
features can be noted from Fig. 2.9:

• The spread in predictions for the parton shower is very largeand strongly affects
the shapes of the distributions. This uncertainty due to shower parameters is
almost completely removed when matching is applied.

• The region where the shower predictions start to diverge, and the rate of this
divergence, is strongly correlated with the mass of the produced particles. This

3Note that the virtuality andPT ordering of the showers are called in PYTHIA by MSTP(81)= 0 and
20, or 1 and 21 if the multiple parton interaction switch is activated, which is not the case in this study

4The factorization and renormalization scales can be changed respectively with the parameters
scalefact andalpsfact in MADGRAPH/MADEVENT andPARP(64) andPARP(72) in PYTHIA
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Figure 2.9: High-PT spectrum for the first and second hardest radiated jet in the
production of̃gg̃ pairs. The upper row shows the spread of PYTHIA predictions with
different choices of the shower evolution variable (virtuality- and p2

T -ordered) and
starting scale for the evolution (labeled as “wimpy” and “power” showers respec-
tively). The lower row presents the results obtained after matching ME with PS in the
same four shower scenarios. The grey band shows the systematic uncertainty associ-
ated with a variation of a factor of two of the renormalization and factorization scales
with respect to their central values. The different curves have a relative normalization
corresponding to their relative cross-section.

correlation is due to the choice of starting scale for the wimpy showers since the
factorization scale, which is close to the mass of the produced particle.

• The power shower curves consistently overshoot the matchedcurves, and hence
give too hard predictions, while the wimpy showers give too soft distributions.

• The uncertainty due to scale variations is considerable, but mainly affects the
normalization and only to a small degree the shape of the curves.

Furthermore, it is observed that the discrepancy between the unmatched and matched
productions of ISR is also dependent of the type of the particles produced (gluinos or
squarks) as well as their masses. The full discussion can be found in Ref. [55].
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2.3.1 Anatomy of Emiss

T + multi-jet final states

While the previous section dealt with jets from QCD radiation only, in real life we
can expect new heavy colored particles produced at the LHC todecay into jets and
missing transverse energy. It is therefore rather interesting to study the impact of jet
matching in the context where we also have jets from decays.

In general, one could expect that jets from QCD radiation should be relatively unim-
portant compared to the hard decay jets from heavy particles. For example a pair of
squarks with a mass around 600 or 700 GeV/c2 will easily give jets with a< PT >∼
200 GeV/c2 while the initial state radiation are peaked to zero.

In order to clarify the discussion, and keep our results conservative, in this section
we will use a set of simplified supersymmetric benchmark scenarios, summarized in
Table 2.3. In all the scenarios we assume all light-flavour squarks to have the same
masses and that they all decay directly to the LSP, i.e. we ignore the existence of
intermediate weak states. Introduction of cascade decays will have as main effect that
jets from decays get softer, while the jets from QCD radiation are not affected, and
will hence mainly further accentuate our results.

Scenarios I II III

Masses (GeV/c2)
g̃

q̃

χ0
1

607
560
100

607
heavy
100

607
heavy
500

Table 2.3: Benchmark scenarios employed in this work as modifications of
SPS1a [60]. We always assume the squarks decaying 100% into quark+lightest neu-
tralino.

For ease of comparison between the scenarios, we have chosento use the same masses,
around 600 GeV/c2for the active heavy QCD states in all scenarios. Scenario I has a
SUSY QCD spectrum similar to the SPS point 1a [60], with a gluino at 607 GeV/c2

which decays to squarks at roughly 560 GeV, while the LSP is at100 GeV. In scenario
2, the gluino has a mass of 607 GeV/c2 but all squarks are heavy, so that the gluino
decays through offshell squarks to two quarks and the LSP. A representative feynman
diagram is shown in Fig. 2.10.

Finally scenario III has a gluinos at 607 GeV/c2 decaying through offshell heavy
squarks, but the LSP mass is 500 GeV, only 100 GeV/c2 lighter than the gluino. These
scenarios will act as case studies to illustrate different effects of QCD radiation in the
production of new heavy QCD states.
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Figure 2.10: Representative Feynman diagram for the productions in the scenario I
and II.

All plots and results in this section are generated using matched samples with the
default PYTHIA parameter choices for virtuality-ordered showers, unlessotherwise
stated.

H jet
T variables in gluinos production

In order to study squark pair production one should select 2-jet observables, for asso-
ciated gluino-squark production 3-jet observables and forgluino pair production 4-jet
observables. While it is true that gluinos decay to two quarks andχ0

1 , it should be
kept in mind that the visibility of these jets depends strongly on the mass hierarchy of
QCD states. In Fig. 2.11 we show theH jet

T (n) distributions, defined as

H jet
T (n) ≡

n
∑

i=1

|PT
jet
i | (2.11)

for n = 2, 3, 4, for the scenarios I and II. The sum in eq. (2.11) is taken overjets
defined using the SISCone [61] algorithm with a radius of 0.5 andPT > 40 GeV. This
choice is made to get close to standard jet algorithm tunes used for jet reconstruction in
experimental analyses. We also show the composition ofH jet

T (n) in terms of jets from
the gluino decay and ISR’s, as well as show the average fraction of theHT coming
from the decay. For scenario II, where the gluinos decay through off-shell squarks
to two quarks of similar energies and an LSP, the majority of events in the peak of
H jet

T (4) include only jets from the decay, while the tail of the distribution is dominated
by 2-3 jets from the decay and one jet from radiation. For scenario I however, where
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Figure 2.11:H jet
T (n) for n = 3, 4, 5 in g̃g̃ production. The different point markers

show how many of the jets entering in the definition ofH jet
T (n) come from QCD

radiation. Upper row: Scenario I, lower row: Scenario II. Below each main plot, the
red curve indicates the percentage ofHT coming from the decays. Jets are defined
using the SISCone algorithm with aPT

min of 40 GeV and a radius of 0.5.

the 607 GeV/c2 gluino decays into a fairly soft jet (with an energy around 50GeV)
and a squark which in turn decays to a hard jet and an LSP, the distributions are quite
different. Here,H jet

T (4) is dominated by events where at least one of the jets come
from radiation, and we need to go down toH jet

T (2) to be dominated by events with
only decay jets across the wholeHT range. The energy fraction ofH jet

T (4) coming
from decay is still fairly high, even in the high-HT tail, since most of the transverse
energy comes from the squark decay jets.

The immediate interpretation of this result is that in a scenario with a small mass split-
ting between gluinos and squarks, gluino production might be difficult to distinguish
from squark production with additional QCD radiation.
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Jet multiplicities for different scenarios

A question that the proper matching of jets is particularly apt to answer, is to spec-
ify the number of jets typically present in production of different particles. We here
present a table with the jet multiplicities, for matched andunmatched (Pythia virtuality-
ordered default) production, for the scenarios studied. Inorder to make the table as
useful as possible, we have used jet cuts close to what is usedin many preparatory
analyses for squark and gluino searches:PT

jet1 > 180 GeV/c,PT
jet2 > 110 GeV,

PT
jetj > 50 GeV/c forj > 2 and|ηjet| < 3 for all jets. We require all events to have

at least two jets. The jet multiplicities are exclusive, andso add up to 100% of the
events passing the 2-jet cut. The jet algorithm used is SISCone with a radius of 0.5
andPT > 40 GeV.

The difference between matched and unmatched generation istwofold, as emphasized
in Ref. [55]: the ISR jets get harder (compared to default Pythia starting scale), what
helps them to get above the threshold of 50 GeV/c. The matching tends therefore to
increase the transverse boost of the produced pair, and hence thePT of the softest jets
from the decays. The matched production therefore in general populates higher jet
number bins that the unmatched ones.

Process N = 2 N = 3 N = 4 N > 5 Signal eff.

M U M U M U M U M U

g̃g̃ sc.I 15.7 27.1 30.0 33.9 24.4 21.0 29.7 17.8 43.7 40.4
g̃q̃ sc.I 35.2 39.4 32.5 33.8 17.5 16.0 14.6 10.4 31.9 28.3
q̃q̃ sc.I 40.2 48.1 33.4 32.0 15.9 12.9 10.3 7.2 16.9 16.0
g̃g̃ sc.II 4.4 4.7 19.5 22.1 27.1 29.2 49.1 43.7 43.8 40.1
g̃g̃ sc.III 21.5 28.4 32.6 37.0 23.9 21.0 21.8 13.6 4.7 3.0

Table 2.4: Contribution of events withN jets for matched and unmatched processes:
g̃g̃, g̃q̃ andq̃q̃ in Scenario I (for squark production this is very similar to scenario III),
andg̃g̃ in Scenario II and III. All numbers are in percent. “Signal efficiency” shows
the percentage of events that pass the 2-jet cut. The jet cutsare described in the text.
The label “M” means “matched” while “U” means “unmatched”.

The first three lines in Table 2.4 represent Scenario I, whichis very similar to the
benchmark point SPS1a. In this scenario, the gluinos decay as g̃ → q̃q → q̃qχ0 (with
mχ0 ∼100 GeV), so there are typically two hard and two soft jets from the gluino
decay. Here the effect of the matching is large, due to the increase inPT for the
soft jets as well as increased hardness of the ISR jets. For scenario II on the other
hand, where gluinos decay as an equivalent three body decay with two jets and a light
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neutralino, the sensitivity to the matching is much lower, since there, typically at least
four reasonably hard jets are present from the decays. It is only in this and similar
cases that the statement that gluino pair production generally corresponds to four hard
jets in the event is true. In the last row in the table, the produced gluinos decay to a
near-degenerate LSP, meaning that most hard jets are due to QCD radiation. Here, a
large recoil against initial state jets is needed in order toeven pass the 2-jet cut, hence
the very low signal efficiency.

For squark-squark and gluino-squark production for Scenario I (row 2 and 3 in Ta-
ble 2.4, there are only two hard partons from the decays (and one additional soft parton
from the gluino decay) and additional QCD radiation. Again the main consequence of
the matching is to increase the mean number of jets. It is interesting to note that in this
particular case, the addition of matching to the generationof squark pair production
gives very similar numbers to the unmatchedg̃q̃ associated production (although the
selection efficiency is different), indicating that the matching has a similar impact to
the addition of one extra jet withPT ∼ 50 GeV.

The discussion about the matching impact on inclusive production is relatively broad
and several pathologic case can be identified. These cases are discussed in details in
Ref. [55].

2.3.2 Observability of gluinos and squarks at the LHC

We consider the effects of an accurate simulation of QCD radiation in the typical
observables employed in the BSM inclusive searches characterized by highPT jets
and high missing transverse energy. In order to see the effect of the matching on the
sensitivity to shower after a smearing of the signal, and in order to be as complete as
possible, we consider the production ofg̃g̃, g̃q̃, q̃q̃(∗) and t̃1,2t̃

∗
1,2, with q̃ defined as

ũL,R, d̃L,R, s̃L,R, c̃L,R, b̃1,2. The signal is produced in both the matched (2→2, 3,
4) and unmatched (2→2) modes in the the SPS1a benchmark scenario [60]. For the
background, we consider the most important processes leading to four hard jets and
potentially large missing transverse energy:W± → l±ν + 4 jets,Z0 → νν + 4 jets,
W± → τjetν+3 jets and finally the inclusivett+0,1,2,3 jets. We do not include QCD
multi-jets production, since we have no means of realistically performing simulations
of the missing energy distribution, which is due to decays ofheavy quarks to neutrinos
and jet mismeasurement in the detector. We instead base our analysis on cuts similar to
those used in Refs. [19] and [62], and keep this contributionin mind. All background
simulations are done using jet matching. Many comparisons have been done between
matched and unmatched background simulations, which are well known to differ by
up to several orders of magnitude for this type of multi-jet observables [63, 64, 65]. We
therefore here look at the effects of including matching only in the signal simulation.
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In order to get a more realistic perception of the jets, we choose to simulate a detector
response using PGS 4 [66]. The MidPoint cone algorithm is considered and the jet
definition based on a with a minimumPT of 40 GeV/c and a radius of 0.5. To be
conservative, we use only kinematic variables associated to the jets and the missing
transverse energy. The cuts used are

• Njet ≥ 4

• |η1| < 1.7, |η2,3,4...| < 3

• PT
jet1 >180 GeV/c,PT

jet2 > 110 GeV/c,PT
jet>2 > 50 GeV/c

• /ET > 150 GeV/c

• ∆φ(/ET , jet1) > 0.5 and∆φ(/ET , jet2) > 1

•
∑4

i=2 PT
jeti + /ET > 600 GeV/c2 .

The SPS1a scenario is affected by several of the difficultiesdescribed in Sec. 2.3.1.
The gluino has a mass higher than, but close to, the squarks, and hence decays to a
squark and a soft jet, making the jet counting complicated. Since gluinos and squarks



58 Chapter 2. The LHC and the modeling of collision

are of similar mass, the QCD SUSY production includes associated squark-gluino
production, gluino pair production and squark pair production (bothq̃q̃ andq̃g̃∗ which
are of similar cross-section, and to a negligible degreeq̃∗q̃∗), in order of cross-section.
This means that the PYTHIA shower cannot simultaneously describe all production
modes, as demonstrated in Ref. [55]. Furthermore the separation of the different pro-
duction modes based on jet counts or jet kinematics will be non-trivial. The produc-
tion cross-section is however in this scenario dominated byassociated gluino-squark
and gluino pair production, where the default PYTHIA description is reasonably good,
and only undershoots the matched description by about 10-30% for the first couple of
QCD radiation jets, so we expect the inclusive PYTHIA description to be reasonably
close to the matched curve.

The result is illustrated in Fig. 2.12, which shows the

HT =
4

∑

i=2

PT
jeti+ 6E⊥ (2.12)

for inclusive supersymmetric production of gluinos and squarks (including̃t andb̃).

The effect of the matching is as expected – a significant reduction in the sensitivity
to parton shower parameters, and a shift of the prediction ascompared to the de-
fault virtuality-ordered PYTHIA shower (black line) by about 10-30%. Even with the
smearing due to the detector simulation and more complex decays than the simplified
scenarios used in Sec. 2.3.1, the powerPT -ordered shower continues to overshoot
the result obtained with the matching whereas the wimpy virtuality-ordered showers
undershoot the matched curve.

Since we require four hard jets, the strongest impact is on the squark-(anti)squark
pair production, with an efficiency increase close to 40% when passing from the un-
matched default virtuality-ordered PYTHIA shower to the matched production. This
happens for two reasons; as described in Sec. 2.3.1, only twohard jets are produced by
the decay of the squarks, which means that two jets from QCD radiation are needed.
Second the difference between the unmatched and matched radiation is particularly
large for squark production. On the other hand, the effect ismuch smaller for gluino
pair production (around5%). This has to do first with the large fraction of events with
at least one top quark in the decay, second the large presenceof τ (and thereforeτ -jets)
from chargino and neutralino decays and finally the production of lighter right-handed
squarks providing harder partons q in the decayg̃ → qq̃R. This gives rise to multiple
hard jets and hence a small sensitivity to the matching. Moreexplicitly, any decay
to stop (around 10%) gives at minimum one top (and therefore one b-jet) and other
jets from stop decay via production of neutralinos and charginos decays into tau-jets
or b-jets. Also the decay of left-handed squarks (15%) ũL, d̃L, s̃L, c̃L provide easily
neutralinos and charginos decaying onto tau’s and then possibly tau-jets. Finally the
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sbottom decay gives a b quark and charginos as well as neutralinos with as conse-
quence the production of tau-jets. Note that in this case theb jets produced benefits
from a larger phase space than in the case of the jet from squark decay in the case of
ũL, d̃L, s̃L, c̃L.

The effect on the associated gluino-squark production liesbetween these two ex-
tremes, with an efficiency increase close to10%. t̃ and b̃ production is dominated
by t̃1t̃∗1 pairs (due to a low̃t1 mass, around 390 GeV), which decay to top quarks and
the LSP. For those, the effect of the matching is negligible.

2.4 Monte Carlo systematics for b-jet detection

The simulation of the QCD radiation, beside the aspect of hardness or shower evolu-
tion variable, is also related to the type of initial parton especially theb-quarks. There
is a long-standing problem related to this, whose representative case is thet channel of
single top production at hadron colliders. This problem concerns the NLO predictions
of the rates but also the differential distributions and is related to the choice between
viewingb quarks as massless constituents of the proton of massive emerging particles.

The first option is to calculate the NLO corrections in the 5-flavor scheme. This means
that theb-quark is considered also as initial state and therefore forthe single-top case
the calculations are based on a2 → 2 process. While this method benefits from
easy calculations, the modeling of the accompanying (massive)b-quark, needed at the
experimental level is not accurately performed at LO.

The second possibility is to consider the four-flavor scheme, i.e. the massiveb-quarks
are not considered as initial state, and are generated by gluon splitting only. A main
difficulty is due to the addition of a third particle in the final state, but the NLO pre-
diction of the kinematics of theb-quark is expected to be better than in the five-flavor
scheme.

As discussed in details in Ref. [67] and [68], the NLO calculations for single-top in
the four-flavor scheme behaves very well and is substantial improvement with respect
to the five-flavor scheme.

The problem is essentially the same with the presence of two “spectator”b-quarks.
A typical example in the SM is the production ofZ+jets. In the Higgs sector, this
situation is also possible if the Yukawa couplingbbH is enhanced, for instance by
tanβ like in the two-Higgs-doublet-model presented in the first chapter. We do not
propose theoretical solutions here, instead the present discussion can be seen as strong
remark for analyses where the presence of these accompanying b-quarks is important.



60 Chapter 2. The LHC and the modeling of collision
pb

/b
in

−610

−510

−410

−310

−210

−110 Sum

ZA
ZA + 1 parton
ZA + 2 partons

 0)→Log(Differential Jet Rate 1 
0 0.5 1 1.5 2 2.5 3

R
at

io

0

0.5

1

1.5

2

2.5

3

3.5 Q=50/Q=70

Q=60/Q=70

Q=80/Q=70

Q=90/Q=70

Q=100/Q=70

−6

−5

−4

−3

−2

−1

 1)→Log(Differential Jet Rate 2 
0 0.5 1 1.5 2 2.5 30

0.5

1

1.5

2

2.5

3

3.5

Figure 2.13:1 → 0 and2 → 1 differential jet rates forZA production with 0,1 and 2
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GeV with respect to the case whereQmatch= 70 GeV.

Practically we consider the production of a heavy scalarh with mh=350 GeV.

In the context of Monte Carlo simulations, the main point is to establish which sim-
ulation choice reflects correctly the calculations; there are essentially two options.
The first possibility is the generation of an inclusive sample of the form2 → h+0,1,2
partons , using a matching technique as it has been discussedin this chapter. The jet-
matching is an elegant solution for this type of problem as a decreasing cross-section
is associated to each multiplicity. The other possibility is to consider thegg → hbb

process, with or without matching while the showering is performed.

To do the comparison, the matched production is done with shower-k⊥, and the choice
ofQmatchis shown to be the best from around 50 GeV up to 100 GeV. This is illustrated
with the case in Fig. 2.13 for the1 → 0 ate2 → 1 jet rates. The evolution of the global
(physical) shape is very small if the matching scale is changed. The only variation
happens in a small region aroundQmatch and the smoothest transition is obtained for
Qmatch=70 GeV.
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At the moment of writing this text, the implementation of theCKKW matching method
in MadGraph+PYTHIA has been just done. The jet rates are shown to be in perfect
agreement to what is obtained with the shower-k⊥ scheme. We also consider this
possibility for the comparison.

A study of thePT and rapidity distributions gives a good indication of the differences
between the matched (both CKKW and shower-k⊥ methods) and the unmatched case
gg → bbh. For the comparison we also display the results for the unmatched2 → 1

channelbb → h. Figure. 2.14 (up) shows these variables for the two hardestb-quark
at the shower level. No cut in rapidity orPT is applied at this level and the curves are
normalized to 1.

While the tails of thePT distributions tend to be parallel for the matched productions
andgg → bbh, the matched case shows an overshooting effect in the bulk region,
mostly visible for the leadingb-quark inPT . Correlated to this, theb-quarks are
produced more centrally in thegg → bbh case than in the matched cases. This is
due to the fact that in the matched case a substantial fraction of the leadingb-quarks
in PT are produced by the shower algorithm and not via a matrix-element. Besides,
the 2 → 1 solution description tends to be close to the matched description at low
PT scales while large discrepancies appear in the tails. This is of course the same
observation as for the production of heavy colored particles.

As no cut is applied, these distributions are biased compared to what could be observed
in a detector. Theb-tagging of jets is indeed based on minimalPT cut as well as on the
acceptance of the detector. To fix the ideas, we assume the acceptance cutPT (jet)>40
GeV/c and|y| < 2.5. The correspondingPT and rapidity distributions are shown in
Fig. 2.14 (low). The matched andgg → bbh shapes tends to be very similar even
in the bulk region. This sanity check not only confirms what isexpected, that the
matched and four-flavor scheme behave similarly at highPT , but also shows that the
remaining between Monte Carlo systematic bias can be translated as a normalization
factor between choices of simulation. This conclusion is however not true forbbh
production as it still displays an undershoot in the tails.

This factor is estimated as the ratio

R =
ǫmatched

ǫunmatched
(2.13)

whereǫ is defined by the ratio between the number of events for which agiven number
of b-quark fulfill thePT and rapidity cut and the total number of events. This ratio is
shown in Fig. 2.15 (left) for events with at least one and twob-quarks passing the cuts.
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no cut inPT nor rapidity and (down) forPT >40 GeV/c and the|y| <2.5. The blue
and red lines are the distributions for CKKW and Shower-k⊥ samples respectively,
the green and purple lines correspond to the unmatchedgg → hbb andbb samples
respectively.

In a first approximation we can conclude that theb-tagging efficiency of at least one
ISR with aPT larger than 30 GeV/c would suffer from a variation of at least30 %
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with respect to the Monte Carlo method used as reference. If two ISRb-jet are tagged,
this variation is raised to more than 50%.

However the estimation of this effect in the context of an experimental analysis is
slightly more complicated since the contribution of mis-tagged light jets and the pro-
portion between light, c and b-jets when the acceptance cutsare applied have to be
taken into account. Note that this proportion is also different with respect to theZ+jets
case.

It is possible to estimate the contamination of the sample bylight jets as the following.
We defineBf the probability tob-tag a jet initiated by a parton of flavorf andNobs

j,f

the number of event produced withj parton(s) of flavor f, all passing the acceptance
cut. Therefore

N tagged =

∞
∑

j=1

[1 − (1 −Bf )j ]Nobs
j,f (2.14)

represents the actual number of events with at least one jet b-tagged. If we sum over
the flavors and divide by the actual number of events produced, the expression can be
rewritten as

ǫ̃ =
∑

f

∞
∑

j=1

[1 − (1 −Bf )j ]ǫj,f (2.15)
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whereǫ̃ is the proportion of events with at least one jet is b-tagged and ǫj,f is the
proportion of events providing exactlyj jets of flavorf passing the acceptance cuts.
The parameterǫj,f is submitted to the Monte Carlo systematic uncertainty illustrated
in Fig. 2.15 (left), fluctuating between 20 and 60%.

The parameterBf is experimental. There are different methods [69] to identify the
b-jets: secondary vertex detection, track counting and softlepton identification. The
efficiencies ofb-jet tagging versus the mis-tagging rates is shown on Fig. 2.15 (right).

A 40% efficiency forb-jets shows that a bit more than the percent of c-jets and the per
mil of light (udsg) jets areb-tagged. This estimation shows that weight of light jest in
the tagging estimation shouldn’t be too large and thereforethe systematic error shown
in Fig. 2.15(left) can be propagated fromǫj,b to ǫ̃. This ratio could then be taken into
account directly in the significance prediction, using the normalization to the NNLO
cross-section.

To conclude, it is important to keep an eye on this point as it might influences the esti-
mation of the significance if suchb-tagged jet are required to be visible. A mismatch
between the data and the simulation could lead to wrong interpretations at the level of
the physical production of the ISRb-jet.

2.5 Conclusion

This chapter focuses on the importance of simulating correctly the QCD radiation for
the study of the Standard Model and beyond. The jet matching methods implemented
in MadGraph are discussed and their impact on the simulationof initial state radiation
is studied.

It is shown that a matched matrix element plus parton shower approach for heavy
particle production is globally much more accurate than a parton shower alone. Indeed
thePT spectra of the extra-jets in the parton shower approach is extremely sensitive
to the shower starting scale and the shower algorithm, whilethe matched simulations
are not.

The discussion is also extended to a more inclusive context,where the extra-jets are
produced in addition to hard jets coming from heavy particles decays. It has been
demonstrated that even in this situation the initial state radiation cannot be neglected
and is susceptible to influence the jet counting and the energy flux. This is a very
strong argument in favor of using jet matching as a standard simulation method since
the discovery of many heavy colored particles (in MSSM for instance) is expected to
be achieved with final states composed by jet and missing transverse energy.



CHAPTER

THREE

Studies in theiM2HDM at the LHC, the Higgs hunting

I N this chapter we study how the Type I and Type IIiM2HDM could be discovered
at the LHC. The aim is to propose analyses covering most of theparameter space

left free from the theoretical and experimental constraints.

This chapter is organized as follows. First a brief reminderabout theiM2HDM and
its constraints (discussed in the Sec. 1.2.2 and 1.2.4) is done. We then define two
benchmark points for the analyses. In order to evaluate the discovery potential at the
LHC, we want the detector effects to be taken into account. Todo so, a fast simulation
software is presented. Several channels of interest are then discussed, and for three of
them an analysis using the fast detector simulation is done.

3.1 Introduction

Let’s first recall the main features of theiM2HDM scalar sector. Its Higgs boson mass
spectrum is defined by the relationmh > mH0,H± > mA with mA <90 GeV/c2, and
so that the decaysH± →W±A andH0 → ZA are always allowed and dominant.

Two Types of Yukawa couplings mode are possible, in the Type Ithe couplings ofA,
H± andH0 to fermions are proportional totanβ and in the Type II the couplings
to up (down) fermions are rescaled bycotβ(tanβ). On the contrary, the Yukawa
couplings of the SM-like Higgs bosonh are insensitive totanβ.
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In the Type I, the decaysh → AA, H0H0, H+H− are kinematically allowed while
only h → AA is possible in Type II due to the theoretical and indirect constraints.
Indeed the unitarity condition restricts the scalar massesto be smaller than roughly
500 GeV/c2 and theB-physics measurements constraints the triplet mass to be larger
than 300 GeV/c2. Finally the twisted custodial symmetry forbids theH0 boson to
couple to two gauge bosons.

The unconstrained region of the parameter space in Type I andType II scenarios de-
fines the choices of benchmarks points in the mass spectrum. Figure. 3.1 (a) and (b)
summarize the set of constraints presented in the first chapter. We do not cover the
whole available parameter space. Instead, we restrict ourselves to two representative
cases (the purple stars) one for each Type. These benchmark points will be used for
the more detailed analyses of this chapter (3 processes) on the contrary of the smaller
discussions (3 processes).

(a) Type I (b) Type II

Figure 3.1: Summary of all relevant theoretical (green), indirect (red) and direct (blue)
constraints in the Type I and Type II twisted two-Higgs-doublet model, in the plane
[mA,mT ]. Gradient bounds indicate milder indirect constraints, like constraints as-
sociated to theS andaµ parameters, which should not be consider too strictly. The
purple stars indicate the two choices of benchmark points detailed in the text.

The parameterization of both benchmark points is given in Tab.3.1, labelled “BP1" for
the Type I and “BP2" for the Type II.
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Parameter BP1 BP2

mh 400 GeV/c2 400 GeV/c2

mT 180 GeV/c2 350 GeV/c2

mA 30 GeV/c2 40 GeV/c2

tanβ 0.2 30

Branching ratio (%) BP1 BP2

A→ bb 86 90
A→ τ+τ− 10 10
H0 → ZA ∼100 63
H± →W±A ∼100 79
h→ H+H− 20 –
h→ H0H0 10 –

Table 3.1: Parameters values for theiM2HDM that define the BP1 and BP2 bench-
mark points. The branching ratios relevant for the analysespresented in the following
are also given.

3.2 Event simulation and reconstruction

The signal and background events have been simulated using the implementation of
a generic 2HDM in the tree-level matrix-element based eventgenerator MadGraph
v4.4. The parameters of the model have been calculated usingtheTwoHiggsCalc
calculator [70]. The PDF set used is CTEQ6L [71] and the factorization (µF ) and
renormalisation (µR) scales are evaluated on an event-by-event basis using the relation

µ2
F = µ2

R = (M2
max +

∑

j

P 2
T ) (3.1)

whereMmax is the larger mass among the final state particles andj runs over the
visible particles.

The showering/hadronization phase, as well as the decay of unstable SM particles, are
simulated usingPythia 6.4 with virtuality ordered showers (MSTP(81)=0) and
default starting scale (PARP(67)=4) [72]. No underlying event nor piled-up events
are simulated.

In order to take into account the efficiency of event selection under realistic experi-
mental conditions, the fast detector simulatorDelphes [73] is used. Characteristics
of the simulated detector,i.e., its geometry, granularity and resolution, are close to
those associated with the ATLAS and CMS detectors (see Fig. 3.2).



68 Chapter 3. Studies in theiM2HDM at the LHC, the Higgs hunting

As a reminder, the pseudo-rapidityη is defined as

η = −ln

[

tan
θ

2

]

(3.2)

whereθ is the polar angle calculated from the longitudinal direction (beam axis). The
second often considered coordinate is the azimutal angleφ, running on the transverse
plane of the detector and calculated from an arbitrary transversalx axis.

(a) (b)

Figure 3.2: (a) Theη andφ segmentation of the calorimetric towers inDelphes. (b)
Simulated view of the simulated detector inDelphes The central purple part in the
barrel is the tracker, it is surrounded by the calorimeter system (green) and the muon
chamber system (red). Two endcaps for the calorimeters are also present (blue).

The tracker is assumed to reconstruct tracks within|η| < 2.5 with a 100% efficiency
and the calorimeters cover a pseudo-rapidity region up to|η| < 3 with an electro-
magnetic and hadronic tower segmentation of∆η ∼ 0.1 and∆φ ∼ 0.1. The energy
of each quasi stable particle is summed up in the corresponding calorimeter tower.
The resulting energy is then smeared according to resolution functions assigned to the
electromagnetic calorimeter (EC) and the hadronic calorimeter (HC) parameterized
by:

σEC

E
= 0.005 +

0.25

E
+

0.05√
E

(3.3)

σHC

E
= 0.05 +

1.5√
E
. (3.4)

where the energyE is expressed in GeV. Note that the configuration card is givenin
the appendix A.

The acceptance criteria are summarized in the Tab. 3.2. For the lepton, we demand a
tight isolation criterion by requiring that the number of additional tracks withPT > 1
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Final state |ηmax| Pmin
T (GeV)

e, µ 2.4 5
jets 3 40
b-jets 2.5 40

Table 3.2: Acceptance of the different final states in the simulated detector.

GeV/c (denotedN cone
tracks) present in a cone∆R ≡

√

∆η2 + ∆φ2 = 0.3 centered on
the lepton track be either 0 or 1. In so doing, we accommodate cases where collinear
hard leptons are produced. The jets are reconstructed usingonly calorimeter towers
and making use of the SISCone algorithm, as defined in the FastJet package [74]
and implemented inDelphes. Unless stated explicitly, a cone size radius of0.7 is
applied for the jet algorithm. Theb-tagging efficiency is assumed to be 40% for all
b-jets, independently of their transverse momentum, with a fake rate of 1% (10%) for
light (charm) jets. Finally, the total missing transverse energy /ET is reconstructed
using information from the calorimetric towers and muon candidates only.

In order to avoid repetitions in the forthcoming analyses, we define here a set of cuts
related to the acceptance of produced particlesA(lni , j

m), the selection ofn Z bo-
sonCnZ , theb-tagging of a jetCb and the selection of leptons coming from a light
pseudoscalarCA(lA, l2):

• A(lni , j
m): m jets andn leptons (electrons or muons) are required in the accep-

tance region with the isolation corresponding toN cone
tracks 6 i. In other words,

we keep the freedom to redefine the track isolation by accepting i more tracks
inside de isolation cone around the track from the lepton.

• CnZ : n Z boson(s) are reconstructed from lepton kinematics. Leptoncandi-
dates fulfilling the acceptance cuts must have the same flavour, opposite charges,
and aPT > 10 GeV/c to reduce the amount of leptons fromB meson semi-
leptonic decays. AZ boson is then reconstructed if the di-lepton invariant mass
lays in a 10 GeV/c2 mass window around theZ mass.

• Cb: at least one of the jet passing the acceptance cuts isb-tagged.

• CA(l1, l2): The two leptonsl1 andl2 have different flavours and opposite charges,
belong to the same∆R < 1.2 cone, and have an invariant mass smaller than 25
GeV/c2.

In the following, we present simple strategies that can leadto promising Signal-over-
Background (S/B) ratios. For some of the processes, detailed information onthe
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efficiencies and the visible cross sections are given. The possibility for additional,
more sophisticated, selection methods is also briefly discussed.

3.3 Discovery potential of Type I iM2HDM

In this section we review simple ways to discover all Higgs bosons in the Type I with
a minimum of channels.

In Sec. 3.3.1 we focus onpp → h → ZAZA process for the simultaneous discovery
of h,A andH0 bosons. The discussion in Sec. 3.3.2 is focused on the detection of the
charged Higgs.

3.3.1 A single process for all neutral Higgs bosons obser-
vation

The main NLO cross-sections [18] for the Higgs bosonh production at the LHC are
shown in Fig. 1.5. For instance thegg → h fusion process is dominant on the whole
mass range. The other production modes areqq′ → qq′h with vector boson fusion ,
the heavy flavoredpp→ qqh and the Higgstrahlung channels of the typepp→ V h0.

In the context of SM Higgs searches at the LHC, it has been shown that the discovery
of h at high mass could be achieved after less than 10 fb−1 (see Fig. 1.6 (left)) ,
notably with the observation ofh → ZZ decays [75, 76]. A deviation from the
expected visible cross sectionσvis (defined asσ × BR after the application of cut
based selections) could reveal the presence of additional decays of the Higgs boson
such as those predicted by theiM2HDM. In this context, it is interesting to study the
processgg → h → H0H0 → ZAZA since beside the large cross-section it benefits
from a sizableh → H0H0 branching ratio (see Fig. 1.15). To study this channel, we
assume that the mass-spectrum is defined with the benchmark point BP1.

A first requirement is the decay of bothZ boson into leptonse andµ. This provides
a very clear signature (see Fig. 3.3), helping for a large background reduction. Un-
der this decay hypothesis, the total rate decreases considerably, such that only the
dominantA → bb decay mode can reasonably be retained. At the parton level the
signal final state is thenl+l−l′+l′−bbbb, with l± = e±, µ±. In average theb-quarks
produced by the pseudoscalarA are reasonably separated (∆R & 1) but have a low
average transverse momentum. In order to avoid the experimental complication of
tagging these low-PT b-jets separately, a large cone size radius (≈ 1) is used. This
therefore leads to a final state with only two main jets in the final state. It should be
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Figure 3.3: Feynman diagram for thegg → h→ H0H0 → ZAZA process.

noted, however, that with a heavierA the individual detection of all four jets could be
attempted.

The main backgrounds to be taken into account arettZ andZZjj. The process
gg → h→ ZZ can be neglected as well asW+W−Z because of their relatively low
cross section for the second case and low probability to provide ab-tagged jet for both
cases. The background processtt(h → ZZ → l+l−l′+l′−) is also neglected thanks
to its low cross-section (∼ 5 ab). ForZZjj the jets are produced with a minimalPT

of 20 GeV, a maximal pseudo-rapidity of 5 and a∆R(jj) > 0.3. The cross sections
times branching ratio for the signal and background processes are given in Tab. 3.3

Process Decay (MC) σ (fb)

ZAZA (Z → l+l−)(Z → l′+l′−)bbbb 3.2
ZZjj (Z → l+l−)(Z → l′+l′−)jj 16
ttZ (t → l̃+b /ET ))(t → l̃−b/ET ))(Z → l̃+ l̃−) 3.5

Table 3.3: List of processes considered in the analysis of theZAZA channel. The
notationl means that only electron and muons are considered. If the notation l̃ is used
instead, all flavours are included and the taus are decayed ine or µ.

In order to increase theS/B ratio, the acceptance cutA(l40, j
2) and theCb cut are

applied. The efficiency of theCb cut is assumed to be the same as for singleb quark
induced jets. We then apply theC2Z cut, where the invariant mass of the two pairs
of same-flavour leptons are the closest to the actualZ mass. The relative and total
efficiencies for all processes are listed in Tab. 3.4, as wellas their visible cross sec-
tions. The visible cross section around 0.3 fb and aS/B ratio close to 3 suggest
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that, using the simple algorithm depicted here above, the evidence of such a signal
could be reached with a total integrated luminosity smallerthan 30 fb−1. However, as
said in the introduction no pile-up is considered here, thisestimation is most probably
optimistic.

ZAZA ZZjj tt̄Z

A(l40, j
2) (%) 27 11 18

Cb (%) 50 7.9 54
C2Z (%) 72 75 4.1

ǫtot (%) 9.6 0.63 0.4
σvis (fb) 0.32 0.1 0.014

Table 3.4: Relative efficiencies (in percent) for each cut presented in the text. Com-
bined efficiencies and resulting visible cross sections after all cuts are also shown.

TheS/B ratio could be further improved by applying a more sophisticated cut, taking
advantage of the fact that invariant mass of theh can, in principle, be fully recon-
structed. First, the twoH0 masses are reconstructed, each from oneZ and one jet
(which for the signal, has to be understood as the single jet induced by theA boson
decay), such that the difference between the two possibleH0 mass combinations must
be minimal and smaller than 100 GeV/c2. Furthermore, the mass difference between
theh candidate directly reconstructed from the sum of all 4-vectors of the four leptons
and the two jets, and the mean ofH0 candidate masses, must be smaller than 400
GeV/c2. The relevance of this cut is illustrated in Fig. 3.4(left) showing the distribu-
tion of signal and background events as a function of the difference betweenmh and
the mean ofmH0 , after applying all other cuts of Tab. 3.4. TheS/B ratio could be
easily increased up to 5, to the price of a lower signal visible cross section (by roughly
30%).

The distribution of the twoH0 reconstructed masses for the events passing all cuts is
also shown in Fig. 3.4 (right). It illustrates the possibility to measure theH0 mass with
the simple algorithm described above. The resolution couldcertainly be improved as
well as the signal significance if a proper jet reconstruction with an optimal cone
size and the tracker information were taken into account. The determination of the
invariant mass of the pseudoscalarA could also be attempted.

Note however that the conclusions of this section has to be interpreted with some
caution sinceb-tagging efficiency and jet kinematics have to be re-evaluated when
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2), Cb andC2Z cuts. Right: invariant
masses of the pseudoscalarH0 bosons (two entries per event). The markers show a
hypothetical event excess for an integrated luminosity of 30 fb−1.

two soft and/or collinearb-induced jets are merged into one jet. This question can
only be precisely addressed with a proper full simulation ofdetector effects.

3.3.2 Possible processes for charged Higgs bosons obser-
vation

The possibilities for discovering a charged Higgs bosons isparticularly important to
reveal the Higgs doublet structure of the proposed model. Inthe Type IiM2HDM
there are essentially three processes of interest named according to the presence of
heavy particles:

• (WAZA): pp→W ∗± → H±H0 → W±AZA

• (WAWA): pp→ h→ H+H− → W+AW−A

• (TWAb): pp→ tt→ tH−b→ tW−Ab .

This section does not consider the benchmark point BP1, instead we focus on the
regions of the parameter space where the visibility of the processes is expected the be
the highest,i.e. with lighter masses to enhance the cross-sections.



74 Chapter 3. Studies in theiM2HDM at the LHC, the Higgs hunting

WAZA, a process for H± and H0 discovery

In the Type I, the discovery of the charged Higgs bosons couldbe attempted via the
channelpp→W ∗ →WAZA (see Fig. 3.5).

q

q′

W ∗±

H±

H0

W±

A

Z

A

Figure 3.5: Feynman diagram for thepp→W ∗± → H±H0 →W±AZA process.

The production cross-section is close to 120 fb at best,i.e. for mH0 = mH± ∼140
GeV/c2 andmA ∼ 50 GeV/c2. As for theZAZA channel, the interesting point of
this topology is to provide aZ boson and therefore a clear signature. Assuming that
both theZ andW bosons decay leptonically and the pseudo-scalars intob quarks, the
final state is thenl+l−l′± + 4 jets + /ET and the corresponding cross-section is close
to 1.5 fb. With such a mass configuration, the boost of theA boson is sufficiently high
to produce theb quarks collinearly (< ∆R >. 1), this means that using a large cone
size, the experimental final state is defined by two large jets.

This allows to require at least oneb-tagged jet to reduce strongly the largest WZ+jets
background with both vector bosons decaying into leptons. Indeed the main back-
grounds areWZ with one mistagged jet,WZbb andttZ with one top decaying lep-
tonically and the other top hadronically. If we assume that the b-tagging requires at
least 30 GeV/c inPT , a b-jet tagging rate of 40% and a mistagging rate around the
percent, the visible cross-section ofWZ is close to 2 fb,WZbb to 0.5 fb andttZ
to 5 fb. The visible cross-section of the signal is estimatedto be around 0.5 fb. The
improvement ofS/B ratio can be then improved by using specific selection cuts, no-
tably by the reconstruction of the Higgs bosons masses, which is possible as there is
only one main source of missing transverse energy. Indeed the missing information to
fully constraint the event is the longitudinal momentum of the neutrino, which can be
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found using the relation

qz =
Pz,lepU ± Plep

√

U2 − P 2
T,lept

/E
2
T

P 2
T,lep

(3.5)

where

U =
m2

W

2
+ /~ET . ~PT,lep (3.6)

Depending on the kinematic arrangement of the neutrino and the lepton, this system
gives zero, one or two solution. In the latter case, simulation shows that the smallest
root is the best choice. It then leads to the determination ofbothH0 andH± masses
simultaneously. Assuming a good reconstruction of the jets, theA boson mass can
also be estimated.

WAWA, a process for H± and h discovery

At the LHC, the production cross-section ofgg → h → H+H− → W+AW−A

process reaches at best 2 pb, with aH± mass close to 140 GeV/c2 asmA+mW < mT

andmT +mA & 200 GeV/c2.

The topology resulting from the decay ofA into a pair ofb-quarks as to be treated
in the same way as in theZAZA boson analysis. However in this case the main
background istt+jets for a di-leptonic final state. TheS/B ratio is close to10−3, this
case can be then considered as hopeless.

The other possibility is to have one of the pseudo-scalar decaying intoτ ’s, themselves
providinge±µ∓+ /ET . The cross-section reaches at best around 1 fb for the final state
l±l′±e±µ∓bb+ /ET where the paire±µ∓ is collinear (l andl′ refer to the leptons from
theW bosons). The reason why the leptonic decay of the twoτ lepton fromA boson is
restricted to one electron and one muon is motivated by the rejection of backgrounds
with Z/γ∗ → ll′. Indeed the probability for these backgrounds to producee±µ∓

compared to any lepton pair containinge or µ is

BR(Z/γ∗ → ττ) × 2 ×BR(τ → eνν) ×BR(τ → µνν)

BR(Z/γ∗ → ee ∨ µµ) +BR(Z/γ∗ → ττ) ×BR2(τ → lνν)
∼ 3%, (3.7)

while this choice affects by a factor 1/2 the signal.

The main backgrounds are

• ZZ-like: (Z/γ∗ → ττ → lept.)(Z/γ∗ → ττ → e±µ∓ + /ET )
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• WWZ: WW (Z/γ∗ → ττ → e±µ∓ + /ET )

• ttZ: tt(Z/γ∗ → ττ → e±µ∓ + /ET )

• tWZ: tW (Z/γ∗ → ττ → e±µ∓ + /ET )

if a Z veto is required. The contribution of the two first channels can be strongly
reduced with a b-tagging, leavingttττ andtWττ , having a respective cross-section
times branching ratio of 13 fb and 0.1 fb.

A this stage theS/B ratio is close to 0.1. The collinearity of the electron and the muon
should help to increase this ratio as no large boost of the twoτ ’s in ttZ is expected.
This channel seems to have a good potential for the charged Higgs discovery and the
measurement of its mass. Therefore it clearly deserves a more detailed analysis.

TWAb

In the Type I the production of charged Higgs produced by top quark decay could be
interesting since the processpp → tt → tH±b → tW±Ab benefits from the large
cross-section oftt. However, this concerns only a small region of the parameterspace,
first because of the kinematical constraints (for instance BP1 cannot be considered),
and second due to the low branching ratioBR(t → H±b) as the mass of the Higgs
boson approaches the top quark mass.

Let’s consider first the decay of theA boson into a pair of b-quark, the final state at
parton level is thenW±W±bbbb. The observation of such final state seems particu-
larly challenging. Indeed for a highmH± the available phase space left for theb-quark
is small while ifmH± is low, theb quarks produced by theA boson are softer. The
PT of the fourb-quarks inpp → (t → W+b)(t → (H− → W−(A → bb))b) are
shown in Fig. 3.6 for two masses of the charged Higgs, 120 and 160 GeV/c2.

Assuming a minimumPT of 30 or 40 GeV/c for jet reconstruction, all jets from decay
cannot be seen. A maximum of two jets can be required and assuming a di-leptonic
final state, the background level is very high, composed notably by tt, WZ+jets with
Z → bb. Even with a cross-section forWWbbbb reaching at best 30 pb, this choice
of channel seems not optimal and shouldn’t probably considered in priority.

The alternative solution is to use the same argument as in theWAWA case, with
the decay of theA boson into a pair of tau leptons, themselves providing leptons of
different flavors.
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If the two W bosons provide one lepton and two jets, the background level falls
strongly due the particular final states (3 leptons, two jetsand missing transverse en-
ergy). The cross-section of production corresponding to the final statel±e±µ∓jjbb+
/ET with e±µ∓ from theA boson is close to 15 fb in the favored regions of the param-
eter space (mH±=140 GeV/c2 andtanβ = 0.2). A strategy for background reduction
is to require at least ab-tagged jet withPT >30 GeV/c and a veto onZ presence from
lepton pairing. The main SM processes delivering such topology are

• ttW

• ttZ with Z → ττ

• WZ with theZ decaying intoτ ’s.

The corresponding LO cross-sections are 9 fb, 0.5 fb and<1 fb respectively. TheS/B
ratio is close to 1 and could certainly be increased in a more detailed analysis, notably
by exploiting the collinearity of the electron-muon pair.

Besides thett channel, the other way to produce the charged Higgs is viapp→ tH±.
The cross-section is lower but does not suffer from the decayof the top into a charged
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Higgs and also is much less limited by the kinematics. The visibility of this process is
evaluated in BP2 (Type II) in Sec. 3.4.3

3.4 Discovery potential of Type II iM2HDM

In this section we review rather simple ways to discover the Higgs bosons at the LHC
in the Type II.

We start by a short introduction, and then in Sec. 3.4.2 we focus onpp→ H0 → ZA

process for the simultaneous discovery ofA andH0 bosons. The main method to
detect the presence of the charged Higgs via the processpp → tH± → tW±A is
reviewed in Sec. 3.4.3 reviews .

3.4.1 From SM-like h observation

In Type II the indirect constraints imply a minimalmT value of 300 GeV/c2. A decay
of theh into the triplet cannot be considered because of the unitarity constraint essen-
tially. We consider therefore that theh Higgs boson decays are limited to the modes
of Standard Model (essentially into top quarks and vector bosons) andh → AA. The
simultaneous evaluation of theh mass as well as the cross-section ofh → WW,ZZ

(and the comparison with the theoretical predictions within the SM) constraints the
relation2m2

T − 2MA as theh → AA suffers from the "vanishing coupling" effect
discussed in the first chapter (see Fig. 3.7).

The estimation of the branching ratios of the Standard ModelHiggs boson is then
important, but the investigation of channels liketH± → tW±A and above allpp →
H0 → ZA are needed to ensure that the degeneracy between the heavy Higgs boson
is present and that the mass relation between theA boson and the triplet does not
escape the model prediction with respect to theh boson mass. In the next sections
we focus exclusively on the discovery potential of those twochannels: the associated
production of top and Higgspp→ tH− is probably the key1 to confirm the existence
of the charged Higgs bosons whereas theZA channel allows a very fast discovery of
two neutral Higgs bosons.

1This notation used for the tH channel denotes both signs if nothing is precised.
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Figure 3.7: Branching ratio of the Standard Modelh for a triplet mass of 300 GeV/c2

and a pseudo-scalar mass of 50 GeV/c2.

3.4.2 A process for H0 and A bosons observation

In a Type II 2HDM (e.g., the MSSM scalar sector), the cross section of bb → H0

is enhanced astanβ increases. This process has been shown to offer a promising
discovery channel at the LHC when the Higgs boson decays intoaτ+τ− pair (e.g., see
Ref. [77] and references therein). In the BP2 benchmark point of iM2HDM the cross-
section ofbb → H0 is about 15 pb, after normalization to the NNLO value (with a
theoretical uncertainty of 5%) [78]. For the mass spectrum defined by the benchmark
point BP2 of theiM2HDM, a particularly interesting decay mode isH0 → ZA (see
Fig. 3.8).

b

H0

A

Zb

Figure 3.8: Feynman diagram for thebb→ H0 → ZA process.
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In order to reduce the background level, theZ boson is assumed to decay leptonically.
The decay where theA boson decays into a pair ofτ , which in turn decay into leptons
is also considered. Following the argumentation of Sec. 3.3.2 (WAWA), we restrict
theA boson decay to two leptons of different flavors, onee and oneµ. The selected
final state is thusl+l−e±µ∓ + /ET among whichl+ and l− reconstruct aZ boson
mass ande±µ∓ are close to each other in∆R due to the importantA boson boost.

Such a multi-lepton final state is extremely clean and does not suffer from jet re-
construction uncertainties. The relevant backgrounds areZ(Z/γ∗ → ττ), ttZ and
W+W−Z with the decay ofW andZ bosons intoe, µ, τ andτ → e, µ + /ET . The
cross sections for the signal and background processes after all decays are given in
Tab. 3.5. The selection proceeds as follows. The acceptancecut A(l41) is applied,

Process Decay (MC) σ ×BR(fb)

ZA (Z → l+l−)(A→ ττ → e±µ∓ /ET ) 4.2
Z(Z/γ) (Z → l̃+l̃−)(Z/γ∗ → ττ → l+l′−(/ET )) 10
ttZ (t→ l̃+b /ET ))(t → l̃−b /ET ))(Z → l̃+l̃−) 3.5
W+W−Z (W+ → l̃+ /ET )(W− → l̃− /ET )(Z → l̃+ l̃−) 0.4

Table 3.5: Cross sections of signalZA and background processes taking into account
the leptonic final state considered in the analysis. The notation l includes onlye and
µ, whereas̃l also containsτ decaying intoe orµ. All cross sections correspond to the
final states in the second column.

followed by theC1Z cut. The same flavour opposite sign leptons paired whose mass
is the closest to theZ mass is retained. The two remaining leptonslA(1) andlA(2)

are then assumed to come from the light and boosted pseudoscalar, and forced to sat-
isfy CA(lA(1), lA(2)). The relative and total efficiencies, as well as the visible cross
sections for all processes listed in Tab. 3.5 are reported inTab. 3.6.

As can be clearly seen, this channel is very promising: theS/B is high enough so that
an excess over the SM could be identified after a few inverse femtobarns of integrated
luminosity. Note that the (Z → l+l−) + jets background has also been considered
due to its very large cross section (O(nb)), the possibility for jets to produce fake
electrons, and the possible presence of leptons from heavy meson decays. An inclusive
sample of106 events was generated using the matching procedure [55] and no event
has passed the isolation cuts. This background is thereforeneglected. However a more
detailed study should be performed with a more realistic detector simulation and event
reconstruction.
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ZA Z(Z/γ∗) tt̄Z

A(l41) (%) 51 18 42
CZ (%) 74 63 60
CA (%) 85 3.6 3.3

ǫtot (%) 32 0.39 0.84
σvis (fb) 1.4 0.039 0.029

Table 3.6: Relative efficiencies of the considered cuts, together with the total efficien-
cies after all cuts and corresponding visible cross sections for signal and background
processes. The WWZ process is omitted since its visible cross section is four orders
of magnitude smaller than that of the signal.

Besides a pure counting experiment a more exclusive study can also be attempted. The
mass of the two neutral resonances could be measured with an accuracy depending
mostly on the/ET reconstruction quality. In the signal, the main source of missing
transverse energy originates from theτ ’s. If the direction of the/ET is required to lay
between the transverse position of the two leptonslA(1) andlA(2) and the condition
/ET > 50 GeV/c imposed, then a proper reconstruction of the invariant massmA can
be achieved (see Fig. 3.9): assuming that each lepton is emitted collinearly to two
neutrinos summed asνi, we can define the fractionxi as

xi =
P li

P li + P νi
(3.8)

wherePX is the momentum of either the visible leptons or the neutrinos. If we define
meµ as the invariant mass from the two leptonslA(1, 2), We can therefore rewrite the
invariant mass of theA boson as

mA = meµ/
√
x1x2 (3.9)

The value ofxi can be found from the information contained in the transverse plan:
the projection of the missing transverse energy on the direction of each lepton and
the momentum of the leptons are sufficient to solve the problem. This calculation
holds only if the twoτ ’s are back-to-back and if the missing transverse energy stands
between the transverse direction of both leptons. For the latter case we require then
that

∆φ(lA(1), lA(2))
∑

i ∆φ(lA(i), /ET )
= 1.
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A substantial improvement of theS/B ratio is also gained. Finally, theH0 mass can
be estimated from theA andZ boson 4-vectors.
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Figure 3.9: Left: the number of events in function of the distance∆R between the two
leptons not assigned to theZ, after applying theA(l31) andCZ cuts. Right: the number
of events in function of the reconstructed mass ofA using the leptons 4-vectors and
the missingET after applying the additionalCA cut (which require∆R < 1.2).
Both figures correspond to an integrated luminosity of 30 fb−1. The markers show a
hypothetical event excess for this luminosity.

Beside the fully-leptonic final state, the case where theA boson decays into abb pair
could be also considered. It provides a larger cross-section,σNNLO ∈ [250,60] fb for
H0 masses between 300 and 400 GeV/c2 [78]. It is obvious that a certain number of
b-tagged jets have to be requested in order to escape to too large backgrounds.

In case of a mass spectrum with a very lightA boson, the twob-quarks are very
collinear. Using a large cone size, this lead to a topology with one jet, where this jet
should beb-tagged. Even in this case the background remains very large: Z + light jets
with one mis-tag,Zbb,ZZ with τ -jets, light jets andb jets fromZ decay, and the same
forWZ. The case were only one jet is visible seems therefore extremely challenging.
And the probability to disentangle the two jet is very low dueto their collinearity.
This is shown in Fig. 3.10 where the events are generated at the matrix-element level
only, requiring a minimalPT cut of 30 GeV/c for eachb-quark,|η|b <2.5 for being in
tracker acceptance and∆Rbb > 0.5.

For higherA boson masses (mA >40 GeV/c2), the efficiency to detect the twob-jets
is better, reaching a approximative plateau around 40-50%. In such condition, the
requirement of twob-tagged jets is reasonable. The dominant background processes
are
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∆R(jj) >0.5, for theZA signal withmA =20, 40, 60, 80 GeV/c2 andmH0=300,
350 and 400 GeV/c2.

• Z+ light jets with two mis-tagged jets,

• Z+ b-jets

• ZZ with aZ decaying into b-quarks

Assuming ab mis-tagging rate close to the percent, a minimalPT of 30 GeV/c for
each jet, the LO cross-section of (Z → ee or µµ) plus at least two light mis-tagged
jets falls around 10 fb whereas for (Z → ee or µµ)+bb , both tagged, the LO cross-
section is close to 300 fb. TheZZ background is the most problematic for benchmarks
where|mZ −mA| is small since the paired jets invariant mass are similar. The main
discriminant variables are the boost of theZ(s), the total invariant mass (mH0 ) and as
explained in chapter 4, the∆φ (coplanarity) between the 4-vectorsl1 + l2 andj1 + j2.
This option seems interesting but requires a very good understanding of the topologies
with jets, and definitely deserves a more detailed study.
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3.4.3 A process for H± observation

g(b/b) → (t/t)H± →W−(b/b)W+A

In order to fully determine the structure of an extended scalar sector, it is crucial to
observe a charged Higgs boson. In theiM2HDM, we expect it to be nearly degenerate
in mass withH0 as a consequence of the twisted custodial symmetry.

The associated production of a charged Higgs with a top quark, g(b/b) → (t/t)H±

(see Fig. 3.11 (a)), is in general considered as a challenging channel at the LHC. The
discovery potential strongly depends ontanβ, the mass of the charged Higgs boson
and the considered decay mode. However, as distinct from models such as the MSSM,
the iM2HDM offers the possibility for theH± to decay intoW±A. Its observation
would therefore be a very strong evidence that the scalar sector originates from the
iM2HDM. We consider this possibility in the benchmark point BP2. To normalize the
expected signal, we use the NLO prediction for the charged Higgs production cross
section from Ref. [79],i.e., 465 fb.

As in the previous analysis, we focus exclusively on the decay A→ τ+τ− where the
τ+τ− pair decays intoe±µ∓. Despite the fact that the total signal cross section is
reduced by almost two orders of magnitude compared to theA → bb case, a strong
reduction of the background is foreseen if one of theW bosons decays leptonically.
The considered final state is thereforel±jjbe±µ∓ + /ET . If the light quark pair comes
from theW boson produced in the charged Higgs decay, the resulting jets tend to
be collinear due to the large boost. As a consequence, they might not be resolved
but merged into a single “large” jet (notedJ) by the reconstruction algorithms. We
include both possibilities.

The relevant backgrounds arett(Z/γ∗), W (Z/γ∗)jj, Z(Z/γ∗)jj, tW (Z/γ∗), and
W+W−W±, with j standing for all light andb quarks (see Fig. 3.11 ((b)→(e))) .
The cross sections for the signal and the considered background processes, as well
as the corresponding final states, are summarized in Tab. 3.7. ForW±/Z + ττ + jj

andW±W+W−jj, the jets are initially produced with a minimalPT of 10 GeV,
a maximal pseudo-rapidity of 5, and an angular separation of∆R(jj) > 0.1 for
the firsts and∆R(jj) > 0.2 for the latter. The details of the decay modes and the
corresponding rates are shown in Tab. 3.7. In order to increase theS/B ratio, the
acceptance cutA(l31, j

2) and theCb cut are applied. These are followed by a veto on
the presence of aZ bosonCZ . The two closest leptons (l1, l2) with opposite charges
and different flavours are assume to come from the light and boosted pseudoscalar
Higgs bosonA, and therefore are required to satisfy theCA(l1, l2) cut. The relevance
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Process Decay (MC) σ ×BR (fb)

(t/t)H± ((t/t) → l̃∓b /ET )(H± → (W± → jj)(A→ ττ → e±µ∓ /ET ))(b) 0.75
((t/t) → jjb)(H± → (W± → l̃± /ET )(A→ ττ → e±µ∓ /ET ))(b)

tt(Z/γ∗) (t→ incl.)(t→ incl.)(Z/γ∗ → l̃′+ l̃′′− /ET ) 4.5
W (Z/γ∗)jj (W± → l̃± /ET )(Z/γ∗ → l̃′+ l̃′′− /ET )jj 48

Z(Z/γ)jj (Z → l
+
l
−

)(Z/γ∗ → l̃′+l̃′′− /ET )jj 10
(t/t)W (Z/γ∗) (t→ incl.)(l± → l̃′+ l̃′′− /ET ) 0.6
W+W−W±jj (W± → l̃± /ET )(W+ → l̃+ /ET )(W− → l̃− /ET )jj 13

Table 3.7: Cross sections of the signalgb → tH± → W−bW+A and the relevant background processes, taking into accountleptonic
and jet final states considered in the analysis. The notationl̃ means that the three flavour of leptons are taken into account, and the tau
leptons decay intoe orµ. On the contrary,l means that the tau leptons decay inclusively (Z/(Z/γ∗) case). All the quoted cross sections
correspond to the final states in the second column.
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Figure 3.11: Representative Feynman diagrams for (a) thegb→ tH+ →W+W−bA

process, and for the background processes (b)W/Zγ∗jj, (c) Z(Z/γ∗)jj, (d)
tW (Z/γ∗) and (e)WWWjj.

of this last cut is illustrated in Fig. 3.12, where the left-hand side plot shows the di-
lepton invariant mass after applying all cuts exceptCA(l1, l2). The relative and total
efficiencies, as well as the visible cross sections for all processes listed in Tab. 3.7, are
reported in Tab. 3.8.

A rather low visible signal cross section confirms that this channel is also very chal-
lenging with the unusualH± →W±A decays. However, theS/B ratio of orderO(1)

leaves some hope that a charged Higgs could still be discovered after a large integrated
luminosity (∼ 300 fb−1). In any case it should be kept in mind that the benchmark
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tH± tt(Z/γ∗) W (Z/γ∗)jj Z(Z/γ∗)jj tW (Z/γ∗) W±W+W−jj

A(l31, j
2) (%) 35 16 5.5 3.6 14 21

Cb(%) (%) 39 48 6 6.3 39 49
CZ(%) (%) 98 98 91 60 98 95
CA(%) (%) 84 15 19 12 11 6.5

ǫtot (%) 11 1.1 0.056 0.017 0.61 0.64
σvis (fb) 0.083 0.051 0.027 0.0017 0.0037 0.083

Table 3.8: Relative efficiencies of the various cuts together with the total efficiencies after all cuts and corresponding visible cross
sections for signal and background processes.
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acoplanarity between the sum of collinear leptons and the hardest nonb-tagged jet
acoplanarityaco(2l, J), and the third leptonaco(2l, l) .

point BP2 is not the most optimistic scenario: a lighterH± associated with a larger
tanβ would sizably increase the production cross section.

In addition, more exclusive discriminant variables could be used to exploit further the
characteristics of the typical topology. As an example, letus consider the fact that
the heaviest particle in the process is the charged Higgs boson with at least twice the
mass of the top quark. As a result, it is typically produced with a small transverse
momentum, giving acoplanarW± andA bosons with large boost. This acoplanarity
(∆φ between considered final states) can be estimated from the two collinear lepton
e±µ∓ together with the decay products of theW originating from the charged Higgs.
This decay product is either the third lepton, or the “large"jet J if the W boson
from the charged Higgs decays hadronically. Since the two topologies are a priori not
known, the two acoplanarity definitions (resp.aco(2l, l) andaco(2l, J)) are built for
each event. The distribution of signal events with respect to these two variables is
illustrated on the right plot of Fig. 3.12. Since the distribution of background events
is much more uniform in this plane, an enhancement of theS/B ratio of around 10%
can be achieved if a cutaco(2l, l) + aco(2l, J) > 3 is applied.
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3.5 Conclusion

In this chapter we show that both Types ofiM2HDM can be studied with a small set
of processes.

In particular, the discovery of the neutral Higgs bosons is possible with a quite small
integrated luminosity. For instance, in Type I, all neutralHiggs boson are expected to
be discovered simultaneously via the processpp → h → ZAZA with an integrated
luminosity smaller than 30 fb−1. In the Type II, the 5-σ evidence for the existence of
the SM-like Higgs could be reached with a few tenth of fb−1, through the analysis of
the processpp→ h→ ZZ. To discover theH0 higgs boson, the channelbb→ H0 →
ZA is the most promising. With a sizable cross-section and a very low background,
less than 10 fb−1 of integrated luminosity is required.

The observation of the charged Higgs bosons is also possiblein both Type models. In
Type I a promising reaction ispp → W ∗± → W±AZA, of which a great advantage
is to provide an easy mean to evaluate the charged Higgs bosonmass. In Type II such
a discovery is based on the single-top associated processpp → tH− → tW−A. We
show that if oneW andA bosons decay leptonically, the required integrated luminos-
ity could be larger than a few hundreds of femtobarns. Despite the more challenging
character of this process, its study could be very importantas being probably the only
mean to discover the charged Higgs in Type IIiM2HDM.





CHAPTER

FOUR

Study of thepp → H0 → ZA in CMS

I T has been suggested in the previous chapter that a discovery of the processpp →
H0 → ZAmodeled by the Type IIiM2HDM could be achieved with an integrated

luminosity of the order of 10 fb−1. In addition, this process offers the possibility to
measure the mass of the two neutral Higgs bosons simultaneously. This chapter aims
at confirming these promising estimations with a more realistic detector simulation in
the context of the Compact Muon Solenoid (CMS) experiment. In addition, a more ex-
haustive list of background processes are taken into account and a more sophisticated
analysis is performed.

4.1 Event Simulation

In Sec. 3.4.2 the benchmark point BP2 (mA=40 GeV/c2 andmH0=350 GeV/c2) was
motivated by the average values ofA andH0 bosons masses in their allowed ranges.
However, the extrapolation of this result to situations where other mass choices are
considered is not straightforward. We extend our study to nine particular mass config-
urations, withmA= 20, 40, 80 GeV/c2 andmH= 300, 350, 400 GeV/c2. The decay
chain for the signal is the one considered in the analysis made with Delphes (see
Tab. 3.5): theZ boson decays into a pair of electrons or muons and the pseudo-scalar
A boson into a pair ofτ ’s, themselves decaying intoe±µ∓ /ET .

Another important improvement is the reliable reproduction of interactions between
final state particles and the CMS detector. This can only by performed with the official
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CMS simulation software suite. It gives a more realistic estimation of the visibility
of the signal as it takes into account the exact detector geometry, the (dead) material
effects, reconstruction efficiencies and piled up events. In Sec. 3.4.2 we have only con-
sidered the presence of irreducible backgrounds,i.e. providing the same final states
as the signal,ttZ,WWZ andZττ . For the sake of completeness the processestWZ

is also taken into account.

As opposed to the irreducible processes, the reducible backgrounds are defined as
the processes containing reconstructed leptons that may come either from jet fluctua-
tions or photons, or still non-prompt leptons production. The leptons are classified as
non-prompt leptons if they are produced by the semi-leptonic decay of mesons. For
instance fromB mesons these leptons can be produced directly (b → l−νlX, c →
l+νlX) or from cascade decay (b→ c→ l±νlX).

Thus the processesZ+light jets,Zbb,WZ+jets andWZγ, previously neglected, have
been included in the present analysis.

As presented in the second chapter, the quality of simulation techniques for the gener-
ation of initial states radiation is important. This radiation can, for instance, induce a
transverse boost of the final states (in both signal and backgrounds), and influence the
modeling of the missing transverse momentum.

For most of the processes considered in this analysis, up to two partons are used at the
matrix-element level and therefore a jet matching technique is needed. The simulation
of events is done usingk⊥-MLM method, with a matching cutoffQmatch that varies
from 70 GeV for the signal down to 20 GeV for the backgrounds with smallest scales
(masses). .

Other remarks

In order to approach the conditions of the LHC runs, we include the pile-up (PU) for
low luminosity (2 × 1033cm−2s−1). Assuming that the inelastic cross-section for a
p-p collision is 70 mb and the bunch crossings happen at a rateof 32 MHz, the mean
number of PU event is close to 4.4 per bunch crossing. We then choose to simulate,
on average, 5.0 PU events.

A possible source of background is the multiple parton interaction. Indeed, the su-
perimposition of aZ events and the product of another partonic interaction (un-
derlying event) could lead to a final state similar to the one of the signal. As an
electron and a muon are required beside the leptons from theZ boson the addi-
tional process is required to be eitherbb with semi-leptonic decays ofB-mesons or
Z/γ∗ → ττ → eµ+ /ET .
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The corresponding cross-section can be calculated as the product between theZ cross-
section times the probability for two quarks/gluons to providebb andZ/γ∗. We there-
fore have

σZ+UE = σZ
σUE

σpp
(4.1)

where UE is the underlying event andσpp is the inelastic cross-section of protons
at 14 TeV, close to 70 mb. The inclusive cross-section ofZ → ee, µµ is close to
4 nb, and the cross-section ofpp → bb with a minimalPT of 10 GeV/c is roughly
20µb, leavingσZ+UE(bb) ∼1 pb. The equivalent cross-section for the production of

Z → ee, µµ associated to the UE eventsZ/γ∗ → ττ → eµ+ /ET is O(100) ab.

While the second case seems not problematic, thebb case displays a high cross-section
compared to the one of the signal. However, we show in Sec.4.4.2 that the probability
to get one isolated electron and one isolated muon from the two b-jets is very small,
leaving less than one femtobarn of visible cross-section, before applying any topolog-
ical cut. Furthermore, the production of the twob-quark in the UE event should be
essentially acollinear, and therefore very efficiently rejected by the collinearity cut in
the analysis algorithm whose simplified version is depictedin Sec. 3.4.2.

This, associated to a bad behavior of UE with jet matching (discontinuity at the match-
ing scale in the differential jet rates) allows us to ignore this source of background in
the present work.

The relevant informations relative to the events simulation is summarized in Tab. 4.1.
Theσ × BR of ZA signal and backgrounds processes, are indicated as well as the
number of matrix-element events generated. In case the jet matching is used,Qmatch

is also given. For all processes, the factorization and renormalization scales used are
calculated on a event-by-event basis, and no kinematical cut on the vector bosons
nor top quarks nor fermions from decay is applied. ForWZ+jets,Zbb andZjj, the
maximum pseudo-rapidity of partons/jets is 5. The termZjj encompasses the light
jets only:u, d, s, c, g.

The next section describes briefly the CMS detector and its corresponding software
CMSSW.

4.2 Event detection and reconstruction

The Compact Muon Solenoid (CMS) detector is installed at thepoint 5 of the LHC
ring, 100 meters under the local mean altitude of the ground.The project was first in-
troduced and the main lines of the design drawn in the early 90’s. The main objective
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Process Qmatch Decay (MC) σ × BR(fb) # Evts

ZA(20,300) 70

(Z → l+l−)(A → ττ → e±µ∓ /ET )

6.9 73k
ZA(20,350) 70 4.5 70k
ZA(20,400) 70 2.9 67k
ZA(30,350) 70 4.3 70k
ZA(40,300) 70 6.5 73k
ZA(40,350) 70 4.2 350k
ZA(40,400) 70 2.7 67k
ZA(50,350) 70 4.15 70k
ZA(60,350) 70 4.1 70k
ZA(80,300) 70 5.6 73k
ZA(80,350) 70 3.9 70k
ZA(80,400) 70 2.6 67k
W±Z 40 (W± → l̃+ /ET )(Z → l+l−) 780 1.2M
Zbb - (Z → l+l−) 14000 600k
Zjj 20 (Z → l+l−) 443000 2M
Zττ 30 (Z → l̃+ l̃−)(Z/γ∗ → ττ → l+l′−(/ET )) 10 580k
ttZ 60 (t → l̃+b/ET ))(t → l̃−b /ET ))(Z → l̃+ l̃−) 3.5 63k
W±Zγ 40 (W± → l̃± /ET )(Z → l+l−) 4 280k
W+W−Z 60 (W+ → l̃+ /ET )(W− → l̃− /ET )(Z → l+l−) 0.4 104k
(t/t)W±Z – (t/t → l̃+ /ET b/b)(W− → l̃− /ET )(Z → l̃+ l̃−) 0.5 200k

Table 4.1: Cross sections of signalZA and backgrounds processes taking into account
the leptonic final state considered in the analysis. The notation l includes onlye and
µ, whereas̃l also containsτ decaying intoe orµ. All cross sections correspond to the
final states in the second column. The fourth column indicates the number of Monte
Carlo events used for the analysis.

of the CMS detector is to allow the detection of a large variety of new physics signa-
tures. This requires good identification of leptons and jetsas well as precise evaluation
of their kinematical properties. This is achieved by means of highly segmented sub-
detectors and the presence of a string magnetic field (3.8 T).Moreover the hermiticity
of CMS allows to measure the transverse missing energy, which is also very sensitive
to new physics.

The original design of CMS (1990) was optimized for the detection of muons such
that reaction likepp → h → ZZ → µµµµ could be observed [80]. In 1992, the
conceptual design of a more complete, real multi-purpose detector was presented, with
central tracking devices, electromagnetic and hadronic calorimeters [81]. The funding
and construction of these sub-detectors were contributed by many laboratories such
that the CMS collaboration is now composed of more than 180 institutes around the
world, and involve more than 2000 physicists and a few hundreds of engineers.

This section describes the main features of these sub-detectors starting from the region
close to the interaction point and going outward.
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Figure 4.1: View of the active parts of the tracker with the pseudo-rapidity information
and de modular structure of layer and ring. The blue color indicates that the layer/ring
is equipped with double sided modules while equipped with single modules in red.

We describe the different sub-detectors here, from the center to the outward direction.
Note that more details can be found in various sources like Ref. [69] .

4.2.1 The CMS detector

The Tracker

The role of the tracker is to detect the passage of charged particles and to allow an
accurate calculation of their kinematical properties. Thegeometry of the tracker is
shown in Fig. 4.1. The innermost part is occupied by a pixel detector, whose inner-
most layer is at roughly 10 cm from the interaction point. It is composed by 3 layers
in the barrel and 2 disks in the endcaps. The whole pixel detector contains more than
60 millions of pixels, each with a size of 100×150µm2. This allows a localization of
the tracks with a resolution better than 20µm. The occupancy (percentage of pixels
crossed by particles) is very low, reaching for instance∼ 10−4 at the nominal lumi-
nosity of1034cm−2s−1. This helps to disentangle the tracks in dense jet environment,
facilitates the seeding (first step to build a track) and the identification of primary and
secondary vertices.

Surrounding the pixel tracker, the silicon strip tracker iscomposed, in the barrel, of the
Tracker Inner Barrel (TIB) and the Track Outer Barrel (TOB).A similar distinction
is present in the endcaps with the Tracker Inner Disk (TID) and the Tracker End Cap
(TEC). In the transverse plane, the spatial resolution is a few tenth of micrometer.
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(a) (b)

Figure 4.2: (a) Resolution in transverse momentum for muonsat 1, 10 and 100 GeV.
(b) Efficiency of reconstruction of a track issued from muon.[69]

For the stereo layers (blue in Fig. 4.1), the resolution in the longitudinal direction
fluctuates between 230µm in TIB and and 530µm in TOB.

The tracker allows an excellent determination of the charged particle momentum, with
an efficiency above 95% on most of the pseudo-rapidity range (see Fig. 4.2 (right)
and Ref. [69]). The resolution, expressed as the gaussian fitof δPT /PT is shown
in Fig. 4.2 (left) for muons of differentPT . It is close to the percent on the entire
η-range once the transverse momentum is larger than 10 GeV. For such muons, it
has been also shown that the resolution on the impact parameter is better than 30µm
which is important for the secondary vertices detection (the typical flight distance of
B mesons is a few hundred microns).

In CMS, the standard track reconstruction algorithm is based on five steps: hit identi-
fication, seeding, trajectory building, ambiguity removaland final fit.

The hit identification consists of finding particle hits in both pixel and silicon strip
detectors. A hit is made from the clustering of detection units above a given signal-to-
noise ratio. The next step is the track seeding (Ref. [82]), mostly done with the pixel
detector. The hits are used to build track seeds parameterized as helices. The seeding is
also the starting point of the standard track reconstruction method, the Combinatorial
Track Finder (CTF) (Ref. [83]). The trajectory building is made by extrapolating the
estimation of the track 3-momentum given by the seed to the outermost layers, taking
into account material effects and the magnetic field. For each layer, a new trajectory
is created by compatible hit, plus one trajectory in the hypothesis that no hit have
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Figure 4.3: Longitudinal view of the ECAL system of CMS.

been left. Each trajectory is passed through the Kalman Filter [84], that combines the
informations and outputs an updated track. The track quality is determined at each
extrapolation step, using theχ2 and number of missing hits. If a track does not satisfy
a tunable minimum quality conditions, it is rejected from the collection. This avoids
an exponential growing of the track number.

If different tracks contain the same seed or if a track is compatible with two different
sets of seeds, a double counting problem appears. The comparison of track quality is
then achieved, based on the number of hits andχ2. In order to reevaluate the track
parameters, a final step is performed from outside towards the beam line with the CTF.

An additional step to decrease the number of fake tracks can be performed by running
several times the CTF algorithm. At each iteration (3 or 4) the unused hits are removed
from the collection, the remaining ones are used for a new track reconstruction.

The electromagnetic calorimeter

In order to allow a good reconstruction of electrons and photons, the tracker is sur-
rounded by an electromagnetic calorimeter (ECAL). The structure of ECAL is shown
in Fig. 4.3.

The barrel region (|η| < 1.6) is composed of more than 60000 crystals ofPbWO4,
each covering anη − φ area of 0.0172 (∼ front face surface of 22×22 mm2 in η =

0). Their length is 23 cm, which corresponds to 25.8 radiationlengths (X0) defined
as the mean distance needed for an electron to loose all but 1/e of its initial energy
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by bremsstrahlung. The crystal width is of the same order of magnitude than the
Moliere radius which defines the width of the cylinder where 90 % of the showered
energy is contained. This allows to contain the electromagnetic radiation and to have
a significant part of the energy deposited in one crystal. Furthermore this material
allows a fast response (80% of the shower light emitted in 25 ns), which is crucial to
avoid overlap between radiation from different bunch crossings.

The endcaps cover the pseudo-rapidity from 1.479 to 3.0. Thecrystals are slightly
larger with a constant front surface of 28.6×28.6 mm2 and shorter, with a length of
22 cm.

The energy resolution can be parametrized as
(

σ

E

)2

=

(

s√
E

)2

+

(

n

E

)2

+ c2 (4.2)

wheres is the term sensitive to the shower variations and the photodetector response.
The termn is related to the noise from electronics read-out and pile-up (simultaneous
energy deposition by uncorrelated particles), and the constant c value is sensitive to
mis-calibrations, non-uniformity of the detector, instabilities of temperature1.

In test beam condition (see Ref. [85]), these parameters were estimated ass = 0.028

GeV1/2, n = 0.125 GeV andc = 0.03.

In order to improve the identification of electrons, their energy and position resolution
in the electromagnetic calorimeter, two clustering algorithms have been developed[86].
The first method is called hybrid method, is applied only in the barrel and designed to
reconstruct high energy electrons. It consists of collecting the energy in a fixed set of
adjacent crystals, 3 or 5 in theη axis, while along theφ axis the algorithm looks for
isolated energy deposit due to bremsstrahlung effect. The fixed number of crystals to
be used give a good sensitivity to centroid position. The movement along theφ axis
makes of the hybrid method a super cluster algorithm, where asuper cluster is defined
as the association of the cluster from the electron energy with the clusters from the
photons radiated.

The second method is the island algorithm and is used in the endcap regions. It starts
by identifying the most energetic crystal (seed), which is used as a starting point for
the clustering. This is illustrated in Fig. 4.4(left): the search is first performed in both
direction inφ. The energy of each encountered crystal is summed until a crystal with a
larger energy deposit is met. The algorithm redo the search in theη line besides, along
theφ direction. As for theφ direction, theη direction is explored until a crystal with a
larger energy is encountered. A crystal cannot belong to twoclusters, this guarantees
the absence of double counting. A clustering of several island clusters defines a super

1The temperature regulation is critical since the crystal light yield is highly dependent of it.
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(a) (b)

Figure 4.4: Illustration of the Hybrid and Island algorithms on the crystals of CMS.
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Figure 4.5: The energy resolution for electrons emitted fromZ andA bosons inZA
process (BP2). The transverse momentum is larger than 5 and|η| < 2.5.

cluster.

The offline (reconstructed) electrons are defined as an association between an ECAL
supercluster (cluster of clusters to take into account the bremsstrahlung effect) and the
tracker information. First the matching is done between thesupercluster and the hits
in the pixel detector. The energy of the SC allows to deduce the position of the pixel
seeds since the radiated photon are assumed to be counted in the SC average position.

The ECAL resolution can be expressed as the ratio between theenergy in ECAL and
the energy of the generated electronEECAL/Egen. This is shown in Fig. 4.5 for
electrons emitted from theZ andA boson decays in theZA process (BP2).

The hits in the pixel detector are then used as a seed to find thetrack corresponding to
the electron candidate with the Gaussian Sum Filter algorithm (Ref. [87]), which al-
lows a better reconstruction of the track than the Kalman Filter as it takes into account
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the possibility of large energy loss by bremsstrahlung. This method is based on the
hypothesis that the energy loss distribution is not modeledby a single gaussian but by
a sum of gaussians.

When the measurement of electron energy (Ee) is performed in association with the
tracker, the energy resolution is rather good. It varies from 5 % if Ee=5 GeV to
roughly 1.5% once theEe >20 GeV. It is observed that the track information helps
to get a better resolution if the electron energy is lower than roughly 15 GeV while
above, the calorimetric information is more precise.

The hadronic calorimeter

The hadronic calorimeter (HCAL) is installed around the electromagnetic calorimeter.
It allows to estimate the energy and position of hadronic radiation (both the charged
and neutral hadrons). The detector is composed of layers of brass and scintillators,
reaching 5 radiation lengths and up to 11 radiation lengths with the absorber layer
placed just before the magnet so that only muon escape from HCAL and pass the
magnet. The barrel covers up toη = 1.4 the endcap system up to 3.0 and the forward
system up to 5.0. The tower dimension is 0.087×0.087 inη andφ in the barrel while
in the endcaps the∆η increases up to 0.35 and∆φ=0.174 radians.

Test beam using pions has shown that the energy resolution ofHCAL can be parame-
terized as

∆E

E
=

1.22√
E

+ 0.05 (4.3)

with E in GeV.

The muon chamber system

Surrounding the magnet coil, the muon system aims at an unambiguous identification
of the muons as well as an estimation of their kinematics. This is achieved by combin-
ing the information from the muon chambers and the silicon tracker system in a way
that depends on the muon transverse momentum.

The muon system consists of an alternative arrangement of iron yokes (for conduction
of the magnetic field) and gas detectors. There are three kindof muon detectors: the
drift tubes (DT) in the central part of the barrel, the cathode strip chambers (CSC) in
the endcaps and the resistive plate chambers (RPC) in both regions of the volume.
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Figure 4.6: Transverse view of the muon system of CMS with 3 muons from app →
(Z → µ+µ−)(A → τ+τ− → µ+e−) where one hits the barrel only, another the
endcap only, and the third hits both regions.

The muon reconstruction in CMS can be done in different ways.The standalone muon
reconstruction is based only on the information from muon detectors, the global muon
reconstruction starts with the standalone muons and matches them with tracks in the
tracker. Finally the tracker muon reconstruction starts with the tracks in the tracker
and matches with segments informations in the muon system. This has the virtue to
allow the reconstruction of muons with low transverse momentum that do not leave
enough hits in the muon system to be considered as standalonemuons.

In this analysis, the muons are reconstructed using the following algorithm.

The muon tracks,i.e. the tracks built from muon system only, reconstruction starts
with the seed identification. A seed is defined as a segment or aset of segments
built from the hits in DT and CSC. At this stage a first estimation of the transverse
momentum is realized by evaluating the segment bending withrespect to the vertex
position. The seed trajectory is propagated down to the innermost muon detector
layer. Then a first Kalman Filter is applied to refine the trackin the outward direction.
When the outmost muon chamber layer is reached, the track reconstruction is done in
the reverse direction with again the application of the Kalman Filter. The matching
between muon and tracker is then realized as follows. The first step is to select, around
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each muon track a region of interest inη − φ and select a subset of tracks in it. Then
those tracks are extrapolated up to the muon system tracks and the best pairing in
terms of space and momentum is chosen.

4.2.2 CMSSW

The large data flow of each LHC experiment is a challenge in itself. It has necessitate
a particular treatment of the data, from the raw level up to reconstructed objects. To
manage this, theCMSSW software has been developed and is used in the rest of this
work.

The original data flow is formatted asraw data. It contains for example the hits infor-
mations, the L1 trigger results, and HLT bit pattern.

The raw data are then treated to output reconstructed (RECO)objects: track collec-
tions, electrons (for b-tag or not), ECAL cluster collections, jets, missing transverse
energy,τ -jets. In order to stay adaptive it is possible to keep both raw and recon-
structed collections in the data files.

There are two levels of simulation to get reconstructed objects, the fast and the full
simulation. A problem inherent to the full simulation is thelarge CPU consumption
due to the use of GEANT [88] for the simulation of the interaction of particles with
the material of CMS. Instead, the fast simulation uses the result of accurate GEANT-
based simulation, allowing to by-pass the main time consuming steps. The gain in
time can reach two orders of magnitude. In the rest of this work all presented result
are are obtained with the fast simulation only.

Using as input the events in RECO format, the layers forming the Physics Analysis
Tools (PAT) provide a more user-friendly interface and thenmake easier the access to
reconstructed variables for analysis purpose . The path followed by the data from the
RECO level up to the user analysis level is shown in Fig. 4.7.

The PAT flow is composed of three layers but here we concentrate on the two first
that are actually used in this work. The PAT Layer-0 sequenceextracts needed in-
formations from the reconstructed level (generator, isolation, tagging,...), performs
a cleaning of the data collections (notably duplicate removal) and the matching with
MonteCarlo events. The PAT Layer 1 step groups informationsoutput from the Layer-
0, allowing a straightforward access to them and therefore constituting the basis for
an analysis. More details about what is used in the present analysis is given below.
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Figure 4.7: Flowchart of the data treatment from reconstructed level (RECO) to User
Analysis level.

Electrons

For the electrons the PAT Layer-1 level allows the access to several variables that can
be used to define the identification and isolation criteria ofthe electrons:

• The ratioH/E quantifies the ratio of the energy deposits of the closest HCAL
cell to the supercluster energy. For a real, isolated and hard electron, the value
of H/E is supposed to tend to zero as most of its energy is absorbed bythe
electromagnetic calorimeter.

• The variable∆R(track,SC) gives the distance in theη − φ plane between the
track extrapolated from the pixel layers up to the supercluster seed. This helps
to be convinced that the SC is issued from the same particle that produced the
track. For a real, isolated and hard electron, the value of∆R(track,SC) is ex-
pected to be close to zero.

• The ratioEs/Pout of the energy of the super cluster seed (Es) to the momentum
of the electron’s track calculated at the outermost level ofthe tracker (Pout).
This helps to be convinced that the seed is issued from the same particle that
built the last segments of the track. For a real isolated and hard electron, the
value ofEs/Pout is supposed to be close to 1.

• The ratioESC/Pin of the super cluster energy (ESC ) to the associated track
momentum (Pin) at the vertex . This helps to be convinced that the SC is issued
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from the same particle that produced the track. For a real isolated and hard
electron, the value ofESC/Pin is supposed to be close to 1.

• The variablesisoECAL and isoHCAL represent the isolation variables at the
level of the electromagnetic and hadronic calorimeters respectively. Both are
calculated as the sum of the energy deposits in a 0.4 cone centered on the elec-
tron candidate position, excluding the energy of the reconstructed electron for
isoECAL. For a real isolated and hard electron, the value of both isolation is
supposed to tend to zero.

• The variableisotrack(elec) is defined as the sum of transverse momentum of
tracks in a cone of 0.3 or 0.5 around the electron track direction estimated at
the vertex. For a real isolated electron,isotrack(elec) is therefore supposed to
low. A standard requirement for these tracks to be taken intoaccount in the sum
is to have aPT larger than 1 GeV. For a real, isolated and hard electron, the
value of track isolation is supposed to tend to zero. In this analysis, the decay of
theA boson can produce collinear electrons and muons. A redefinition of the
isolation criterion must be done with care.

The output of the PAT layer is kept very lose,i.e. no restriction on these variable is
considered. This means of course that at the level of the PAT ,the muons, jets and
photons surrounded by tracks may also be recorded as electrons.

Muons

Reconstructed Global muons, as defined in Sec. 4.2.1 are available at the level of the
PAT Layer 1 and are used in the present analysis. The variableisotrack(µ) is defined
(as for the electrons) as the sum of transverse momentum of tracks in a cone of 0.3 or
0.5 around the muon track direction estimated at the vertex.As for the electron case,
the standard requirement for these tracks to be taken into account in the sum is to have
aPT larger than 1 GeV.

Missing transverse energy

As shown in theDelphes analysis, the missing transverse energy plays a major role
in the reconstruction of bothA andH0 bosons. There are different definitions of this
variable, and the standard one provided by the reconstruction tools of CMS is defined
as the vector sum of calorimetric towers transverse energy deposits and muons trans-
verse momenta. This quantity is accessible from PAT Layer 1.Another possibility that
is also briefly discussed in Sec. 4.4.2 is to consider only thefour leptons. However
this solution is very sensitive to initial state radiation.
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4.3 Selection of leptons from Z and A decays

As already mentioned in Sec.3.4.2, the leptons originatingfrom the cascade decays
of theA boson are expected to be relatively collinear. This is due tothe large mass
difference betweenmA andmH0 . The isolation criteria must be therefore defined
more carefully than the standard choices used on leptons issued fromW or Z for
instance.

In addition, the expected energy spectrum of the electrons from these cascade decays
is relatively soft. We then consider reconstructed electrons down to 5 GeV. However,
the danger comes from the higher probability for a soft jet tobe seen as an electron. In
this section, after a short discussion about the issue of triggering the signal events, we
study how the rejection of fake electrons from jets togetherwith non-prompt electrons
originating from other sources like heavy flavor meson decays can be performed.

A cut-based analysis specific to eachA andH0 mass points is then proposed. This
allows to see how fast a deviation from the SM expectations could be seen. A method
is then proposed to control the most dangerous background with data. Finally a more
sophisticated analysis is developed which includes an estimation of the systematic
errors.

4.3.1 Final states and Trigger condition

At the LHC, the bunch crossing is expected to happen each 25 nanoseconds at the
interaction points. In order to reduce the amount of information to be recorded, a
strong filtering of the events is needed, reducing the eventsrate from 40 MHz to about
100 Hz.

The trigger system has two components: the Level-1 and High Level triggers. The
Level-1 trigger involves the calorimeters and muons systems, and identifies elec-
trons, muons, photons,/ET and jets using coarse granularity and low resolution data.
Schematically, it is divided in 3 parts. The Muon trigger hasindependent triggers
logic for each kind of detector (DT, CSC, RPC), the HCAL trigger uses the tower
information. The ECAL trigger is based on the information from 5×5 crystals in the
barrel and roughly similar to the layout used for HCAL in the endcaps. The level of
output rate is limited to 100 kHz.

The High Level Trigger (HLT) treats the events output by the Level-1 trigger. Many
final states can be used at this level, thanks to the lower event rate and hence the access
to more sophisticated reconstruction algorithms. The HLT may use for instance the
electrons built from the ECAL and the tracker information, the muons with tracker
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and muon chambers informations, the photons, the jets,τ , /ET or still b-tagged jets.
Considering that one events size around 1 MB, the rate allowsthe transfer and storage
of events.

In this analysis, we only consider the cleanest signal final states, namelyeeeµ and
µµµe, where a pair of electrons or muons comes from theZ decay, and an electron
and a muon from by theA boson decay chain. In principle, each of the four leptons is
susceptible to contribute to the triggering procedure.

However, the probability to observe both topologies is firstsubject to the respective
reconstruction efficiencies for electrons and muons, whichdepends on the transverse
momentum. This point is illustrated in Fig. 4.8(a): the reconstruction efficiencies
for both electrons and muons is shown, with respect to their origin (Z or A) in a
signal process (BP2). Note that a generated lepton is considered as reconstructed if a
reconstructed lepton (with no identification nor isolationcut) lays at a maximal∆R
of 0.01.

It turns out that in the low transverse momentum region the leptons fromA are slightly
better reconstructed than the leptons from theZ boson. This can be explained by the
difference of the pseudo-rapidity distribution of these leptons, as shown in Fig 4.8(b)
for leptons withPT <30 GeV.
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Figure 4.8: (a) Efficiency of reconstruction for electron and muons fromZ/A, de-
pending on their transverse momentum. (b)η distribution of electrons fromZ/A with
PT < 30 GeV.

Depending on the transverse momentum the reconstruction efficiency varies between
70% and 90% for the electrons and remains above 95% for the muons. The two stud-
ied topologies having similar efficiencies and background sources, both final states
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Channel PT Threshold (GeV)

e 26
ee 12
µ 19
µµ 7

Table 4.2:PT thresholds used to simulate the (HLT) trigger response.

are considered simultaneously in the following analysis and treated together in the
triggering procedure.

The configuration of the L1 and HLT triggers should correspond to trigger tables ap-
plicable after a time equivalent to an accumulated integrated luminosity of 10 fb−1.
However, at the time of writing this text, such possibility has not yet been implemented
in the fast simulation ofCMSSW. This said, it is possible to get an approximative esti-
mation of the trigger effect with electrons and muons streams.

The choice of trigger is governed by the following requirements.

I. Keep the signal efficiency on the signal as high as possible.

II. Choose a pattern trigger as simple as possible to ease theevaluation of its effi-
ciency.

III. Allow to select events required for possible data driven background estimation.

Given the signal final states, the possible trigger patternsare single electron (e), di-
electrons (ee), single muon (µ) and di-muons (µµ). The expected transverse momen-
tum threshold corresponding to these trigger patterns can be found in Ref. [19] and
are summarized in Tab. 4.2. These threshold are set for isolated leptons.

In order to characterize more precisely (in forecast of the practical redistribution of the
data from LHC run) what are the best trigger combinations forour signal, we evaluate
the percentage of accepted events, after applying all the selection cuts described in
the next sections. The leptons considered are isolated and defined as described in
Sec. 4.3.2 and 4.3.2.

The efficiencies possible exclusive trigger patterns basedon single and di-leptons pat-
terns are shown in Fig. 4.9. It turns out that the patterns of interest always contain at
least two muons or two electrons. The equivalent condition is ee ∨ µµ. This satisfy
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Figure 4.9: List of exclusive (HLT) trigger patterns for theZA process. These val-
ues are obtained after the entire cut based selection. The sum of all trigger pattern
efficiency is set to the unity.

the first condition as, on average, 80% of the signal is kept (including the acceptance
of the leptons), the pattern is also very simple and the control of the dangerous back-
grounds is possible as they contain aZ boson decaying into a pair of electrons or
muons.

4.3.2 Lepton identification

ThePT distributions for the four leptons coming from the signal (BP2) are shown in
Fig. 4.10. While the leptons issued from theZ boson havePT most of the time larger
than 20 GeV, the situation is dramatically different for theproducts of the cascade
decay of theA boson. The softest lepton has in this case a mean transverse momentum
close to 5 GeV/c only.

The minimalPT requirement is driven by two things. First it has to be low in order to
keep as much signal as possible. Second the CMS analyses rarely consider electron
PT below 5 GeV[89] as in lowerPT region the distinction between real electrons and
fake electrons from jet fluctuation becomes more difficult. We then simply require the
electrons to have a transverse momentum larger than 5 GeV/c .
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Figure 4.10: Transverse momentum of the leptons originating fromA → ττ decay
chain orZ boson decay, with|η| <2.5 in the signal (BP2). The red dashed line shows
the 5 GeV/cPT threshold.

To improve the electron definition, we may want to consider the variablesH/E,
∆(track, SC), Es/Pout andESC/Pin defined in Sec. 4.2.2. For a sake of unifor-
mity, we choose to display a normalized definitionx→ 1/(1 + x) so that the infinite
values of x correspond to zero while x=0 correspond to 1; a normalized distribution
of x is denotedxN

We show in Fig. 4.11 these distribution for four categories of electrons.

• The first categories are the electrons fromZ from the signal (BP2).

• The second categories are the electrons fromA → ττ cascade decay from the
signal (BP2).

• The third category is composed by mostly fake electrons reconstructed from
misidentified light jets fromWZ+jets.

• The fourth category is composed mostly by real electrons from semi-leptonic
decay ofB mesons inZbb events

The definition of fake and non-prompt leptons is given in Sec.4.1. This distinction
is useful as it allows to see that the distributions are quitesensitive to the amount of
non-prompt electrons In order to reduce the rate of undesired electrons, we apply a cut
on each of these variables.

• (H/E)N >0.975.
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Figure 4.11: The distribution of the variable(H/E)N (upper left),
(∆R(track, SC))N , (∆R(track, SC))N (upper right), (Es/Pout)

N (lower
left) and(ESC/Pin)N (lower right) for the electron originated fromZ or A boson
decay and the other electrons. The distributions from upperleft to lower right are
shown with the cuts applied to previous figures. Each distribution is normalized to
the unity.
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• (∆R(track,SC))N > 0.97.

• (Es/Pout)
N<0.55

• (ESC/Pin)N ∈ [0.2, 0.6]

The positions of these cuts are also shown in Fig. 4.11 with red dotted lines. With
such choices 90% of signal events are kept.

As already discussed in Sec. 4.2.2 the muon must fulfill the global muon requirement,
i.e. using both tracker and muon chambers information.

As an illustration, the probability for the processWZ andZbb to give a fake or non-
prompt electron or muon is given in Tab. 4.3. This table also gives the rejection effi-
ciency of these lepton using the electron or muon identification criteria depicted here
above.

Process lepton type <N/event> (%) ǫ(%) total%

WZ+jets

fake e 39 4 1.5
non-prompt e 1.2 10 0.12
fakeµ 2 26 0.5
non-promptµ 0.5 80 0.4

Zbb

fake e 20 5 1
non-prompt e 7 47 3.3
fakeµ 2 23 0.46
non-promptµ 9 90 8.1

Table 4.3: For bothWZ andZbb processes, the mean number of a given lepton type
per event is indicated in the column labelled<N/event>. The right hand-side columns
give the efficiency when the electron or muon identification criteria are applied, and
the mean number of a given lepton type per event after identification (the product of
the 3rd and 4th columns).

.

It turns out that the main danger comes from the non prompt muons and electrons in
Zbb and from fake electrons inWZ+jets. This motivates the presence of an isolation
criterion.
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Figure 4.12: The distribution for the distance∆R between a reconstructed electron
and the closest track withPT >5 GeV. For the signal, the reconstructed electron is
matched with a generated electron issued from theA boson whereas for the back-
ground it comes from a jet.

Lepton isolation

The rejection of fake and non-prompt leptons can be improvedby usingisotrack(lepton)

for both electrons and muons, andisoECAL andisoHCAL for the electrons. These
isolation criteria are defined in Sec. 4.2.2.

However, as emphasized in Sec. 3.4.2, such simple isolationcondition in the tracker
cannot be considered here as there are configurations of the signal where a high
collinearity of the leptons is present,i.e. if mA is small andmT is large.

The evolution of this collinearity with the Higgs bosons masses is shown in Fig. 4.12
for theZA signal withmA/mH=20/400, 40/350 and 80/300 GeV/c2. Each histogram
displays the distance between a reconstructed electron andthe closest track with
PT >5 GeV. In the signal events, the reconstructed electron is matched with gen-
erated electron fromA boson decay while forWZ+jets, the reconstructed electron
comes from a light jet misidentification,i.e. it is not matched with any generated
electron.

The dashed line refers to a standard cone size of 0.3 used for the track isolation. It is
clear that by using the standard definitionisotrack(lepton), the efficiency on the most
boosted case is affected, more than half of the events are indeed rejected. The lepton
isolationisotrack(lepton) should be therefore redefined at the level of the tracker in
order to accept at most one track withPT >5 GeV/c in a 0.3 cone .
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In the signal the closest track to the electron fromA boson is supposed to be the track
from the muon produced also by theA boson cascade decay. Therefore the associated
energy deposit in both ECAL and HCAL around the electron is then small such that
isoECAL andisoHCAL can be included in our new isolation definition.

The electron isolationisoe is defined as

isoe =
P e

T

P e
T +

∑

soft P
tr
T +

∑hard
2+ P tr

T + isoECAL.+ isoHCAL

(4.4)

and the muon isolationisoµ is defined as

isoµ =
Pµ

T

Pµ
T +

∑

soft P
tr
T +

∑hard
2+ P tr

T

, (4.5)

whereP tr
T is the transverse momentum of a track, soft and hard mean respectively

with 1 < PT < 5 GeV/c andPT >5 GeV/c respectively. The2+ notation recalls that
the sum runs over the list of tracks withPT >5 GeV/c in the 0.3 cone from which the
track with the highest transverse momentum is removed.

The distributionsisoe (left) andisoµ (right), defined in the beginning of this section,
for the lepton candidates fulfilling the identification criteria are shown in Fig. 4.13.
The distinction is done between the leptons fromA orZ boson decays (in signal) and
the fake and non-prompt leptons fromWZ andZbb.

The last bin of theisoµ distribution is surprisingly filled by the muons issued fromjets.
A short investigation has shown that this comes from generated electrons fromW and
Z decays, mostly hard and isolated. Different attempts have been done to reject this
contribution but they were mostly unsuccessful. However, this bin represents roughly
only 10% of the muons from jets, and the corresponding event will be rejected through
the cut-based analysis. We therefore choose to neglect thisproblem.

The final choice ofisoe andisoµ cuts is largely conditioned by the rejection ofZjj,
Zbb andWZ+jets backgrounds. As it will be shown in the following analysis, we
chooseisoe >0.8 andisoµ >0.9.
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Figure 4.13: Left: The distribution for theisoe variable. The red line represents the
contribution of the reconstructed electrons issued fromZ andA in the signal while the
blue and green line are for the fake and non-prompt electronsin WZ andZbb events.
Right: The same but for the muons, the distribution shown isisoµ. All distribution
are normalized to the the unity times the scaling factor indicated in parenthesis.

4.4 Cut based analysis

4.4.1 Basic cuts

CZ

After the trigger conditions, events have to pass the acceptance cuts defined by requir-
ing that four leptons must be present with at least one muon and one electron. The first
selection cut isCZ and is defined as in the Sec. 3.4.2: exactly one pair of electrons
or muons with opposite charges must reconstruct theZ boson invariant mass in a 10
GeV/c2 mass window.

Let us use the notation similar to the one introduced in Sec. 3.4.2: lZ(1) andlZ(2) are
the leptons reconstructing theZ boson andlA(1) andlA(2) those from theA boson.
We require that the two leptonslZ(1, 2) must have at least 10 GeV/c of transverse
momentum, with same flavors and opposite charges. In addition their invariant mass
must lay in a mass windows of 10 GeV/c2 around theZ mass.
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After this cut theZ+light jets andZbb as well as theWZ+jets backgrounds are by
far the biggest background sources. An illustration of their dominance over the other
processes is shown in Fig. 4.14(left).
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Figure 4.14: (Left) The missing transverse energy of the signal and the backgrounds.
(Right) Acoplanarity betweenlZ(1) + lZ(2) andlA(1) + lA(2) also afterCZ . The
distribution are normalized for a luminosity of 1 fb−1. The red dotted lines indicate
the value of the cut considered in the analysis.

TheZjj,Zbb andWZ+jets backgrounds can be further reduced by imposing a cut on
the missing transverse energy. In order to keep enough signal, we choose to cut at 50
GeV. This allows to reduce strongly theZ+jet background by a factor close to 98%.

We have seen in Sec. 4.2.2 that the missing transverse energyin CMSSW2 is based on
both calorimetry and muons. Instead of this definition, the missing transverse energy
can be reconstructed also from the four leptons only. The latter has the advantage to
be less sensitive to the calibration of the calorimetric towers. The obvious drawback is
that the initial states radiation is not taken into account,leading to a biased estimation
of the missing transverse energy direction. This affects the selection efficiency when
the mass of theA boson is reconstructed.

We see indeed in Fig. 4.15 that the norm of the missing transverse energy is not
strongly affected while the loss of efficiency for theA mass reconstruction is large.
This is due to the mass reconstruction strategy described inSec. 3.4.2, in which/E
must lay between transverse direction oflA(1, 2). Therefore it could be a good al-

2In version2_2_9. This statement is not true for the earlier versions.
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Figure 4.15: Left: The missing transverse energy build from(in blue) the calotow-
ers+muons and (in red) only the leptons. Right: the same but for the reconstructed
mass of theA boson. The events used are fromZA process (BP2).

ternative for the measurement for very early data and provide a cross-check with the
value obtained with calo+muon definition.

Flavor and charge

The next condition is that the leptonslA(1) and lA(2) have opposite charges and
different flavors.

4.4.2 Topological cuts

Acoplanarity

A kinematical characteristic of theZA process is to produce theZ and theA bosons
relatively back-to-back in the transverse plan. The only source of deviation from the
perfectly acoplanar situation is due to the presence of initial-state radiation.

This acoplanarity can be measured from the pair issued from theZ and lA(1) and
lA(2), we show its distribution for the different backgrounds andthe signal (BP2) in
Fig. 4.14(right). We choose to fix the minimal value of this acoplanarity∆φ(A,Z) to
2.5 in order to keep at least 90% of the signal.
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Figure 4.16: The∆R(lA(1), lA(2)) (left) and Minv(lA(1), lA(2)) (right) distributions
for the signal declined in the nine benchmark points as well as for the sum of back-
grounds. These distributions are shown after the application of the trigger, the accep-
tance,CZ , the flavor and charge and∆φ(A,Z) conditions.

Lepton collinearity, invariant mass and Z boson energy

The collinearity betweenlA(1) andlA(2) is a strong signature of the signal. Therefore
we cut on the distance between these leptons∆R(lA(1), lA(2)), on their invariant
mass Minv(lA(1), lA(2)). In addition, we also use the energy of theZ bosonEZ

as a discriminant variable. Since we want to consider nine mass points in the (mA-
mH0 ) plane, the three selection cuts should be adapted to each ofthe kinematical
characteristics.

The dependency of∆R(lA(1), lA(2)) and Minv(lA(1), lA(2)) is illustrated in Fig. 4.16
where the corresponding distributions are shown for the nine benchmark points, after
the application of the trigger, the acceptance,CZ , the flavor and charge and∆φ(A,Z)

conditions . A clear dependence of the distributions with respect tomA is observed,
while the dependence onmH0 is less pronounced. It only shifts the∆R which can be
understood by the variation of the boost of theA boson.

For each of the nine benchmark points different selection windows for∆R(lA(1), lA(2))

and Minv(lA(1), lA(2)) would be required. However in first approximation we can re-
strict our strategy to three choices driven by the value ofmA. FormA=20, 40 and 80
GeV/c2, we choose respectively∆R(lA(1), lA(2)) ∈ [0, 0.6], [0, 1.2], [0.6, 2.5] and
Minv(lA(1), lA(2)) to be inside the mass windows[0, 15], [0, 25] and[15, 50] GeV/c2.
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The energy of the reconstructedZ boson,EZ , is more sensitive tomH0 . This shown
in Fig. 4.17. Therefore, for each of the three possibilitieswe set a minimal cut, at 125,
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Figure 4.17: The distributions of the energy of theZ boson for the signal (for the nine
benchmark points) and for the sum of the background processes. These distributions
are shown after the application of the trigger, the acceptance,CZ , the flavor and charge
and∆φ(A,Z) conditions.

150 and 170 GeV/c2 formH0=300, 350 and 400 GeV/c2 respectively.

Reconstruction of mA and mH0

As discussed in Sec. 3.4.2, the mass of the two Higgs bosons can be reconstructed.
This requires to have the missing transverse energy vector pointing betweenlA(1)

andlA(2). This condition is therefore

MissIn ≡ ∆φ(lA(1), LA(2))
∑

∆φ(/ET , lA(i))
= 1. (4.6)

For events fulfilling this condition and all the previous cuts, we show in Fig. 4.18 and
4.19 the reconstructed masses formA varying from 20 to 80 GeV/c2 andmH0 from
300 to 400 GeV/c2. See Sec.3.4.2 for the details aboutmA estimation.

One sees that it is possible to slightly increase theS/B ratio by cutting on bothmA

andmH0 . A loose cut onmH0 < 500 GeV/c2 is applied while we select three mass
windowsmreco

A ∈ [0, 35] GeV, mreco
A ∈ [15, 65] GeV/c2 andmreco

A ∈ [50, 100]

GeV/c2 formA=20, 40 and 80 GeV/c2 respectively.
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Figure 4.18: The mass of theA boson evaluated at the nine benchmark points, running
mA from 20 to 80 GeV/c2 andmH0 from 300 to 400 GeV/c2. The backgroundZ jj
andZbb are not labelled in the legend as none event contribute at thelevel of Higgs
boson mass reconstruction.



120 Chapter 4. Study of thepp → H0
→ ZA in CMS

200 300 400 500 600 700 800 900

/b
in

 (
fb

)
σd

-410

-310

-210

-110

1 ZA
WZ

ττZ
)WZt(t/

Ztt
γWZ

WWZ

=3000H
=20 mAm

200 300 400 500 600 700 800 900

/b
in

 (
fb

)
σd

-410

-310

-210

-110

1 =3000H
=40 mAm

HM
200 300 400 500 600 700 800 900

/b
in

 (
fb

)
σ

d

-410

-310

-210

-110

1 =3000H
=80 mAm

200 300 400 500 600 700 800 900

-4

-3

-2

-1

1 =3500H
=20 mAm

200 300 400 500 600 700 800 900

-4

-3

-2

-1

1 =3500H
=40 mAm

HM
200 300 400 500 600 700 800 900

-4

-3

-2

-1

1 =3500H
=80 mAm

200 300 400 500 600 700 800 900

-4

-3

-2

-1

1 =4000H
=20 mAm

200 300 400 500 600 700 800 900

-4

-3

-2

-1

1 =4000H
=40 mAm

HM
200 300 400 500 600 700 800 900

-4

-3

-2

-1

1 =4000H
=80 mAm

Figure 4.19: The mass of theH0 boson evaluated at the nine benchmark points, run-
ningmA from 20 to 80 GeV/c2 andmH0 from 300 to 400 GeV/c2. The background
Z jj and Zbb are not labelled in the legend as none event contribute at thelevel of
Higgs boson mass reconstruction
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Summary tables

To summarize what is described here, there are nine different configurations of cuts,
as illustrated in Tab. 4.4. For the sake of simplicity we use in the rest the nomenclature
xX under quotation marks, where x isl,m, h and X isL,M,H , referring to the low,
mean or high cuts for theA boson and theH0 boson respectively.

mH0 (GeV/c2)
300 350 400

m
A

(G
e

V
/c

2
)

∆R ∈ [0, 0.6] ∆R ∈ [0, 0.6] ∆R ∈ [0, 0.6]

20 Minv ∈ [0, 15] “lL” Minv ∈ [0, 15] “lM” Minv ∈ [0, 15] “lH”
EZ >125 EZ >150 EZ >170

mreco
A ∈ [0, 35] mreco

A ∈ [0, 35] mreco
A ∈ [0, 35]

∆R ∈ [0, 1.2] ∆R ∈ [0, 1.2] ∆R ∈ [0, 1.2]

40 Minv ∈ [0, 25] “mL” Minv ∈ [0, 25] “mM” Minv ∈ [0, 25] “mH”
EZ >125 EZ >150 EZ >170

mreco
A ∈ [15, 65] mreco

A ∈ [15, 65] mreco
A ∈ [15, 65]

∆R ∈ [0.6, 2.5] ∆R ∈ [0.6, 2.5] ∆R ∈ [0.6, 2.5]

80 Minv ∈ [15, 50] “hL” Minv ∈ [15, 150] “hM” Minv ∈ [15, 50] “hH”
EZ >125 EZ >150 EZ >170

mreco
A ∈ [50, 100] mreco

A ∈ [50, 100] mreco
A ∈ [50, 100]

Table 4.4: Set of cut used to cover the nine benchmark points of theZA analysis.∆R
is the distance between the collinear leptons, Minv is theirinvariant mass (GeV) and
EZ is the energy of the Z boson (GeV). The letters under quotation marks is the label
of the cut set.

The impact of the different cut-based selections is quantified in Tab. 4.5 for the signal,
Tab. 4.6 for the reducible backgrounds and Tab. 4.7 for the irreducible backgrounds.
In the first and third case, the relative efficiencies betweeneach step of the analysis,
the total efficiency and visible cross-section are displayed. Furthermore the number
of remaining simulated events after all cuts is also given inorder to quantify the asso-
ciated statistical error. For the reducible background, the number of simulated events
is given for each analysis step, the total visible cross-section is also provided. As
a reminder, the total number of simulated events used for each process in given in
Tab. 4.1.

Note that in these tables we group the three cuts on∆R(lA(1), lA(2)), Minv(lA(1), lA(2))

andEZ under the appellation D-M-E (distance-mass-energy). The tables are divided
into two parts: the first (from Trigger to∆φ(A,Z)) contains the selection conditions
independent of the benchmark points while the second is dependent. There are there-
fore nice visible cross-sections for each process, one per masses choice.

For the signal, we see that in the mass-independent part, most of the efficiencies are
similar, except the acceptance which is dependent on the boost of the final states. In
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the second part (mass dependent), the cut MissIn affects thesignal efficiency differ-
ently, depending onMA. This is due to the fact that the probability that/ET lays
betweenlA(1) andlA(2) is strongly dependent of the boost of theA boson. For the
backgrounds the following observations are worth mentioning:

• There is a sensitive difference between the Trigger efficiencies for the signals
and the background. We have seen in Sec. 4.3.1 that the Trigger patterns taken
into account are related to the presence of the leptons from theZ boson. In the
signal, the presence ofH0 boosts the system and hence increase the probability
to fulfill the conditions imposed by thePT thresholds.

• As expected, the rejection of the reducible backgrounds by the acceptance con-
dition is very good. It varies between the percent forWZγ to 10−5 for Zjj.
TheZjj process andZbb are also strongly reduced by the cut imposed on the
missing transverse energy, as seen in Fig. 4.14 (left).

• It is interesting to notice the effect of the cut onmA for theZττ process. Indeed,
for lowmA and highmA cuts, the efficiency is higher than for the middle case.
This is due to the fact that the production of this process is dominated by the
Zγ andZZ processes at high and low invariant mass ofττ respectively.
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Trigger 80 82 83 81 83 84 82 84 85
Acc. 21 23 26 24 28 30 27 30 33
CZ 91 91 90 91 86 91 90 91 91
/ET 74 83 89 77 86 90 70 82 89

6= flav. 99 99 100 99 100 100 100 100 100
6= ch. 99 99 99 99 99 99 99 99 99

∆φ(A,Z) 92 93 94 92 93 94 85 90 92

lL lM lH mL mM mH hL hM hH

D-M-E 94 93 92 93 90 89 85 81 78
MissIn 41 40 40 61 59 59 69 69 69
mA,H 99 97 89 98 97 90 87 88 83

Eff. Tot. 4 4.8 5.2 6.8 8 9 5.9 8.2 9.2
σvis(fb) 0.276 0.216 0.15 0.44 0.34 0.24 0.33 0.32 0.24

#MC events 2.9e3 3.4e3 3.5e3 5e3 2.8e4 6.1e3 4.1e3 5.8e3 6.2e3

Table 4.5: The selection efficiencies (in%) of the signal for the different benchmark
points. The corresponding visible cross-sections and number of simulated events (MC
events) are also shown.
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Zjj Zbb WZ WZγ

Trigger 8.6e+05 3.4e+05 7.1e+05 6.5e+04
Acc. 5 37 7.4e+02 7.4e+02
CZ 3 29 5.5e+02 6.3e+02
/ET 0 2 3e+02 3.6e+02

6= flav. 2 2e+02 2.9e+02
6= ch. 2 1.3e+02 1.4e+02

∆φ(A,Z) 2 56 60

L M H L M H L M H L M H

lo
w

(A
)

D-M-E 0 0 0 2 2 2 1 1 1
MissIn 0 0 0 0 0 0
mA,H

σvis(fb) 0 0 0 0 0 0 0 0 0 0 0 0

m
id

(A
)

D-M-E 0 0 0 5 4 4 3 2 2
MissIn 0 0 0 0 0 0
mA,H

σvis(fb) 0 0 0 0 0 0 0 0 0 0 0 0

hi
gh

(A
)

D-M-E 0 0 0 10 6 5 8 6 6
MissIn 1 1 1 3 2 2
mA,H 0 0 0 1 0 0
σvis(fb) 0 0 0 0 0 0 0 0 0 3.84e-06 0 0

Table 4.6: The number of simulated events remaining after each cut of the analysis, as
well as the equivalent visible cross-section (in fb) for thereducible backgrounds. The
results are divided into two parts: the first (from Trigger to∆φ(A,Z)) contains the
selection conditions independent of the benchmark points while the second is depen-
dent.
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Trigger 53 76 80 72
Acc. 15 25 29 25
CZ 71 69 69 69
/ET 34 78 75 75

6= flav. 67 67 67 67
6= ch. 99 99 99 99

∆φ(A,Z) 70 36 34 38

L M H L M H L M H L M H

lo
w

(A
)

D-M-E 1.1 1.1 0.99 1.1 0.96 0.96 1.4 1.4 1.4 1.8 1.8 1.7
MissIn 54 54 52 11 13 13 7.9 7.9 7.9 7.7 7.7 8.3
mA,H 50 48 41 1e+02 1e+02 1e+02 67 67 67 0 0 0
Eff.tot. 0.0028 0.0026 0.0019 0.003 0.003 0.003 0.002 0.0015 0.0015 0 0 0

σvis(fb) 0.00027 0.00025 0.00018 0.0001 0.0001 0.0001 1e-05 7.5e-06 7.5e-06 0 0 0
#MC events 16 15 11 2 2 2 4 4 4 0 0 0

m
id

(A
)

D-M-E 11 10 9.9 4.5 4.2 3.8 4.7 4.1 3.7 6.2 6.1 6
MissIn 74 74 75 7 7.7 6.8 12 12 13 11 12 12
mA,H 11 10 9.3 80 80 75 38 33 31 60 60 60
Eff.tot. 0.0081 0.0072 0.0062 0.0063 0.0063 0.0048 0.006 0.004 0.004 0.001 0.001 0.001

σvis(fb) 0.00077 0.00069 0.00059 0.00022 0.00022 0.00017 3e-05 2.25e-05 2e-05 3.92e-05 3.92e-05 3.92e-05
#MC events 47 42 36 4 4 3 12 9 8 3 3 3

hi
gh

(A
)

D-M-E 68 59 51 15 14 12 16 14 12 15 14 13
MissIn 71 71 72 17 18 19 28 28 29 29 29 30
mA,H 56 54 53 19 18 14 25 23 21 16 14 14
Eff.tot. 0.24 0.2 0.17 0.013 0.011 0.0079 0.03 0.025 0.021 0.02 0.01 0.01

σvis(fb) 0.023 0.019 0.016 0.0004 0.0004 0.0003 0.00015 0.00012 0.00010 6.4e-05 5.2e-05 5.2e-05
#MC events 1.4e+03 1.2e+03 1e+03 8 7 5 60 49 41 5 4 4

Table 4.7: The selection efficiencies (in%) of the irreducible backgrounds for the different benchmark points. The corresponding
visible cross-sections and number of simulated events (MC events) are also shown.
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4.4.3 Probing a possible deviation from the Standard Model

As shown in the Tab. 4.5, 4.6 and 4.7, the visible cross-section for the background
is very low compared to the signals. This clearly means that in the very first fb−1

of integrated luminosity, any event appearing in the data could be the sign of the
presence of “something else” beyond the Standard Model. It is useful to check how
much luminosity has to be considered to reject the Standard Model option. To do so
we use theScP estimator defined as the following:

1√
2π

∫ ∞

ScP

e−x2/2dx =

∞
∑

i=µs+µb

µi
be

−µb

i!
(4.7)

The right hand-side term in the relation (4.7), gives the probability to have at least
µtot = µs + µb events, assuming that the background providesµb on average. This
estimation is useful when the total number of events is low, and when the gaussian
approximation for statistical fluctuation is not valid. Theintegral term translates this
probability as a number of standard deviation for a normal gaussian distribution.

We see in Fig. 4.20 that the set of rectangular cuts depicted in this section allows to
estimate the luminosity required to see a deviation from SM expectation. The 95%
C.L. limits shows that a luminosity between roughly 2 and 8 fb−1 would be required,
depending on the mass point.
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Figure 4.20: The 95% C.L. limits for a deviation from SM calculated fromScp esti-
mator, for the nine Higgs boson mass points.
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Despite the fact that the systematic uncertainties are not taken into account, it con-
firms the very high discovery potential for theZA channel as already highlighted in
Sec. 3.4.2 and in Ref. [21].

4.5 Data-driven estimation of the reducible back-
grounds

As it can be seen in the previous section, theS/B ratio fluctuates with the Higgs
mass spectrum but remains excellent for all mass points. Nevertheless, even if the
contribution of theWZ+jets, Z+jets andZbb processes seems to be very low, large
disagreement between prediction and experimental data in the selected phase-space
could be observed. This can be a real issue since their respective cross-sections are
very large compared to the one of the signal. The differencesthat could be observed
may come for example from the difficulty to simulate the very few jets identified as
electrons, or from a large error on the theoretical prediction of cross-sections.

One way to handle this issue, is to controlin situ the contribution of dangerous back-
grounds directly from data. This is achieved by selecting a phase-space region (not too
far from the one defined in the analysis cuts) where the background processes alone
contribute. From the total event count in this phase-space region the corresponding
background contribution can be extrapolated in the region of interest for the signal
selection. In this analysis, the two considered phase-space regions rely on key vari-
ables used for the electrons identification and their isolation which must be properly
described by the simulation. Another important quantity isthe missing transverse en-
ergy. The cuts applied to define these two regions are presented in the flowchart of
Fig. 4.21.

The “nominal analysis” cuts have been presented in the previous sections, and their
impact on signal and background is summarized in Tab. 4.5, 4.6 and 4.7. For the
“control region”, we first define “loose acceptance” criteria by requiring no cut on
isoe, (H/E)N , (Es/Pout)

N , (ESC/P )N and(∆R(track, SC))N . Concerning the
muon isolation, we assume that it will be well known before the first 1 fb−1, we
therefore keep the cutisoµ at 0.9 in order to not overpopulate the events byZ+jets
background. In addition, the presence of new backgrounds isavoided by requiringCZ

cut with the “tight acceptance” criteria for electrons reconstructing theZ boson.

In order to control the contribution of the reducible backgrounds with 1 fb−1 of in-
tegrated luminosity, we define the “no cut scheme” by requiring only /ET >10 GeV
and different flavors for the two leptons not coming from theZ boson. At this stage,
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Figure 4.21: Flowchart that illustrates the data flow through either the nominal analy-
sis (left), or through the background normalization region(right). When needed, the
boxes contain the details of cut considered.

thePT spectrum of the muon (not coming from theZ boson) can be used to validate
the "No cut scheme" selection. This distribution is shown (afterCZ cut) in Fig. 4.22
(upper left) and is largely dominated by contributions fromthe three reducible back-
grounds. Visible cross-sections of the signal and irreducible backgrounds processes
are much lower so they do not have any significant impact. The key variable related
to electrons identification and isolation could also be obtained. The extrapolation of
reducible backgrounds from this control region is discussed in Sec. 4.5.1.

With an integrated luminosity of 5 fb−1, the statistics become sufficient to improve the
reconstruction of key variables, notably by suppressing the contribution ofZbb back-
ground process. To do so we define the “Loose cut scheme” wherePT (µ) >30 GeV/c
is applied on the muon which does not come from theZ boson. Furthermore,this muon
and the remaining electron are required to have the same electric charge in order to
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remove the contribution of the signal and irreducible backgrounds. The discussion
about possible control plots of key variables is presented in Sec. 4.5.2.

4.5.1 Normalization

With 1 fb−1 of integrated luminosity, the goal is first to estimate the numberNanalysis
final

of reducible backgrounds events after all cuts in the analysis stream. This number can
be written as

Nanalysis
final = fRA/CN

control. (4.8)

The factorN control is the number of reducible background events observed in the
control stream using the “no cut scheme” and observed via themuonPT spectrum of
Fig. 4.22 (upper left) . It reads:

N control = L(σcontrol
WZ,vis + σcontrol

Zjj,vis + σcontrol
Zbb,vis

), (4.9)

whereσcontrol
WZ,vis ∼33 fb,σcontrol

Zjj,vis ∼57 fb andσcontrol
Zbb,vis

∼ 16 fb are the corresponding
visible cross-sections andL is the luminosity. In this discussion we consider the sum
of all reducible backgrounds instead of their individual contributions. WithL =1
fb−1, N control ∼ 110, meaning that its relative statistical errorδNcontrol is close to
10%.

The ratioRA/C is defined by the following expression:

RA/C =
Nanalysis

acceptance

N control
, (4.10)

whereNanalysis
acceptance = L(σacc.

WZ,vis +σacc.
Zjj,vis+σacc.

Zbb,vis
), with the corresponding visible

cross-sections quantified from the “Acceptance” line in Tab. 4.6. This ratioRA/C is
found to be close to 1/60. Its associated statistical error is large as the number of
simulated events for reducible backgrounds passing the acceptance in the analysis
stream is low. However an increase of the statistics is always possible, and is not
expected to be a problem when the collection of data will havereached 1 fb−1. The
relative errorδRA/C

is therefore largely driven by the systematic uncertainty related
to the key variables for electrons identification and isolation. From the discussion in
Sec. 4.6.2 it is expected to be smaller than 20%.

Finally, the factorf is defined as the ratio of the number of simulated events passing
all cuts to the number of simulated events passing the acceptance cuts (Nanalysis

acceptance).
This number cannot be estimated accurately with the presentMC sample since the
number of simulated events of reducible backgrounds is reduced to zero after all cuts.
Again, this could be solved with a longer generation time. However at this stage events
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passing the acceptance and analysis cuts are signal-like and are therefore expected to
be submitted to similar systematic uncertainties related to reconstruction effects. In
Sec. 4.6.2, we show that this relative error is close to 10%.

In conclusion, the relative error associated toNanalysis
final defined as

δNanalysis

final
=

√

δ2f + δ2RA/C
+ δ2

Ncontrol , (4.11)

is found to be 25% and is dominated by the systematic uncertainty related to the
definition and isolation of electrons.

4.5.2 Control plots of key variables

With a larger integrated luminosity of 5 fb−1 and using the “Loose cut scheme”, an
estimation of the distributions of key variables is expected to be possible by looking
toWZ+jets andZjj events.

The missing transverse energy and the relevant variables related to the electron defini-
tion and isolation are shown in Fig. 4.22. The data-driven evaluation of key variables
for electrons identification and isolation is obtained withthe electron not assigned to
theZ boson. At this stage a large deviation in the shapes between the data and the
Monte Carlo could probably be seen, and hopefully correctedaccordingly.

Based on these distributions, a set of cut can be establishedto reject theZjj back-
ground completely:

• /ET >30 GeV

• 1/1(1 +H/E) > 0.975

• 1/(1 + ∆R(track, SC)) >0.97

• 1/(1 + Es/Pout) < 0.55

• 1/(1 + ESC/P ) ∈ [0.2, 0.6].

The electron isolationisoe is shown with these cuts, in Fig. 4.23. I turns out that after
5 fb−1, the number of expected reducible background events would be close to 1 while
the number of signal events in the phase-space region selected in the main analysis is
also close to the unity for the same integrated luminosity.

As we have seen in Sec. 4.4.3, the critical period to find traces of theiM2HDM in
Type II and therefore reject the SM hypothesis will require luminosities between 2
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Figure 4.22: Upper left: thePT distribution of the muon (not fromZ) for WZ, Zbb
andZjj in the “no cut scheme”. Upper right: the/ET distribution in the “loose cut
scheme”. From middle-left to lower-right, the key variables used for the identification
and isolation of electrons in the same scheme. They are obtained with the electron not
assigned to theZ boson. Each pseudo-data is a random fluctuation of the bin content
following a Poisson distribution.
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Figure 4.23: The quantityisoe, assuming the tight cuts on the missing transverse
energy and electrons identification variables.

and 8 fb−1. It turns out after these luminosities, the cross-section of the most dan-
gerous background can be normalized and experimentally understood, using sensitive
variables used to reduce it. The present method has therefore the virtue to put a limit
on the contribution of these background in theZA analysis.

4.6 Analysis of the benchmark point BP2

In the next sections we restrict our discussion to the BP2 mass point (mA=40 GeV/c2

andmH0=350 GeV/c2) since it corresponds to the average masse of the various bench-
mark points, and it is close to be the most promising one. Furthermore, we have seen
that the predominant background process isZττ , we therefore concentrate mostly on
this process and the signal to test a neural net based selection and discuss the system-
atic uncertainties.

4.6.1 Neural net based selection

In Sec. 4.4.2, the results are based on a series of rectangular cut on each discriminant
variable. This means that the left region is an hypercube in the variable space, which is
not necessarily the most optimal selection to reject the background processes. Given
the correlation between these variables, a good alternative is to make use of a neural
network that rather selects a region which is an hyper-surface in the variable space.
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The structure of a multi-layer perceptron neural network contains a set of input neu-
rons, each in connection with a variable, a given number of hidden layers containing
neurons and an output neuron providing the variable on whicha selection can be
achieved. In addition, each neuron of each layer is connected to all neurons of nearby
layer(s). These connections are characterized by a weightw.

To fix the idea we consider only one hidden layer. For each event, the input neurons get
a value and each neuron of the hidden layer combines these values linearly, according
to the weight of each connections. This weighted sum is used as input of a sigmoid
functionS(x) = 1/(1 + e−x). In other words, the output of each hidden neuron is

ak
j = S(

N
∑

i=0

wija
k−1
i ) (4.12)

whereap
q is the value taken by the q-th neuron of the p-th layer , S is a sigmoid

function andwij is the weight of the link between the neuroni andj. The output
defines whether the event is signal or background like.

The response of the neural net is obviously dependent of the weight. The training
phase is dedicated to their adjustment so that the distance between the hyper-surface
and each of the event is minimized. Different error minimization exists, we use the
simplest one, which is the stochastic minimization [90]. Wehave seen that for most
of mass points considered, the dominant background isZττ . The training of the
neural net,i.e. the learning step that helps to determine what is signal-like and what
is background-like is therefore based on this process and the signal.

We propose to see how the use of a simple neural net class3 can improve theS/B ratio.
The input is composed by the normalized variables∆RN = 1/(1 + ∆R(l1A, l

2
A)), the

invariant mass term(Minv)N = 1/(1 + Minv(l1A, l
2
A)) and(EZ)N = 1/(1 + EZ).

The distributions of these variables are shown in Fig. 4.24 for both the signal andZττ
processes.

To each event corresponds a value

v = F (∆RN ,MinvN , EN
Z )

with F the output function on which a cut determines if an event is considered either
as a “signal” or ”background” event.

The training is realized on roughly 30000 events of both signal and background and
uses a structure with 3 neurons in input and 4 neurons in the hidden layer. The neural
net response on both signal and background is shown in Fig. 4.25. The separation

3TMultiLayerPerceptron (see for example [91]
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Figure 4.24: The distribution of the normalized variables∆RN , (Minv)N and(EZ)N

used as input of the neural network . Each distribution is normalized to 1.

between the two processes is very clear. Beside a good discriminant power, the main
advantage of such a method is its stability with respect to systematical uncertainties
by cutting in a rather flat region.

This distribution can also be used to control the level of (essentially) irreducible back-
grounds. To illustrate this point, we show in Fig. 4.26 the neural net response for an
integrated luminosity of 5 fb−1, after the acoplanarity cut. The position of this neu-
ral net cut is shown (NN) in the analysis stream in Fig. 4.21. The right hand-side of
the distribution is almost completely filled by the signal whereas the left hand-side
contains only the different irreducible backgrounds and also a small contribution of
WZ+jets

Another interesting observation is the relative insensitivity of the neural net response
to the light pseudoscalar Higgs mass. As seen in the left hand-side plot of Fig. 4.27, the
response of the neural net for events withmA 6=40 GeV/c2 is similar to the response
for events from BP2. For much larger masses, this does not hold, and would require
training with other new masses. This said, the reconstruction of the mass peak is very
good formA = 20 to 50 GeV/c2 and remains acceptable for higher masses.

In the context of our analysis, we require the neural networkoutput to be above 0.83 in
order to have the same efficiency on the signal as the one obtained with the rectangular
cuts analysis. Compared to the cut-based analysis, the neural net technique is 10%
more efficient. However, translated in theSCP significance, the gain is negligible.
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Figure 4.26: The neural network output used as a controller for irreducible back-
grounds. The number of events correspond to an integrated luminosity of 5 fb−1.

4.6.2 Systematics

We discuss here the main sources of systematic uncertainties and evaluate their impact
on the analysis. As an example we consider the neural-network based algorithm. As
the backgrounds are largely dominated byZττ process after all cuts. we therefore
consider the effects of possible uncertainties on this process and on the signal only.

At the time of writing this text, the number of simulatedZττ events passing the anal-
ysis cuts is rather low (45 whereas for the signal this numberapproaches 30000) what
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gives a statistical error close to 15%. The evaluation of the systematic uncertainties
related toZττ process would require a much larger statistics, which has not been
done in the context of the present work. We therefore choose to neglect the systematic
errors related to the detector response and final states reconstruction for this process,
which is a reasonable statement since the visible cross-section of this background is
two orders of magnitude lower than the one of the signal.

ECAL and HCAL resolutions and energy scale

The uncertainty related to the calorimeters comes from boththe resolution effect and
the energy scale determination.

For ECAL, we choose to adopt the initial miscalibration condition, i.e. based on both
cosmic (barrel) and test beams for the measurement of crystal light yields and photo-
detector gains (endcaps). This is a pessimistic estimationsince the calibration should
be better at the time of potential discovery,i.e. with an integrated luminosity of 5
fb−1.

For the barrel,σE/E evolves from 1.5% with |η| <1 to 2.2% with increasing|η|
beyond 1. For the endcap, the resolution is fixed to 15%. Concerning HCAL, the
σE/E is chosen to be 5% as recommended by the CMS collaboration[92]. It turns out
that the resolution affects the determination of the missing transverse energy direction,
which lowers the signal efficiency is by 4%.

The calibration of the calorimeter energy scale is the othermain source of systematic
error on the measurement of the missing transverse energy. We assume the extreme
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situation where the offset is 10% towards higher and lower values. If the offset is +10
% the efficiency of the algorithm is similar to the case where nooffset is presnet. On
the contrary, it decreases by roughly 6% for the negative offset.

Lepton acceptance and reconstruction

After an integrated luminosity of 5 fb−1 the systematic error affecting the transverse
momentum evaluation from the tracker is supposed to be very low, close to 2% in
dPT /PT [69]. We have not observed a significant effect on the global efficiencies is
observed.
We however take into account a 1% systematic uncertainty for the lepton reconstruc-
tion efficiency [69]. As we have four reconstructed leptons atotal of 4% uncertainty
is considered.

Luminosity and cross-sections

The luminosity measurement can be made from the evaluation of W/Z production
rates as these processes have a very large cross section and aclean signature. The
associated systematic uncertainty is expected to be 5% [75] .

The cross-section uncertainties for the signal and the background are based on the
assumed NLO calculations. For the signal, it is estimated tobe roughly 10% (see
Ref. [93]) whereas for the background these uncertainties are rather large. However,
if the Zττ cross-section estimation is derived from the data driven measurement of
ZZ cross-section, the uncertainty could be strongly reduced [94]. We take 5% as a
conservative estimation.

The table 4.8 summarizes the different sources of systematic uncertainties as well as
their respective values (in percent) for the signal andZττ processes.

This shows that with an pessimistic approach for the evaluation of detector systematic
uncertainties, the global relative error remains smaller than roughly 15%. Since the
level of background is expected to be very low, this implies the same variation of
luminosity to reach the 95% C.L. to reject the pure SM supposition.

Systematic errors from reducible backgrounds rejection

It is shown in Sec. 4.5 that the normalization of reducible backgrounds visible cross-
sections is possible after a few inverse femtobarn. Furthermore, the reconstruction of



4.6. Analysis of the benchmark point BP2 137

Syst. error ZA Zττ

Resol. calo. -4 -
Offset calo. +10 0 -
Offset calo. -10 −6 -
Lepton acc. ±4 ±4

Luminosity ±5 ±4

cross-section ±10 ±5

quad. sum +12.5
−13.8 ±7.5

Table 4.8: Sources of the systematic uncertainties and their respective values (in per-
cent) for the signal andZττ processes. The quadratic sum of all systematic errors is
also shown.

the sensitive variables/ET , 1/1(1+H/E), 1/(1+∆R(track, SC)), 1/(1+Es/Pout),
1/(1 + ESC/P ) andisoe can also be achieved, even if requires a larger luminosity.
These distributions are susceptible to vary with respect tothe sub-detectors calibration
and therefore affect the rejection of the reducible background processes.

In order to estimate this effect, the variation of rejectionefficiency has been evaluated
onWZ+jets process by changing the ECAL and HCAL energy scale.

With and offset of +10%, the selection efficiency resulting from the five cuts does not
vary with respect to the ideal detector configuration considered in the analysis. On the
contrary, a decrease of 20% is observed when the detectors gain is lowered by 10%.

This estimation shows that the presence of events from reducible backgrounds at a
given luminosity is well under control. This is a other argument to claim that any
event seen after a few inverse femtobarn after all analysis cut is a sign for BSM.

4.6.3 An estimation of the significance and mass resolu-
tion.

We have shown in Sec. 4.4.3 that a deviation from the SM expactation could take place
with an integrated luminosity of the order of 5 fb−1. To evaluate the significance,
i.e. the confidence associated to the signal-plus-background hypothesis with such a
luminosity, we follow the recommendation of CMS and consider the estimatorSL2. It
is defined in Ref. [95] as

SL2 =
√

2lnQ, withQ =

(

1 +
S

B

)D

e−S (4.13)
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whereS,B andD are respectively the expected number of signal, the expected num-
ber of background and the number of data events. TakingD = S+B, the significance
reaches 4σ. No systematic error are taken into account in this calculation.

The study of the scalar sector of theiM2HDM aims, among others, at determine the
massesmA andmH0 .

The mass resolution of bothA andH0 bosons is estimated as the following. At a
given luminosity, the mass is reconstructed and fills an histogram with a bin size
smaller than the expected resolution. The content of each bin is updated according
to a Poisson distribution a large number of times. For each iteration, the mean of the
obtained histogram is recorded, providing a distributionsfor which the peak is cen-
tered on the true mass value. By fitting a gaussian distribution to the peak region, the
standard deviation gives a confidence level on the measured mass. The evolution of
this standard deviation with respect to the luminosity is shown in Fig. 4.28.
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Figure 4.28: The expected evolution of the mass windows width (1-σ) with respect to
the luminosity. BothA andH0 graphs are shown.

4.7 Conclusion

The promising discovery potential deduced in the third chapter for thepp → H0 →
ZA channel deserved a more detailed study. To do so, this reaction is analyzed in the
context of the CMS experiment, with low luminosity conditions.

Using several selection cuts, we show that the visibility ofa fully leptonic final state
can be strongly enhanced for the different benchmark pointscovering the free param-
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eter space in Type II model. This confirms the expectations obtained with the fast
simulatorDelphes. Depending on the Higgs bosons masses, a 95% C.L. deviation
from the Standard Model hypothesis is expected with betweenroughly 2 and 8 fb−1

thanks, notably, to the very low background level.

We show that, using a data-driven method, the cross-sectionnormalization of the re-
ducible background processes is possible with integrated luminosities as small as 5
fb−1. In addition this method would allow anin-situcontrol of the sensitive variables
used for the electron definition and isolation. Since these quantities may be strongly
dependent of the calibration of CMS sub-detectors, such an estimation is required if a
discovery with a small integrated luminosity is expected.

The consequence of this analysis is important. The observation of an event with the
adequate final state and with only a few inverse femtobarns ofintegrated luminosity,
would be a strong sign for a deviation from the Standard Model. Furthermore we show
that with a larger luminosity the reconstruction of the Higgs boson masses is possible.
This first estimation leads to the conclusion that one year ofintegrated luminosity
would be sufficient to reach a precision between 5 and 10%.





Conclusion

WITH one or two years of LHC running, the data collected from the experiments
will give us the possibility to test the presence of a heavy Standard Model

Higgs via its decay into vector bosons. Since the productioncross-section and decay
rates are relatively well known, a deviation from these expectations could be a sign
that the scalar sector is more complex and therefore would motivate the testing of
models with an extended scalar sector.

TheiM2HDM is an interesting alternative to the SM and also to MSSM. First because
in both Type I and Type II Yukawa coupling modes, a large region of the parameter
space is left free by the theoretical and experimental constrains. Second this model
authorizes unusual decay modes and therefore experimentalsignatures.

In particular, we show that for each Type, the discovery of the Higgs bosons could be
achieved with a minimal set of processes. For the neutral Higgs bosons discovery, two
reactions deserve a particular attention,pp→ h→ ZAZA in Type I andpp→ H0 →
ZA in Type II. While the first would lead to a discovery of all neutral Higgs bosons
with 30 fb−1 of integrated luminosity, the second is expected to allow anobservation
of H0 andA within a much shorter time.

The very high discovery potential of the reactionpp→ H0 → ZA has been quantified
in a detailed analysis in the context of the CMS experiment. The rejection of the
Standard Model is expected to be possible with an integratedluminosity smaller than
10 fb−1, thanks to a very low background level and a highS/B ratio. In order to
enhance the credibility of this conclusion, we show that a data-driven control of the
main background processes, particularly the reducible ones, is possible after a few
inverse femtobarn of integrated luminosity. This is important as it corresponds to
period where the analyses will start to constraint theiM2HDM scalar sector. Besides
the normalization of the background processes, this methodallows also to control
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the variables sensitive to the detector calibration, particularly those used to define the
reconstructed electrons and their isolation.

This process deserves therefore a particular attention from the CMS community, as
its discovery potential is close to those expected for SM processpp → h → ZZ

or light Higgs boson discovery in MSSM. In particular the results obtained in this
work should be confirmed by using the full-simulation software of CMS as well as an
official triggers table.

Besides the discovery of the neutral Higgs boson, the observation of the charged Higgs
boson is also crucial as it would be a strong evidence of a scalar sector structured
in Higgs doublets. We have shown that theiM2HDM is characterized by unusual
branching ratios for the charged Higgs such that the commonly considered decays into
τ lepton might be totally suppressed. In this condition, processes likepp → tH± →
tWA could be the only relevant process to achieved theH± discovery despite the fact
that, as we show, it would require a few hundreds of fb−1 of integrated luminosity.

The discovery of the Higgs boson(s) and, by extension of the new signatures at the
LHC, will pass by the comparison between the data and correctsimulations of the
backgrounds but also of the signals. In particular we have shown that the simulation
of the initial states radiation is important even in presence of hard jets from heavy
particles decays and it is now clear that the jet matching technique is expected to give
a trustful estimation of such a QCD activity. This method is now more broadly used
by the CMS and ATLAS community, helping to refine the results of many analyses
made in the past. The predictive power of the Monte Carlo tools is important, but
discrepancies between the generators and simulation techniques still exists. An im-
portant work is therefore still left to do in order to understand and quantify precisely
these differences for a better comparison with the LHC data.
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Delphes configuration card

For the sake of reproducibility we give here the configuration card used for the analy-
ses of the chapter 3.

# Detector extension, in pseudorapidity units

CEN_max_tracker 2.5 // Maximum tracker coverage

CEN_max_calo_cen 3.0 // central calorimeter coverage
CEN_max_calo_fwd 5.0 // forward calorimeter pseudorapidity coverage

CEN_max_mu 2.4 // muon chambers pseudorapidity coverage

# Energy resolution for electron/photon

# sigma/E = C + N/E + S/sqrt{E}, E in GeV
ELG_Scen 0.05 // S term for central ECAL

ELG_Ncen 0.25 // N term for central ECAL

ELG_Ccen 0.005 // C term for central ECAL

ELG_Cfwd 0.107 // S term for forward ECAL

ELG_Sfwd 2.084 // C term for forward ECAL
ELG_Nfwd 0.0 // N term for central ECAL

# Energy resolution for hadrons in ecal/hcal/hf

# sigma/E = C + N/E + S/sqrt(E), E in GeV

HAD_Shcal 1.5 // S term for central HCAL // hadronic calorimeter
HAD_Nhcal 0. // N term for central HCAL

HAD_Chcal 0.05 // C term for central HCAL

HAD_Shf 2.7 // S term for HF // forward calorimeter

HAD_Nhf 0. // N term for HF

HAD_Chf 0.13 // C term for HF

# Muon smearing

MU_SmearPt 0.01 // transverse momentum Pt in GeV

# Tracking efficiencies
TRACK_ptmin 0.9 // minimal pt needed to reach the calorimeter in GeV

TRACK_eff 100 // efficiency associated to the tracking (percent)

# Calorimetric towers

TOWER_number 40
TOWER_eta_edges 0. 0.087 0.174 0.261 0.348

0.435 0.522 0.609 0.696 0.783 0.870

0.957 1.044 1.131 1.218 1.305 1.392 1.479 1.566 1.

653 1.740 1.830 1.930 2.043 2.172 2.322 2.500

2.650 2.868 2.950 3.125 3.300 3.475 3.650 3.825
4.000 4.175 4.350 4.525 4.700 5.000

# Thresholds for reconstructed objetcs, Pt in GeV

PTCUT_elec 3.0
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PTCUT_muon 3.0

PTCUT_jet 10.0

PTCUT_gamma 10.0

PTCUT_taujet 10.0

# General jet variable

JET_coneradius 0.7 // generic jet radius ; not for tau’s !!!

JET_jetalgo 3 // 1 for Cone algorithm, 2 for MidPoint algorithm, 3 for SIScone algorithm, 4 for kt algorithm

JET_seed 2 // minimum seed to start jet reconstruction, in GeV

# Tagging definition

BTAG_b 40 // b-tag efficiency (percent)

BTAG_mistag_c 10 // mistagging (percent)

BTAG_mistag_l 1 // mistagging (percent)

# FLAGS

FLAG_bfield 0 //1 to run the bfield propagation else 0

FLAG_vfd 1 //1 to run the very forward detectors else 0

FLAG_trigger 1 //1 to run the trigger selection else 0
FLAG_frog 1 //1 to run the FROG event display

# In case BField propagation allowed

TRACK_radius 129 //radius of the BField coverage, in cm

TRACK_length 300 //length of the BField coverage, in cm
TRACK_bfield_x 0 //X composant of the BField, in T

TRACK_bfield_y 0 //Y composant of the BField, in T

TRACK_bfield_z 3.8 //Z composant of the BField, in T

# Very forward detector extension, in pseudorapidity
# if allowed

VFD_min_calo_vfd 5.2 // very forward calorimeter (if any) like CASTOR

VFD_max_calo_vfd 6.6

VFD_min_zdc 8.3

VFD_s_zdc 140 // distance of the Zero Degree Calorimeter, from the IP, in [m]

RP_220_s 220 // distance of the RP to the IP, in meters

RP_220_x 0.002 // distance of the RP to the beam, in meters

RP_420_s 420 // distance of the RP to the IP, in meters

RP_420_x 0.004 // distance of the RP to the beam, in meters

# In case FROG event display allowed

NEvents_Frog 100
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MatchChecker

B.1 Introduction

The jet matching procedure requires essentially to tune thematching scaleQmatch so
that the transition between hard and soft scales during jet clustering is made smoothly.
The sanity check needed to ensure that this choice ofQmatch is good can be done via
the differential jet rates (DJR) distributions. This is explained in the Sec. 2.2.3 .

The codeMatchChecker has been written to provide these distributions easily. In
addition, the distributions related to the kinematics of massive particle(s) present in
diverse productions as well as of the jets (ISR or not) are also provided. This helps
for instance to do in-one-go the comparison between productions done with different
parton showers generators or still different matching methods.

This software works in a very user-friendly way. The basic use is indeed limited to
a card edition and running a command. Furthermore, all the results are provided in a
PostScript report.

The package

TheMatchChecker package requires bash, a recent version of Perl, a C++ com-
piler, the softwareROOT (version 5 or later), latex and dvips to work properly. The
input files are only STDHEP files.

It is downloadable from the MadGraph CVS by doing:
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export CVSROOT=:pserver:anonymous@cp3wks05.fynu.ucl.ac.be:/usr/local/CVS

cvs co MatchChecker

It contains a set of codes and directories, namely:

File or directory Role

MatchChecker.sh The main script to run
MatchCheckerCard.dat Parameters Card
pdgcard.dat Contains all possible legends
/MatchingPlots Where plots are stored
Cosmetics.dat Contains the plots specifications
/ExRootAnalysis_X.tar Contains the routines producing needed rootfiles.
/TextFiles Textfiles used by the perl scripts
Convertor.pl A first perl script
PlotMaker.pl A second perl script
QparPlot.C The C++ file producing DJR plots
DistribPlots.C The C++ file producing the kinematic variables plots

ExRootAnalysis

The version of ExRootAnalysis included in the package is notthe same as the one
available on the MG/ME download page. TheExRootAnalysis package allows to
store events generated by MadGraph and Pythia in aROOT tree format [91] in order
to perform analysis in aROOT environment.

TheExRootAnalysis package can be subdivided into several subsystems: basic
framework of few classes providing event loop, event selection and basic operations
with aROOT tree file; modules selecting events and objects to be analysed at per event
and per object level; modules analyzing selected events; converters from different
formats (LHEF, STDHEP, LHCO,etc.) to ROOT tree format.

For example, a selector module can select and group partons generated by MadGraph
into several classes (such as leptons, jets, top quarks,etc.) according to their status
and particle identification number.

For the present work two selector modules have been developed: matrix element par-
ton selector and shower parton selector. The selection algorithms are based on the
following rules:
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• For matrix-element parton selection: keep final state partons

• For shower parton selection : keep final state shower partons

• For both selections:

– skip beam Particles and initial state partons

– skip intermideate (not final state) partons,

– skip partons originating (directly or indirectly) from a QED vertex.

The selected shower partons are then used for jet recontruction. The result of the
parton selection and jet reconstruction is registered in form of aROOT tree and furhter
analysed in QparPlots.C and DistribPlot.C.

Documentation on the content of theROOT tree is available on the web [96].

B.2 Running MatchChecker

The first manipulation is to untar the ExRootAnalysis package, enter in the directory
and runmake. This compiles the ExRootAnalysis package.

The next manipulation is the edition of the MatchCheckerCard.dat file that contains
all informations relative to files to be analyzed but also thereport content.

MatchCheckerCard

The configuration card is presented as follows:

### BLOCKNAME
test

### BLOCKFILES: production files

BEGINSAMPLE
tag = tag_for_first_production
comment = "your comment here"
banner = non
files = adress_of_first_prod_sample1
ENDSAMPLE

### BLOCKPDG: Write the PDG code of "X" in a "X" + jets process
pdg_code_of_particles_considered_as_in_the_central_system
###BLOCKSCALE: Scale used for Kt jet definition
40
###BLOCKCUTS: Cuts to apply on jets to calculate the rapidity distribution of jets
20 50 100
###BLOCKNORM: Normalize Jet rates to the cross section or 1 (A or B)
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A
###BLOCKPLOT: Plots to appear in the Report (1=yes, 0=no)
DJR 1
KinCentral 1
KinJet 1

• The fieldBLOCKNAME defines the generic name of the files produced. This
helps to not delete old results.

• The fieldBLOCKFILES contains the adresses of STDHEP sources. There are
as manyBEGINSAMPLE...ENDSAMPLE as productions. For instance if we
want to compare the productions made withtt andtt + 0, 1, 2, 3 partons, two
blocks are needed.

I. The label “files” contains the adresses of all STDHEP files (relative or ab-
solute). A production can be contained in any number of files.Increasing
this number may helps to decrease statistical fluctuations.These files can
be inclusive,i.e. with all multiplicities in each file, or on the contrary the
production can be composed of several files with each only onemultiplic-
ity. This is useful to increase the statistics in higher multiplicities (with
lower cross-sections).

The syntax is the following: for cases where all multiplicities are con-
tained in each file, the files names have to be written, separated by a
comma. In the one-multiplicity-per-file option, the name ofeach file has
to be followed by a space and the number indicating the multiplicity.

II. The label “tag” gives an additional name for the production. This helps
to identify different sources of files, and therefore allowsthe possibility to
run on only one production and not on the others.

III. The label “comment” lets the possibility for the user toadd one comment
per production at the beginning of the report.

IV. The label “banner” is used to include the banner of the ME and pythia
runs. This is of course optional.

• The fieldsBLOCKPDG contains the PDG codes [2] of particles belonging to
the hard scattering part of the STDHEP listing for which we want to have the
kinematic distributions. For instance if “6 -6” is written (for tt), the distributions
arePT (t+ t), η(t), PT (t), ∆R(t, t), the invariant mass oftt.

• The fieldBLOCKSCALE defines thek⊥ definition of the jets to use.

• The fieldBLOCKCUTS defines thePT cuts to apply to evaluate the rapidity
distributions of the extra-jets
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• The fieldBLOCKNORM defines if the jet rates plot have to be normalized to the
unity or to the cross-section

The second part of the card should not be tuned for basic use

###BLOCKCONDOR condor use or not? (y or n)
n

###BLOCKJETEXCL Kt specification for extra-jets (jets from additionnal partons)
CollisionType 4
DistanceScheme 3
RecombinationScheme 3
ParameterR 1.0
Exclusive true
ECut 1.0

###BLOCKJETINCL Kt specification for inclusive jets (all jets)
CollisionType 4
DistanceScheme 3
RecombinationScheme 3
ParameterR 1.0
Exclusive false
ECut 1.0

###BLOCKPARTONDEF
partons = {1 2 3 4 5 21}
ExcludeAncestor = {6 24 23 25 35 36 37 1000006 1000021 22 32 1000011
1000012 1000013 1000014 1000015 1000016 1000001 1000002
1000003 1000004 1000005 1000006 2000011 2000012 2000013
2000014 2000015 2000016 2000001 2000002 2000003 2000004
2000005 2000006 1000022 1000023 1000024 1000025 1000035
1000037 1000039}

###BLOCKSHOWEREDPARTONDEF
partons = {1 2 3 4 5 21}
ExcludedAncestorIDs = {6 24 23 25 35 36 37 1000006 1000021 22 32
1000011 1000012 1000013 1000014 1000015 1000016 1000001
1000002 1000003 1000004 1000005 1000006 2000011 2000012
2000013 2000014 2000015 2000016 2000001 2000002 2000003
2000004 2000005 2000006 1000022 1000023 1000024 1000025
1000035 1000037 1000039}

• The fieldBLOCKCONDOR says if a parallel usage of matchchecker is wanted.

• The fieldBLOCKJETEXCL gives the specification of extra-jets reconstruction
usingk⊥.

• The fieldBLOCKJETINCL gives the specification of all jets reconstruction us-
ing k⊥.

• the fieldBLOCKPARTONDEF allows to define what is a initial state radiation.
Theparton array contains the possible PDG codes andExcludeAncestor

contains the PDG code of particle that should not ancestors of ISR.
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• the fieldBLOCKSHOWEREDPARTONDEF allows to define what are the show-
ered partons from initial state radiation. Theparton array contains the possi-
ble PDG codes andExcludeAncestorIDs contains the PDG code of parti-
cle that should not ancestors of these showered partons.

Edit the Cosmetics.dat file

This card allows to control the axis ranges of each kind of plot. For instance the DJR
plots are controlled by the lines.

Qparmin 0 #defines the x min range for DJR plots
Qparmax 3.5 #defines the x max range for DJR plots
QparLog 1 #Logy or not?
QparYmax 5 #ratio between y value of maximum bin and top of graph
QparYmin 1000 #ratio between y value of maximum bin and bottom of graph

Running the scripts

Once the card is filled, the production of the report can be done. The user has two
possibilies

• ./MatchChecker.sh MatchCheckerCard.dat for the automatic run

• Run by hand each script. This is useful if only a part of the runhas to be redone.

The step-by-step manipulations work as the following:

• perl Convertor.pl MatchCheckerCard.dat

• chmod u+x Convertor.sh

• ./Convertor.sh

• perl PlotMaker.pl MatchCheckerCard.dat

• chmod u+x PlotMaker.sh

• ./PlotMaker.sh

• perl ReportMaker.pl MatchCheckerCard.dat

• chmod u+x ReportMaker.sh

• ./ReportMaker.sh
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Running the Convertor.pl and Convertor.sh

The perl scriptConvertor.pl creates the shell scriptConvertor.sh (+other
secondary files) that will convert in the right way all STDHEPfiles into rootfiles. As
the jet calculation (including Ktjet [97]) is done during this step, it can take a quite
long time to be completed.

Running the PlotMaker.pl and PlotMaker.sh

The perl scriptPlotMaker.pl creates, from the reading of the card, an other shell
scriptPlotMaker.sh and two others,LaunchQpar.sh andLaunchDistrib.sh
(+other secondary files). The role of the first one,PlotMaker.sh is mainly to exe-
cute the two other scripts that will produce respectively differential jet rate plots and
kinematic variables plots. Beside this, other cards neededfor internal purpose are also
created.

Running the ReportMaker.pl and ReportMaker.sh

The perl scriptReportMaker.pl creates, from the reading of the card, an other
shell scriptReportMaker.sh and a TEX file. The role of the shell script is to
compile the TEX file and produce the PostScript fileReport.ps.

The Report

The report contains the following:

• List of banners

• Differential jet rate for each production with the multiplicity details

• Comparison of DJR between productions

• Kinematic plots of X in a X+ jets process for each production (with multiplicity
details)+comparison of kinematic plots between differentproductions.

• PT of the four leading jets inPT for each production + comparison plots

• η of the four leading jets inPT for eachPT cut choosen by the user for each
production + comparison plots
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• HT (j): Give the scalar sum

HT (j) = /ET +

j
∑

i=1

P i
T

where /ET is the missing transverse energy, andP i
T the transverse momentum

of the i-th jet.HT (1→ 4) is given for eachPT cut applied on jets. The plots
HT of the four first jets between different production are also given

• Plot of /ET + comparison plots between different productions.
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