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Abstract

The Brout-Englert-Higgs mechanism proposed in the 60'slipte the existence of
the Higgs boson, the last undiscovered elementary padfdiee Standard Model of
fundamental interactions. It is based on the presence otloablet field governing

the scalar potential of the theory. Alternative models otadore scalar doublet fields
and a corresponding increase of the number of Higgs pasticldhe observation of
these Higgs bosons is one of the primary goals of the Largedta@ollider, whose

first collisions are expected in 2010. In this context, gaittir attention is given in this
work on the quality of hadron collision modeling. This indks multi-jet final states
which are particularly dangerous backgrounds to many kearat the LHC as well as
heavy colored particle production which could be the signef physics.

In this thesis an unconventional realization of the twoddigloublet model is pre-
sented, which is mainly characterized by an inverted massitghy of the resulting
Higgs patrticles. It is shown that this model cannot be exatlidy existing theoreti-
cal and experimental constraints and that it could be oleseat the LHC via a large
variety of experimental signatures in CMS and ATLAS detexto

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






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

N the next few years, the Large Hadron Collider (LHC) is expéddb lead us to-
wards a better comprehension of high-energy physics upetdel’ scale. Despite
the success of Standard Model in the 80’s and 90:g.(confirmation of the existence
of the weak currents and direct observation of top quark)esquestions of the first
importance are left open like the origin of the mass of plasicthe mass hierarchy of
fermions, the origin of the matter-antimatter asymmetriige Tommonly considered
solution to explain how particles acquire a mass is the BEmglert-Higgs mecha-
nism. It consists in a spontaneous symmetry breaking oflarsgatential, predicting
the existence of the so-called Higgs boson(s), still unalesk

While the Standard Model predicts the presence of one oétbealars, its extensions
contain more complex Higgs sectors. The supersymmetrielmade such commonly
considered solutions, as they have the interesting priegest solving the hierarchy
problem and tends to give a good behavior to the couplingtaatsconvergence at a
larger scale. However, beside this apparent elegance utinber of degrees of free-
dom explodes literally with the presence of supersymmeifiticles, whose masses
are unknown. In this work we prefer to concentrate on a twggdidoublet model,
not supersymmetric, with a minimal set of free parameterd, characterized by an
inverted scalar mass-spectrum compared to the minimalsypenetric model. The
first interest of this model is to provide unusual experiraésignatures at the LHC
and being still viable by theoretical and experimental t@iss.

In the first chapter the Brout-Englert-Higgs mechanism & firesented in the context
of the Standard Model. The theoretical, indirect and dicaristraints are briefly
reviewed. The discussion is then extended 0 /a-conserving two-Higgs-doublet
model with a twisted custodial symmetry present in its ptiéénThe interest of such
a symmetry is to allow a particular scalar sector, with a egV/-like Higgs boson
h, a degenerated triplet formed B+ and theC' P-evenH° boson and finally a light



pseudoscalad. As for the Standard Model the result of theoretical, incliend direct
constraints are given.

Before reviewing in details how the scalar sector can beiestudt the LHC, in the
second chapter we discuss the importance of the eventsationyl especially from
the point of view of the QCD activity from initial state ratien. For about 10 years,
many improvements have been done to get more precise disbritshapes and cross-
sections predictions. This is done by merging the matm@ent and parton shower
descriptions and by calculating processes production mgxt-to-leading orders. In
this work we investigate what are the impacts of jet match@wpniques in the SM
and beyond.

While the first chapter describes the two-Higgs-doubletehfrdm a theoretical point

of view, the third chapter reviews the reactions which cdwddstudied for the Higgs

boson(s) discoveries at the LHC. The discovery potentithiafe of these reactions is
discussed in more details, using simple analyses and adtesttdr simulation. These
processes angp — H — ZA,pp —tH- —tW-Aandpp — h — ZAZA.

The reactiopp — H" — Z A followed by the leptonic decay of thé and A bosons

appears to be particularly promising and is the subjectefdlrth chapter. The dis-
covery potential of this reaction is evaluated by using tffieial detector simulation

and reconstruction tool of CMS. The analysis of this reacisorealized in whole al-
lowed mass range for the Higgs bosons masses and allows lta&vshe required
integrated luminosity to reject the SM hypothesis. The dlieen control of the

reducible background processes is also discussed anditheadta particular bench-
mark point is achieved by means of a more sophisticated sesilycluding neural
network techniques and effects of systematic errors.

The work presented in this thesis is essentially based ofoHogving publications:

¢ “Unconventional phenomenology of a minimal two-Higgs-tdmimodel”. S. de
Visscher, J-M. Gerard, M. Herquet, V. Lemaitre, F. MaltaiH{EP 08 (2009)
042, arXiv:0904.0705 [hep-ph]

e “QCD radiation in the production of heavy colored partickshe LHC” J. Al-
wall, S. de Visscher and F. MaltodHEP 02 (2009) 017, arXiv:0810.5350 [hep-

ph]



CHAPTER

ONE

The scalar sectors in the Standard Model and

two-Higgs-doublet model

HE Standard Model (SM) is the successful realization of séwdgeades of re-
T search in high-energy physics, both at the theoretical apdramental level. It
largely describes the fundamental interactions betwedices [1] content as well as
their interactions.

The fermions, often referenced as matter fields, have a fii2 and are divided them-
selves into two types. The quarks which carry the electraoratig, weak and strong
charges and the leptons which only carry the electromagaetl weak charngThe
fermion electric charges and masses in the SM are summaniZed[T] .

In the Standard Model, interactions result from local imwace of the lagrangian un-
der specific gauge groups. Interaction being mediated ltyaliparticle exchanges,
for each local gauge symmetry, a number of mediators (bdsepsedicted accord-
ing to the dimension of the corresponding group. These xsarry an integer spin.
There are eight massless gluons for the strong interadti@nmassiveZ (91.1786
GeV/&) and W+ (80.403 GeV/é) bosons (Ref.[]2]) for the weak interaction, and
finally the massless photon for the electromagnetic intemac

1Both types are also sensitive to gravity but the smallness aftrength is such that it is neglected in
this work
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Quarks | Leptons
name charge mass name charge mass
u 2/3  (1.5-3.3x1072 | u. 0 <2eV
d 113 (3.5-6)x107 e -1 0.511 keV
c 2/3 1.275" vy 0 <0.19 MeV
s -1/3 10532 x 1072 | p -1 0.105
t 2/3 171.3-2.3 vy 0 <18.2 MeV
b -1/3 4.2°007 T -1 1776.99-0.17

Table 1.1: List of fermions in the SM, with their respectiveacge and masses [2].
The mass are expressed in GeMinless stated explicitly.

In the 60’s Salam, Glashow and Weinbéerg [1] have suggestadh electromagnetic
and weak interactions could be two manifestations of a sielgictroweaknteraction,
Resulting from the gauge symmetry grod/(2), x U(1)y where L recalls the
maximal parity violation for the leptons (no right-handegltrinos exist) and” is
the hypercharge. It implies the presence of four fields:for the groupU(1)y, and
three fieIdszi (i=1,2,3) forSU(2) . The corresponding lagrangien (we restrict the
fermionic part to the andv) can be written as

— . Ti i B — . 1 v 1 v
L= LL'y“(Z@ufggwkﬂrg’?“)LLJreRfy#(za#nLg’B#)eRfZW“ W—=B"" B,

4
(1.1)

where the terms in parenthesis are the covariant derigatpiired for the local gauge
invariance L, is the isospin doublet containing the left-handed neutaimd electron,
er is the right-handed electrom? are the Pauli matrices, g and g’ are the coupling
constants for the weak isospin and hypercharge currentmllFWjV andB,, are
the kinetic energy terms for both categories of fields, withdtress tensors defined as

Wi, = 0,W)—0,W,— ge?"Wiw} (1.2)
B = 0u.B,—0,B, (1.3)

At this stage, no mass term m?W* 1/ is present and even allowed. Indeed this
would break the gauge invariance 6f For the fermions, a mass term has the form
manp wherey = 1)1, + 1 with both left and right-handed components. Such cou-
plings break the gauge invariance as well, so this versitimeotheory forbids massive
fermions.

However, experiments tells us that the fermions as well@$ittandZ gauge bosons
have a mass. A solution for both problems may come from theBEmglert-Higgs
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mechanism [[3.14.]5]) that breaks spontaneously the symymséff2),; x 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 exdnaf the Standard

Model as well as the theoretical and experimental condtain the associated Higgs
boson. We then focus on a particular realization of the tviggkl-doublet-model char-

acterized by the presence of a “twisted" custodial symmefrige theoretical and

experimental constraints are reviewed, defining the paemspace 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 Svhutlite contribution of a
new doublet of complex scalar fields

_ L fm+amp
°= 7 <n3 + im) ' -4

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

The SM lagrangier{Il11) is extended with two new terfig; s andLy ukawa CON-
taining ¢. The first term reads:

EHiggs = |D,LL¢|2 - ,LL2¢2 - )‘(b4 (15)

whereD is the covariant derivative

. Ti cxri g/
D = 18# — QEW“ - 53# (16)

A potential of the formu222 + Az* has only two parameterization leading to the
presence of a minimum X >0. The position of the minimum is zeroif > 0 while
different from zero ifu? < 0. In the second case, the potential has a continuum of
minima indV/d¢ = 0, hence ing = p?/2X. This is illustrated in a 1-dimensional
case in Fig[ZTl1.

To allows the conservation of the electric charge, the @rsitf the minimum can be
chosen ag; = 72 = ny = 0 andnz = v wherev is the vacuum expectation value
(v.e.v.). The radial excitation around the v.e.v. can bentjtiad with a new fieldh.



4 Chapter 1. The scalar sectors in the Standard Model and fggsHioublet model

Figure 1.1: Shape of a potential of the foprf? + A\z* with 1 > 0 (left) andu < 0
(right).

The variation of the potential in thg direction therefore correspond to the generation

of a massive Higgs boson. On the contrary, the orthogoneattiims generate the
massless Goldstone bosons.

The potential part of EqL{I.5) can be rewritten using theimim as
1 2 2 1 4
vV = ol (v+h)* + ZA(erh) . (1.7)
As we haveu? = —\v?, the potential reads
1 4 212 3 1 4
Vo= =t 0wth 4 wh 4 AR (1.8)

The mass related to the Higgs field is identified wit§ = 202\, whereas the terms
in k2 andh?* correspond to the couplings of the Higgs boson with itself.

From [I3), and by introducing the fieldls; = (W} = W?), on gets then

; 2 3 1 . 2 2
ot < N|(em, ey o )
2 H 2 8 ng—ng3 —gWs+¢'B,) \v+h

1 2 + _
= §(U+h) gW “W#Jr
(v+h)?

— [92W3“W§ — 299’ B, W3 + g'QB#B“} .

Two combination of the field® andi¥’ correspond to the observed fieldgphoton)
andZ (Z boson):

A, = DBycosOy + Ws sin Oy (1.9)

Z, —B,, sinfw + Wi’ cos By . (1.10)
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with 0y the Weinberg mixing angle. The identification of the massiteof the gauge
fields reads

1
mi W,FW =+ + §(m2ZZ#Z“ +m3AFA,). (1.12)

Itis then straightforward to show that

/

tan By = L, (1.12)
g
and hence
1 1
my = 51}97 my = 5’(}\/@, ma = 0 (113)

From [I.IB) the masses of theandW bosons are linked via the relation

2
My

_ My 1.14
p m%cos?Oy’ ( )

that is exactly equal to 1 at the tree-level. This relatiomdsy important as it is an
observable measured experimentally very close to the.unity
The value ofv can be found via the Fermi constant
Gr 92 92 1 2
— = = = — = v~ 246GeV/c”, 1.15
V2 o 8my,  8(:v%g?) v / (1.19)

with Gr = 1.166353(9) x 10~° GeV~2 [B]. The value ofv gives the scale at which
the SU(2)r x U(1)y symmetry is broken int&/(1).,,. However, since the value of
the parametek is unknown, the Higgs boson mass is therefore a free paraofatee
theory.

Note that the relatio {11.5) defines also the possible cogplof the Higgs field to the
gauge bosons. One then has the trilinear couplii§dV, hZZ and also four-legs
verticeshhZ Z andhhWW .

Using the same scalar fielgl the fermions can also acquire a non-vanishing mass
thanks to the Yukawa interaction. The lagrangian (invariarderSU(2)) can be
written

£Yuka'wa = _)\ez¢6R - )\da(bdR - )\uaéuR + h.c. (116)

with the isodoublet = iT»¢* needed to generate the up-quark masses. For instance,
the Yukawa interactions with the and v, is written, after spontaneous symmetry
breaking as

L \A/—%{(vﬁ?)L <vih) 0 +70(0,0 + h) (”T)L] (1.17)
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1 SM Higgs branching ratios (HDECAY)

3 e
S0t e
1A
10;
1E
10“5 //
102}
L T 100 200 300 400 500 600 700 800 00 1000
my (GeV/c?) M, (GeV/c")

@) (b)

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

The mass of the lepton is identified withn, = A\;g and the mass of the neutrino is

Zero.

Depending on its mass, the SM Higgs boson can decay in fefondom/or bosonic
modes. The evolution of the branching ratios with respeettds shown in FigCLR
shows . In the low mass regime, the Higgs boson decays prgifaig into a pair of

b quarks, whereas above 130 Gel/foe decay into twd? vector bosons becomes
dominant, followed at the higher mass regions by the dedaytivo Z bosons.

As said previously the mass of the Higgs boson is an unknovanpeter of the theory.
However a range of possibility for.;, 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 o [E3(a) with respect to
an energy cutoff\. This cutoff is defined as the energy before which no new pisysi
effect can appear. The upper bound (red curve) comes frorrithaity condition
while the lower bound (green curve) is due to aeuum stabilitycondition.
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i =

800 T [T T 17714 6
B 57 — 0.02758+0.00035 7
., 600 mg = 175 GeV  —] 0.02749+0.00012
= : 44 +++ incl. low Q° data —
é ay(Mz) = 0.118 ] o
= 400 — I 3 ]
= ]
- 24 1
200 — . 1
: - 0 Excluded R Preliminaryi
0|1|||||||||||1| 30 100 300
103 108 109 1012 1015 1018

A [GeV] my, [GeV]

@) (b)

Figure 1.3: (a) Triviality (red) and stability (green) balm[10]. (b) The result of the
electroweak global fit expresseddny? = x? — x?2,,,,, with respect to the mass of the
Higgs boson.[[11].

The trivialit)E condition ensures that the radiative corrections of Xtparameter re-
main finite below the scal&. Close to the TeV scale, the triviality boundig, <700
GeV/c [8] .

The existence of the vacuum expectation value (and itslgyathias a meaning if the
potential possesses a minimum. The vacuum stability ciomdi guaranteed if\ is
positive at all energies and all all orders. The sign\afepends on the cutoff and
the energy involved. It is shown thatAf ~1 TeV, the Higgs mass range is bounded
from below at around 70 GeV/d9] .

An additional theoretical constraint is related to the &fmn of unitarity at high en-
ergies in electroweak processes like" W~ — W W . Indeed the corresponding
cross-section diverges as s/M7, Wheres is the squared energy involved in the
procesd[12]. This can be solved by introducing the contigioLof the Higgs particle
in the diagrams. It has been calculated that this contobus sufficient if the Higgs
boson is lighter than 840 Ge\Afi3].

Finally if 'y, ~ my, the perturbative expansion involving the Higgs boson du#s
hold any longer. Moreover, the particle appellation in sachontext can also be
questioned. From Fig .2 (b)), becomes large comparedite, at around 1 TeV.
An approximative upper limit ofn;, < 700 GeV/@ is in general considered hefe[14].

2The appellation comes from the possibility to consider= 0 at all orders and energies. This is
equivalent to have a non-interacting model and therefomoissatisfying as no spontaneous symmetry
breaking is possible.
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Indirect and direct constraints

Since the 70's, the parameters of the Standard Model havedweduated experimen-
tally with a high accuracy and confronted to the theoreticatictions, notably with
the calculation of radiative corrections to these pararsete

The level of precision reached by measurements allows tetsts/e to the presence
of the Higgs boson in radiative corrections. The comparisetween data and the
theoretical prediction is englobed in the electroweak fihef SM parameters. The fit
quality expressed by means&fy? = x? — x2,,,, is shown in FigCII3(b) with respect
to my,. The position of the minimum ig2, ;. ~ 100 GeV/& and represents the best fit
to the electroweak precision measurements. The Higgs bosss should be lighter
than around 160 GeV/at 95% C.L..

The absence of direct observation of the SM Higgs boson sigegputs also limits
on its mass. The main production mechanism of the SM higgsrbasLEP during
the second runi.. ,,, s. ~ 210 GeV) is the Higgstrahlung processe~ — Zh, which
has a significant cross section for Higgs lighter than ropdR20 GeV/E. Below this
mass, the Higgs boson decays essentiallyth @ 77~ pair. The main final states
considered were therefore tweets from the Higgs boson, acoplanar with either two
leptons, light jets)-jets or missing transverse enerfjy., depending on th& boson
decay mode. The channel with— 77 andZ — ¢q was also studied. The combined
analysis from the four different LEP experiments has givés & C.L. lower bound
on the Higgs boson mass at 114.4 GeMBef. [15]). Note that the corresponding
limit for the light Higgs bosork in the context of MSSM fluctuates significantly from
the SM value, depending on the scenario (IRef.[16]).

The Tevatron experiments are currently pursuing the missfd_EP, imposing new
direct constraints on the SM Higgs mass. The Higgs bosonugtazh modes at
\/5s=1.96 TeV are dominated by the gluon fusion, quark annibitesg — Wh, Zh
and vector boson fusiogf — ¢”’g’'h processes as shown in Fig.11.4 (up).

In March 2009, the combined results of CDF and, Dsing these channels and the
decays of the Higgs bosdn— bb, WW, 7+ andh — ~+, allowed a new exclusion
zone formy, (see Ref.[[1I7]). The result, obtained with a total integidteninosity

of 4.2 fb~1, is shown in Figl_T}4 (down). This important conclusion v certainly
updated with the expected 11fb of integrated luminosity that should be reached
before the Tevatron shuts down, moving the bound acrosgarlanass range if no
discovery is made.



1.1. The scalar sector of the Standard Model

SM Higgs production
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Figure 1.4: (Up) Cross-section for SM Higgs production atafeon (from [18]).
(Down) The limits on Standard Model Higgs observation atafean, dated from

march 2009.

1.1.3 Higgs searches at the LHC

As briefly discussed in SC.T.1L.2, the mass of the Standad#&Mttiggs is expected to
be much smaller than the TeV/anost probably smaller than 150 Ge¥/ However,
with a c.m.s. energy of 14 TeV, the Large Hadron Collider wailbw to produce the

Higgs boson abundantly up to 1 TeV/c
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105 SM Higgs production
‘ T T T T ‘ T T T

LHC
G [fb]

—_
o
w
/

bb—h

gb — qth

TeV4LHC Higgs working‘ group
I I I I I

100 200 300 400 500
m, [GeV]

Figure 1.5: NLO cross-sections of the most relevant prasef&s Higgs production
at the LHC. (see Refl_]18])

There are different ways to produce the Higgs boson at the LI instance the
gluon fusion has the largest cross-section on the wholedHiggon mass range, fol-
lowed by the vector boson fusion and Higgstrahlung proc&se NLO production
cross-sections evolution with respectig, are given in Figl_TI5.

The observability of the Higgs boson depends strongly octtbgs-section (and there-
fore on its mass), but even more on the decay modes, as seagnl@z-(left). It has
been shown in Ref[19] that in the; range higher than 180 GeVicthe 5o ev-
idence could be reached with 10fbwith the procesgp — h — ZZ — uupp
(Fig.[L® (left)). With four electrons in final state the réwual integrated luminosity is
20 fb~* (Fig.[I® (right)).

In the lower mass region,e. between 114 and 150 GeV\/ahe discovery of a Higgs
boson decaying into photons could be achieved with an iatedriuminosity larger
than roughly 20 fo!. Up to 180 GeV/é, there are other channels of interest. For
instance the vector boson fusion process with» 77 should allow to reach the dis-
covery level after 60 fb! for masses below 145 GeVf/cThe Higgstrahlung process
Wh is also foreseen to be interesting, but would require a tdugeinosity (~ 100
fb~!) to reach a 55 evidence on the [140-180] Ge\/mass range. Seé. [19] for more
detailed discussions.
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Figure 1.6: (a) The integrated luminosity required reach 3k evidence for SM
Higgs boson detection through the procggs— h — ZZ — pppp in CMS .
(b) Same as (a) but with four electrons in the final state. Nio#t the statistical
estimators are slightly different in both figures,,, is related to the probability to
observeus + pp events if the event distribution follows a Poisson law witkan
wp. This probability is converted in a number of equivalenndi&d deviation of a
gaussian distributionSy, is 1/2InQ whereQ is the likelihood ratio used to evaluate the
compatibility between the signal+background and the bamkad hypotheses. [119]

These analyses will be crucial, not only for a possible discp of the SM Higgs
boson, but also to detect possible signs of physics beyan@&i (BSM). Indeed,
many of the BSM models contain a scalar sector, and oftendiggon(s) presenting
similar characteristics as the SM one. The structure ofitasar sector could however
lead to a modification of the “SM-like" Higgs branching ratiwith respect to those in
an unaltered SM case. A simple example would be the decaysoflihgs boson into
additional scalars. This situation is already possiblei@ of the simplest extension of
the SM scalar sector, the two-Higgs-doublet model. The seation 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 Stdridadel contains a
secondSU (2) doublet, like for example in the Minimal Super Symmetric Mbd
(MSSM). A large number of studies have been achieved in thisext. The MSSM
contains a scalar sector with five Higgs bosons: a lightvo chargedZ*, a neutral

HY and a pseudo-scalat. In this work we base our discussion on a complementary
alternative with a light pseudo-scaldboson. This is a particular minimal realization
of the non-supersymmetric two-Higgs-doublet-Model (M2Mdiscussed in details

in Ref. [20] and Ref.[[2l1]. The M2HDM potential is defined as

YM2HDM (4 0} = —milen — midhdo + )\TS(G;{% + ¢} 60)?
+245 (4165 — gl )?, (L.18)

with m; » andAg 45 a set of free real parameters. Assuming the charge conigryat
the mean values of the two doubleis, reads for instance

o= ( o) ma =5 (0 ). (L.19)

wherev; andwv, are the vacuum expectation valuespefand¢, respectively.

The “Minimal” appellation of this model refers to its low nio@r of free parameters, 4
comparedto 14 in a general 2HDM. This choice is motivatecdhleyfollowing points.
First the lagrangian is invariant und€tP. This is an important statement, it allows
to have clearly defined scalar states like in MSSM, notalilifxodd and aC P-even
Higgs boson.
Second, the potentid[{T118) is invariant under a custajiaimetry,i.e. a symmetry
that protects the value of theparameter linking the weak boson masses as

miy s =mycos® 0 (1.20)

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

mZs =mZe =0 (withG® CP — odd) (1.21)
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“eaten” by the weak gauge fields whose masses have the sarBgd&Qéneracy

My = Miys. (1.22)

In the case of the M2HDM, the radiative corrections to the snafsthe W and Z
bosons take into account the contributions of the wholeasc#ctor. The relevant
contributions of the scalars are illustrated in [Eig] L.7][22

Ho,h h,HO,HiA h,HO,Hi
,’/ N ,’/ \\\ /// \\\
) 2 %% [ NPPON : |
W, Z W, Z W, 2 /W, Z 3 ,
W, Z hHO, H* A W.Z  W.Z
(@) (b) ©

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

The stability of thep parameter is therefore naturally ensured if both correstere
the same and this is obviously dependent of the scalar mastsm.

To understand this from the point of view of the potential, et@ose to place our-
selves in eHiggs basisRef. [23]. This basis is obtained by redefining through(@)
transformation the field$; — ®; and¢, — ¥, so that one of them has a vanishing
vacuum expectation value, for instante. The first doublet plays therefore the same
role as the unique doublet in the SM.

The “Standard Model” custodial symmetry acting on Goldstbosons related té,
can be extended to the fields containe@®inif

m3+ =m? (with ACP — odd). (1.23)

This is the degeneracy foreseen by the MSSM for example.

However, it has been demonstrated recently in Ref. [20]tHeparticular form of the
potential [I.IB) holds another SO(3) mass degeneracy,ljame

m?{i = m%o (with H® CP — even). (1.24)
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This particular degeneracy corresponds to the “twistedtadial symmetry.

Finally this potential exhibits an additiondl, symmetry that forbids the presence of
Flavor-Changing-Neutral-Currents (FCNC). A detaileccdission about these points
can be found also in Ref.1[8] and Ref.[21]

Scalars masses and couplings

The twisted custodial symmetry forces to have a mass degeynbeetween the charged
Higgs bosongi* and theC' P-even scalaf®. The values of the masses with respect
to the parameters of the lagrangian can be found by rewrltiagpotential in terms

of the eight real fieldg;, and by finding the second derivatives with respect to theses
real fields. In the Higgs basis the Higgs bosons masses adkdpenal elements of
the 8x<8 matrix9?VM2HDM /gp.. (i,j=1..8).

The first derivative o M2HPM gives the minimization conditiom; = —vy/\g/2

and the calculation shows that the charged Hffdboson masses are

2\
2 2 U"As 2 2 2
Mpe = Mpo = —5— — My =My — My, (1.25)

The bosorH? is built from the fields of the second doublet, where the vanishes.
As a consequence neithB'W W nor H°Z Z couplings is allowed.

This potential is also characterized by the presence ofaleb-like Higgs bosork.
This can be understood in the Higgs basis as only the do@blpbssess a v.e.v. This,
associated to the fact that no mixing is present betweentbeldublets - and this is
the choice we adopt here-, means tatcontains a SM-like Higgs bosdnwith the
Yukawa couplings of the SM. Its mass is

mi = Agv? | (1.26)
Finally the pseudoscalar statehas the mass

1
m124 = mg + 5’1}2()\5 — 2)\,45) = m%i - )\ASUQ . (1.27)

In the potential[L18), four free parameters are presediiiat 14 in a general 2HDM
with charge conservation)n, ms, Ag, Aas. It turns out that the twisted custodial
symmetry suppresses one degree of freedom, sin m? andm3 lead to the de-
termination of only two masses: 4 andmr.
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Yukawa couplings

Itis shown in Ref.[[8] that the presence of the symmetry on the potentid[{L118) al-
lows to define two types of models for couplings between thé&ss and the fermions.

The Yukawa couplings of the bosoms H° and H* are dependent of the ratio of
the v.e.v.tan 3 = v /v1, which can be considered as an extra free parameter of the
theory.

¢ In Type | all fermions couple to one doublet in a generic ha3ike Yukawa
couplings ofH?, H+ and A are rescaled btan 3

¢ In the Type Il the up-fermions couple to one doublet and therdéermions to
the other doublet in a generic basis. This correspond toitinati®on of MSSM,
the couplings with up (down)-fermions are scaledcby3 (tan j3).

The inverted mass spectrum

The twisted custodial symmetry does not constraintAh@oson to be degenerate in
mass with the charged Higgs bosons like in the usual cusdtoa$®. This leaves us
the possibility to choose its mass, and in order to focus emegion of the M2HDM
parameter space not covered by the MSSM, we imposd theson to be the lightest
Higgs (ma < 90 GeV/Z). We also assume that the heaviest bosdn fellowed by

the triplet? = (H*, H). This configuration has the virtue to increase the number of
possibilities of scalar-to-scalar decays. In additionhdy are kinematically allowed,
the unusual decay modés*™ — W+ A andH® — Z A lead to interesting final states
particles.

In the following we therefore restrict our discussion to thverted" mass spectrum
ma < mr < my, such that the decay df* and H® into a scalar and a gauge boson
is kinematically allowed. We will refer to this particulaofiguration by using the
word “iM2HDM".

1.2.2 Theoretical and indirect constraints

As explained in the previous section, thd2HDM is described with four parameters
ma, my = mgo = mpg+, my andtan 3. Although freea priori, these parameters
have domains restricted by theoretical arguments and neugipatible with precise
experimental data. Note that most of the theoretical aniténticonstraints are not
only limited to this model but also to less minimal versiontbé 2HDM. A more
detailed discussion as well as the calculations can be fouRef. [21] and Ref.[1B] .
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Figure 1.8: Unitarity (a) and perturbativity (b) constriaiin the(m 4, my) plane for
the M2HDM scenario. Dotted red lines are limits for, = 120 GeV/Z, dashed
green lines form;, = 300 GeV/& and plain blue lines fom; = 500 GeV/c. The
allowed regions lie between these lines.

Theoretical constraints

The vacuum stability requires that the potential is lowerrmted at large values in the
(¢1, ¢2) plane. This condition is fulfilled if

mpar > 0 (1.28)

mi > mx—mi (2.29)

As in the SM, the evaluation of the unitarity constraint hadé estimated as new
contributions enters in the scattering amplitudes formebbson productions. If all

scalars masses are non negligible, the unitarity requinemey help to restrict the
allowed region in thgm 4, m7) plane for different values ofn;, see Fig[1I8(a).

Essentially the restriction in the case of iM2HDM is m < 500 GeV/é

As in the SM the perturbativity condition constrains the sessof the Higgs bosons
so that they can be described as resonances. This regior {mth, mr) plane is
shown in FigCLB(b) for different values of tlkeboson mass. This bound is slightly
looser than the unitarity condition, asr < 600 GeV/é.

In the following we review the indirect constraints, firstated the electroweak sector,
then to the measurement bf— sy transition rate and3® — B mixing. The effect
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of the measurements &f — bb, the muon anomalous magnetic moment and the
B — v are also briefly discussed.

Electroweak constraints

The electroweals, T andU parameterd ]2] allows to quantify all the one-loop BSM
electroweak effects.

TheT parameter is proportional to the radiative correctionfieptparameter defined
in (LI4) and is therefore sensitive to the measuremelit ahdZ masses and widths.
More precisely the deviation from the unity is quantifiedZjs [

apwT = Ap = 0.0002715-3507 (1.30)

As mentioned in Se€._T.2.1, tikeboson contributes in the radiative correction316f
and Z mass. Ifh boson is heavy, large logarithms are presemhif (the difference
between the measurement and the theoretical expectatimh)herefore affegt. This
deviation can be compensated by a loss of degeneracy betiemd H*. It is
shown in [8] that the deviation from the Standard Modél’ can be maintained at
zero even for large masses bfboson is a mass splitting betweéf? and H+ is
present. This splitting is shown in FlgL.9.

My+ — Myo

0.2Cr
0.1Cr

0.08 ;

0.02+

0.01;

200 400 600 800 100¢

Figure 1.9: Relative mass differen@e ;;+ —m o) /mgo required to achievAT = 0
with respect to SM-like Higgs boson mass,o in theiM2HDM scenario. The dotted
red, dashed green and plain blue lines correspond%e200, 300 and 400 Ge¥/
respectively. Thed mass is fixed at 100 Ge¥ but this does not affect sizably the
result.
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The S and U parameters are the other two variables neededddltethe one-loop
BSM electroweak corrections. From the electroweak fit, thiees ofS andU are
—0.13 + 0.1 and0.2 £ 0.12 respectivelyl[2].

It turns out that the M2HDM is not strongly constrained by these parameterss as
is lowered by roughly 1%% (0.02) at maximum whilé/ is raised by roughly 2.5,

at maximum. However it is shown inl[8] that bothandU seems in favor of an
iM2HDM.

Constraints from b — sy measurement

In the Standard Model, the radiative procéss s+ involves a flavor change via the
presence of & bosons loop. In the case of an extended scalar sector, thrégion
of a charged Higgs boson is also present (Eig1.10) and iss iwen be constrained.

Figure 1.10: Feynman diagram of the transition— sy with a loop involving a
charged Higgd7+.

The average value of the transition has been measured by, Balbar and CLEO as
BR(b — s7v) = (3.53+£0.23(stat) £0.09(syst)) x 10~*for E., >1.6 GeV [24]. The
Standard Model NNLO prediction is BR— sv) = (3.15 4 0.23) x 10~4 [25].

The iM2HDM prediction has been normalized to the SM expectatipsdtting the
mass of the charged Higgs boson to infinity, this removes thdribution of the
charged Higgs in the loop. In thdM2HDM the leading order constraint is shown

in the tan 8 — my+) plane in Type | (FICT1 (a)) and Type Il (HigcT111 (b)).

The scaling of Yukawa coupling in the Type | allows clearlylyothe smalltan 3
region. A very tight unconstrained region arouna 5=2 is also present because of
an interplay between the contributions associated tolthand H* in Inami-Lim
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Figure 1.11: Leading ordér — s bounds on the charged Higgs mass (in G&Y/c
with respect tacan 3 in (a) Type | and (b) Type Il scenarios, at one (dotted redd, tw
(dashed green) and three (plain blue) standard deviations.

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

In Type I, the excluded region corresponds essentiallety large values afi ;;+ (>
500 GeV/@), on the wholean 3 range. However, as in Ref.[25], the NLO calculation
decreases this limit to roughtyt ;;+ >300 GeV/é (~ 95% C.L.).

By — By mixing

The presence of the charged Higgs bosons might also afieé th- B, oscillations
[27] as shown in the Feynman diagram in ig.1.12

As for theb — s+ process, the measurement of the oscillation amplitudesgive
bound on the charged Higgs mass, dependingaons. The observablé\mp =
|Mp, — Mp,| can be calculated (see Réf.[27] for more details) in theeodrdf the
iM2HDM. Here again, the calculation with th&12HDM is normalized to the SM
prediction [28] by setting the mass of the charged Higgsfiity.

As shown in Fig[ZLI3 the resulting constraints in Type | aggeTll are typically
fairly symmetric aroundan 5=1 and rather insensitive to the charged Higgs mass.
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b H- W= %

Yu,c,t VYu,c,t

Figure 1.12: Feynman diagram of tf& — B, oscillation, including the contributions
of the charged Higg#&/ * bosons.

R, and A, constraint

The processZ — bb yields two observables sensitive to the presence of nevarscal
The R, quantity is the hadronic branching ratio of Z to b quarks

Rb = FZHbE/FZHhadT. (131)

and A4, quantifies the asymmetric rate ®fets produced in the forward or backward
direction in aeTe™ collider. This asymmetry is expressed as
o(e;, = bp)—o(e, —bp)+o(eg —br)—o(eg — bp)

Ay = (32
’ o(e; = bp)+o(e, —bp)+o(eg — br)+o(eg — bp) (1.32)

wheree; 5 are left and right handed initial state electrons apg; the b-quarks in
forward and backward direction, defined as the directionamtddirection of initial
electrons movement respectively.

The constraint on a Type | model is relevant for the chargegysibosons and turns
out to be an upper bound ofin 5 <1(Ref. [8]) . In the Type Il model, the neutral
bosons contribute as well and the result gives an upper bioune, — m 4|, getting
stronger asan 3 increases. For instancetdn 5 ~ 50 the Type Il is excluded at 2-
for a light pseudoscalar (below50 GeV/¢) since the mass of the triplet should be
under 300 GeV/, which is disfavored by thé — sy transition. Attans ~ 30,
ma 2 30 GeV/e for the same reasons.

a,, constraint

The measurement of the anomalous magnetic moment of the imdefined as,, =
9—;2 where thegy-factor links the spin of the muon to its anomalous magnetorent.



1.2. The two-Higgs-doublet model and the inverted masstapac 21

50CF - 500F .
400+ - 400 1
300t 300t ]
Y Excl. mye
200 - 200+ ]
100- - 100 ]
I Excl.
Ok ‘ ‘ ‘ - Ok ‘ ‘ ‘ ‘ d
0 1 2 3 4 0 2 4 6 8 1C
tang tang
(@) Typel (b) Type ll

Figure 1.13: 25 (dashed green) and 8{solid blue) bounds on the charged Higgs
mass (in GeV/¢) from the By, — B, mixing measurement, with respectton 3 in

(a) Type I and (b) Type Il scenarios, at two (dashed green}lane@ (plain blue) stan-
dard deviations. There are e limits on these figures due to the slight discrepancy
between the SM prediction and the current experimental areatent.

This quantity is sensitive to the physics beyond the Stahi&rdel through the one
and two loops corrections gfuy vertex shown in Fif.T14. In our case, This concerns
only the Type Il since the Higgs bosons must couple to the rauon

For the one loop case, the calculation shows that the catitrits of neutral Higgs
boson dominate for masses above 0.2 GeV. Itis in favor oftd {i§ 10 GeV/&) H°
boson, which is experimentally excluded by the measureoféht— Ay — 7777~
done by the CLEO collaboration.

The two loop correction is more interesting since the cbntion of the pseudoscalar
can compensate the discrepancy observed between the Sidtjore{29] and exper-
imental measuremenis]30]:

aSM = (11659180.4+ 5.1) x 10710 (1.33)

“w

at™ = (11659208 +6.3) x 10~ ° (1.34)

This is the case where the mass of the pseudo-scalar is ol28e3eV/€ andtan 3 ~
30. We will consider the limitn 4 <100 GeV/& adopted in Ref[]8].
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(© (d)

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

B —1v

In a Type Il Model,i.e. at largetan 3, the charged Higgs may be produced by the
fusion of ab-quark and au or ¢ quark, and decay inter. This should therefore
induce a deviation from the SM expectation for the— v rate.

The recent result from Babar collaboration has shown tretidviation between the
experimental result and the SM expectationid [31]

BR(B — 1v)
BR(B — V)sm

=1.134+0.44. (1.35)

This leads, in the context of th#12HDM Type Il (see Ref.[[B]) to the constraint
tan3 < 0.13GeV ™! x my=.

Theb — s limit for the mass of the charged Higgs being close to 300 Gg\the
corresponding limit would be close tan 3 ~ 40.

For the sake of clarity, the theoretical and indirect caiats are summarized in

Tab[T2
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Type Constraint Origin
my, < 500 GeV/é Unitarity
\/m3 —m?% <400 GeV/¢  Perturbativity
&I mpgo ~mp+ AT if my, is large
ma << mr AS, AU if my, is large
I tan 8 <0.5 B-physics
mp >300 GeV b — sy
ma >30 GeV/é Ry if tan 8 ~ 30
Il ma <100 GeV/é ay,
tan 3 > 2 By — By mixing
tan 8 < 40 B —Tv

Table 1.2: Summary of the theoretical and indirect constsan thesM2HDM.

1.2.3 Decays of Higgs bosons

In this section we review the decgﬁ the Higgs bosons in Type | and Type Il models
and then consider the direct constraints on the scalar rpassram.

Neutral Higgs bosons

As shown in Fig[CIR (left), the decay modes of the Standardélléliggs bosor:
are, essentially dominated by— W+W~ andh — ZZ above 130 GeVK while
below most of the decays are in fermions pairs.

In the context oiM2HDM, the situation can be dramatically different, esjpdlgiin
the low mass regions, due to the presence of additionalrscaladeed the decay
widths of i into a pair of generic scalatsis given by

(1 435)

Ihogp =k——F7m—— 1-4— 1.36
h—o0 = K e |9nos] w2 (1.36)
wherek is 1 or 2 depending whether the final state particles arendistshable or not,
9o IS the coupling values betweénand a scalap andGr is the Fermi constant.
From the Feynman rules related to the potenfial{1.18), &petnding on the nature

of ¢, the valueyy, ¢ is given by

2 2 2
JhoAA = mho—l—QmA—QmT
ghoHOHO = mio
gnoH+H- — mio.

30nly 1 — 2 decays are considered.
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The decay width of. into fermions reads

2 m2N 3/2
r Gr M f<1—4—f> : (1.37)

no—fF = V2 4w m3

As a consequence, the branching ratios of ihlgoson in the low mass region are
totally dominated by the scalar decays, as shown in[Eigl 1TkHere is however a
small exception: the coupling, 4 4 depends from bottm 4 andm, and vanishes if
m7 = 2m% — 2my4. As a consequence, the non-observation of a Higgs decayting i
A boson does not necessarily mean thaty > my,.

A typical situation, withm =20 GeV/&, andm=150 GeV/¢ is illustrated in FigCT15
where the BRf — AA) falls rapidly whenm,, is close to 210 GeVFie The remaining
decays aréd — WW andh — ZZ, very close to the SM values.

—h—WW
hostt
------ h’—zzZ
-"hOHHOHO
H—HH
_hD%AOAO

Branching Ratio

2
10 100 150 200 250 300 350 400 450 500 M550
Lo

Figure 1.15: Branching ratios affor m 4=20 GeV/é andm;=150 GeV/é.

From 150 GeV/¢ towards heavier masses, theboson always decays into vector
bosons and, if allowed kinematically, also into the scaldfsand H*. All decay
modes,.e. h — WW, ZZ, HTH- and H° H° could then be considered in experi-
mental analyses.

The situation is less complicated for the decay#fas no coupling betweeH" and
a pair of gauge bosons is allowediM2HDM. The only available modes are thus
H° — ff' andH® — ZA. The decay width of" for the decay intdZ A is given by

3/2
Gm%n@( _ymymy <m22—mz>2) e

Ppo_za= +
2 1
8v/2mm o M0 Mo
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Figure 1.16: Branching ratios of thé® Higgs in the Type Il form =40 GeV/¢ and
thetan 8 parameter for the values 4 (left), 10 (center) and 40 (right)

and into fermionsip) by

r

3GF mpom? tan” 3 m? 3/2
= 1—-4—> . 1.39
HO—bb \/5 477' m?{g ( )
In the Type | modeltan g is restricted to be small 0.3). It turns out that the
branching ratio BRE? — bb) is suppressed if the decdy — ZA is allowed.If
ma +mz >mY the H° boson decays essentially inftbandrr.

In the Type 11iM2HDM, the mass of the tripleT” is bounded from below by the
b — sv indirect constraint at around 300 GeV¥/@ndtan 3 > 4. The main decays
are thenH° — ZA andH® — bb. However, as shown in Fif_L116, th&’ — ZA is
seriously affected oncewn (3 is larger than 40.

The decay modes of the pseudoscalaare quite simple in both types. The main
decays arel — bb (0.85-0.9) and-* 7~ (0.05-1) ifm 4 > 10 GeV/C.
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Figure 1.17: Branching ratios of thé* Higgs in the Type Il forn 4=40 GeV/é and
thetan § parameter for the values 4 (left), 10 (center) and 40 (right)

Charged Higgs bosons

In the iM2HDM, the possible decays of the charged Higgs Hre — W* A and
H* — ff'. The decay width is given by

3/2
_Grmiy (1 Ml Emh | (miy Zmz‘)Q) " o)
8\/§7TmH:t

Pt _w+a =
mHi mHi

As for H?, the decay into fermions dependstam 3. In particular, the experimentally
more interesting leptonic partial decay width reads:

2 3
Ths by, = %m? tan26<1 - m”%ﬁ) : (1.41)
If the decay intolV A is kinematically allowed, BRf* — W+ A)~1 except in the
Type Il for a largetan 5. The possible dominance of this decay is important as it may
lead to the suppression of tHé* — 7v decay often considered in many analyses
for the detection of a charged Higgs boson . In the casetahg around 40, the
branching ratio withn g+ is at worst around 0.6, followed by the decay inkavhose
branching ratio is close to 0.2. This shows the importanda@tlecay intd?* A in

both types.

As for the H case, the evolution of the main branching ratios of the athkjggs in
the Type Il is illustrated in Fid—_T.17
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1.2.4 Direct constraints

This section present briefly the constraints onitd@HDM that could be established
from the direct searches at past and present colliders. $diat some processes of
interest to establish a first set of constraints (or a disggwan :M2HDM at Tevatron.

Constraints on neutral Higgs bosons h, H" and A

As seen in the sectidn’I.1.2, the Standard Model Higgs has dmestrained by the
LEP experiment to be heavier than 114.4 Gé\dod by the analyses in CDF an@/D

to be below 160 of above 170 GeV/cThis holds of course only if the decay modes are
exactly those foreseen in the Standard Model, i.e. if thégdothe branching ratios
given in Fig[T:P. This statement is not true.M2HDM since the decay — AA can
automatically be considered ahd— H°H° andh — H*H~ are possible in Type I.

At LEP, the analyses of topologigs+2b-jets andZ+4b-jets showed an excess of
events. This has been interpreted in the context of NMSSH| [8Rich allows the
presence of a lightl boson decaying into a pair éfquarks. However, the fact that
these excess stands for slightly different massésledl to the conclusion that no sig-
nificant deviations from the SM expectation was observedth®&ecfore keep theu,
lower bound at 114 GeVfc

At the Tevatron, to our knowledge, no official search of theayegh — AA, with h
produced by gluon fusion or by associate production with eareboson has been
attempted up to now. This channel has been recently disgissef. [33] and shown
to be very difficult. This is due either to the large QCD backgrds if the pseudo-
scalars decay intbquarks, or to the too low signal visible cross-section if onevo
A decay(s) intar’s.

From the most recent public results of Tevatron (in fact C[#], a constraint on
the A boson mass is made from the analysishbf— A — 77 channel in Type
Il. Unfortunately theA mass considered in the analysis is at minimum 70 G&V/c
since the research is essentially oriented towards MSS.CIF result is shown in
Fig.[LI8, we adopt the conservative limity > 70 GeV/¢ if tan 3 >35.

However, an excluded region in the, —tan 5 plane has ben set at LEP in the context
of analyses okte~ — bbA channel withA — bb, 7+7~. The tables provided in
Ref. [36] gives an approximative limit itan 5 versusm 4: if tan 3 >15,m4 >10
GeV/¢&.

A simultaneous constraints on baf’ and A masses could be established with the
study of the reactioate~ — Z* — HYA done at LEP. In theM2HDM the decay
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Figure 1.18: The exclusion limits for the Run 2 at TevatrorheTneaning of the
benchmark choices can be found in REf][35]

H° — ZA is automatically considered, leading to the final statébb. As said
before, no significant excess in this final state has beemaddeve suppose therefore
that the sum of the Higgs boson masses is out of reach for titereef mass energy
at LEP2. The constraint adoptedis, + mz > 200 GeV/é.

At Tevatron, a constraint om ;o could be achieved vigb — H° — Z A in the Type

Il model. Assuming th&3 physics restrictions anichn 5=30, the NLO cross-section
is close to 50 fb. Withd — 77~ branching ratio of a few percents, only the main
A — bb decay could have been observed , leading to the final Stdii®. However it
seems that such an analysis has not been realized. Theupftwerow no constraint
on H° mass can be set from this channel.

Constraints on the charged Higgs bosons

At LEP, the main production mechanism of charged Higgs beseeate™ — Z* —
H*+H~. Both theW+t® W =) 44 andWW*(*) A7v final states have been studied for
myg+ < 90 GeV/@ [B7] . The result is a lower bound of 76.7 GeVfor m = in
Type | scenarios. A limit can also be obtained in Type I, lBuhot considered here
since the mass of the scalar triplet has to remain above 390c&due toB-physics
constraints.
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At the Tevatron there are two main ways to produce the chaktiggls: via the top
decayt — H?*b or the single top associated productigh— ¢H ~. This latter case
does not offer a viable alternative to observe the Higgs badse to its too low cross-
section (< 1 fb even in Type I). However the first option pr@dda reasonable final
state associated with a sizable cross-section. The tesaoflSrd Modet? production
has been done in both CDF and Qwith different assumptions for BSM decay of the
charged Higgs boson) and it turns out that the lmit to branching ratio BR{ —
H™*b) is lower than 3% on the whole mass range of ;. This does not constraint
theiM2HDM where this branching ratio is at maximum around4 @see Ref.[[B] for
more details).

1.3 Conclusion

In this chapter we have briefly reviewed the Brout-Engleiggsd mechanism and the
properties of the associated SM Higgs boson. We have pegbanpossible exten-
sion of the SM case by introducing a particular realizatibthe two-Higgs-doublet-

Model, C' P conserving and holding a twisted custodial symmetry impgsi degen-

eracy between the charged and'®-even Higgs bosod#I®. This model leaves the
possibility to consider an inverted mass spectrum wherdighéest Higgs boson is

the pseudo-scalat and the heaviest is the SM-like

The impact of a set of theoretical and experimental comgsdiave been discussed
and summarized in Tab_1.3. Both Type | and Type |l modelsdeavunconstrained
parameter space where the scalar mass arrangeméki26fDM is possible. The
comparison between scalar masses in the SPS1a benchmatkopdilSSM and
within both types of the2HDM is represented in Fig_LT19.

The study of such a scalar sector, and more generally, of @i Bhenomenology will
require both a large luminosity and high energy. Atthe LH@iltstrongly rely on the
comparison with Monte Carlo simulation for the signals Hebdor the backgrounds.
One of the major problem at the LHC is the presence of a peatignthard QCD
activity from initial states radiation, potentially perzhg for the establishment of
event shapes estimation. This consideration could beftirererucial to hopefully
identify the small BSM event excesses from the Standard Moaekground. The
next chapter describes in more details this problematidladolutions proposed.
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Type Constraint Origin

my, < 500 GeV/é Unitarity

V/m2 —m?% <400 GeV/¢ Perturbativity
&I mpgo ~mpg+ AT if my, is large

ma << mrp
mp, >114 GeV/é

AS if my, is large
LEP direct constraint

| myp +ma >200 GeV/@ LEP Zbbbb
tan 8 <0.5 B-physics
mp >300 GeV b— sy
ma >30 GeV/@ Ry attan 3 ~ 30
ma <100 GeV/é ay

m4 <70 GeV/& if tan B > 35
tan 3 > 2
tan 8 < 40

Tevatron bbA
By — By mixing
B — Tv

Table 1.3: Summary of the theoretical and experimentaltcaings in theiM2HDM.

awogey | HJ'r &
— H%A’
h° qt
300 GeV _| H®
200 GeV _|
f s
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_nf H
100 GeV _|
Y ¥y A
\ YY A’
MSSM SPS1a iM2HDM Tvpe | iM2HDM Tvpe I

Figure 1.19: Typical mass spectra in MSSM (SPS1a), and in Bgte | and Type II
configurations of theM2HDM. The arrows indicate typical scalar decays.



CHAPTER

TWO

The LHC and the modeling of collision

EFOREthe end of year 2009, the Large Hadron Collider will startttike pro-

tons together, slowly increasing its center-of-mass gnepgo 14 TeV. At such
an energy the analyses done from the data collected by tleetdet will be sensi-
tive to the existence of new particles predicted by diffémaondels, for instance the
Higgs boson(s), the supersymmetric particles and othenjresonances present for
instance in models with extra-dimension or in technicoladels. Their detection is
one of the main challenge of the LHC experiments and ceytaimhajor step towards
the understanding of physics up to the TeV scale.

In this chapter the generalities about the Large Hadronidewllare first reviewed.
The discussion focuses then on the modeling of hadron-hamhitisions, especially
the multi-jet processes generation where additional jetgpeoduced by initial state
radiation (ISR). This is particularly important as any everoduced at the LHC will
be affected by this QCD activity. A difficulty resides in thimsilation of this radiation
in the large range of energy, from TeV scale down to hadrdiozacale. A solution
to this issue is presented (jet matching/merging), and déims@quences of using such
technique are described, mostly for the production of healgred particles.
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2.1 The LHC

2.1.1 The installation

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

To reach 14 TeV of colliding energy, different steps of aecation are needed as it
can be seenin Fig.32.1.

CERN Accelerator Complex

CMms
LHC

2007 (27 ki) e NM)‘ -

ALICE

Figure 2.1: lllustration of the acceleration chain for the@

The protons are first produced by hydrogen ionization in tne@asmatron Proton
lon Source (see for instance Ref.][38] for more details).eA#t geometric arrange-
ment into bunches the protons are injected in the Linac-2lacator. Coupled to the
Proton Synchrotron Booster, the protons accelerate to kjaetic energy of 1.4 GeV.
Then with the Proton Synchrotron the energy reaches aro@r@e?/, and the time
separation of 25 ns between each bunch is established.waités, the injection is
done in the SPS, which accelerates protons up to 450 GeV, aaity fihe LHC ring
itself finalizes the acceleration process with radio-fesgey cavities to obtain 7 TeV
per proton. Two beams in opposite directions are neededder ¢o bend the path of
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the proton, a magnetic field of 8.33 Tesla is applied thank&? dipoles placed all
along the curve. The field is generated by NbTi supracondsicimoled at 2 K with
liquid helium.

The protons are grouped by bunches, each of them will comtatmest 1.15.10
protons. In the whole ring there will be at maximum around @8dinches, each
of an approximate length of 8 cm. The diameter of a bunch saniéunction of the
position and should be close tq#n at the interaction points.

Four main experiments are installed on the LHC ring: CMS amtA4S are called
"multi-purpose” detectors by opposition to the two othédslICE and LHCb which
are oriented towards more specific fields of interest. Thenmaotivation of multi-
purpose detectors is to detect the signature of new partighele the direction of
research in ALICE is oriented toward the studies of QCD pkagtmysics and LHCb
towardsC P-violation in B-physics. While CM& ATLAS and LHCDb searches are es-
sentially based on proton-proton collisions, heavy iorig @) collisions are mostly
looked at by ALICE.

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

N1N>
To2

L=fk

(2.1)

where f is the frequency of crossingy; » are the number of proton per bunch and
o is the estimated RMS of the bunch distribution in the transwglane. With the
time-spacing of 25 ns induced by the PS, the frequency reat®®IHz. The factor
k represents the beam occupancy level: the 2800 bunchessesis around 7% of
the overall number of available spaces. There are a fewrdiffesteps scheduled to
increase the luminosity. For instance within the first mabtls expected to reach
1.2x103° cms 2s~!, with an accumulated luminosity of 200 nh This is expected
to be realized at 5 TeV of energy per beam. The low luminogtime ¢~ 2 x
1033em=2s~1) will then probably require 5 month of commissioning befts&ng
reached. The luminosity should then slowly increase to hdlyereach its nominal
regime (16* cm=2s7!). This will normally correspond to 100 fbl of integrated
luminosity per year.

The total inelastic cross-section of proton-proton cihisis roughly 70 mb. Assum-
ing that the mean bunch crossing rate is 40 MidZ'7=31 MHz, and the high instan-
taneous luminosity i$0%* cm =25~ = 10191571, up to 20 simultaneous (piled-up)
interactions are expected. At low luminosity, this numlmioivs 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 makyy miaalyses more
difficult to do, especially those where the soft jets are ingd.

2.1.2 p-p interactions

The choice of using protons as colliding particles is relatethe desired high lumi-
nosity. Inpp colliders (SPS, Tevatron), this is indeed a major limitati6lowever in
both cases this choice was reasonable: at SPS the discdtbeweak vector boson
need quarks as initial states and at Tevatron the obsenvatimp quark pairs events
was one of the main motivation. With 1.96 TeV of c.m.s the s¥esction is domi-
nated by quark-antiquark interactions, which is not lorthercase at 14 TeV, where
gg interactions are predominant.

This is clearly visible from the parton density distributso(pdf) at 14 TeV, and more
precisely from the computation of inclusive cross-sedifor each combinations of
initial partons. The cross-section of a process with tworbiaslin initial states, each
carrying a momentun®;, can be written as if.(2.2).

1 1
(PP =Y [ [ 6untorpas Qi) i 1) oo, i)y @22)
a.b 0 0

The terms: andb run over the parton type(g. u, d, s, ¢, g, b and their antiparticles),
x1,2 are the fraction of the momentum carried by the parténiepresents the partonic
cross-section witlp; = x; P;, Q2 is the scale of the process (withtypically close to
the masses involved in the process and/or stillPaeof produced massless particles),
1 is the factorization scale anf] the parton distribution function. The factorization
scale is an arbitrary parameter that defines the separagtwebn the hard and soft
perturbative regimes at NLO and higher orders. Essentiaié/emission of soft par-
tons from the initial states leads to logarithmic divergeadhat can be reabsorbed
in the pdf at the condition that the factorization scale @selto the scale of the hard
scattering process.

We define the quantity = x22 = §/s wheres = P, + P, and$ = p; + p2. The
variablesr; andx, can be rewritten as functions efand the rapidity of the system

r1 = +JTev (2.3)
To = +Te Y (2.4)
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In the, y basis the expressiofi{2.2) can be rewritten as

ds  dLgyp . .
o= Z/?dy déd;S’aa’b (2.5)
a,b
where
dL;; 1 1
dyd; T s1+0:, {fi(%)fj(xb) tlaed) 28
i,

is a differential luminosity term that helps to quantify thartons flux in terms of the
total momentum and the rapidity. If the integration is peried overy the differential
luminositiesdL /ds corresponding to CTEQ6L1 pdf’'s ands=14 TeV are shown in
Fig.[Z2 (see alsd [39]). The luminosity correspondinggdnitial state is indicated
ingreeny_ gg; + 9q; + ¢ig + ;9 in blue, andd_ ¢;q; + g;¢; in red.

We see that at low/s (low-x) the processes with at least one gluon dominatesedaser
this does not hold whe# tends tos. This implies for instance that a process with
colored particles liket, corresponding ta ~ 0.25 will be mainly produced with at
least one gluon.

dL./ds [pb]

S
8
R R R R R R L R R A

P R ST B |

0.05 0.10 0.50 1.00 5.00 10.00
Sqrt(s) [TeV]

o T

=

Figure 2.2: Differential luminosities for different conmtations of gluons and quarks
at the LHC for/s=14 TeV: gg in green,>_ gq; + gq; + ¢:g + ;g is in blue, and
> q:q +g;q; inred. .

Both the gluons and the quarks are susceptible to emit raisielvadiation. The Monte
Carlo simulation events with hard initial state radiatisailong-term work still in pro-
gression. However it is now clear that the control of thead#ht techniques available
will be crucial both at the level of the distribution nornmtion and in point of view
of the shapes. This could indeed affect the discovery of reatigbes with more or less
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large impact depending of the signal and background sigesitun 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 collisidre first is the matrix-
element technique that allows to calculate exactly the Feymamplitudes associated
to a process, taking into account for instance the possitddeferences between di-
agrams, the spin correlations, etc... The integration tiverphase space gives an
estimation of the cross-section and allows the generati@vents. The second is
the parton shower simulation that allows to simulate theasssive parton splittings
between a given, possibly hard, scattering scale and thealygcale considered for
hadronization.

There are several generators that can be used for the netgrnent calculation:
Sherpall4D], CalcHep[41], Mb GRAPH/MADEVENT[42], CompHep([43], Alpgen
[44], HELAC [45] or Whizard [46].

Besides flexibility, the particle content can be adaptectprinciple any model in
particle physics, this approach is appropriate only inaiertegions of the phase-
space. The calculation of a process cross-section withsgmni®f massless partons
will be correct only if they are sufficiently separated in fitease-space as fixed-order
calculations suffer from collinear and infrared divergiesd39,[47].

In the soft and collinear limit of a gluon emission, the crgsstions,, associated to
a process wit partons, is modified by the splitting of one parton as

o dt
dopyi1 = dan%?P(z)dz 2.7)

wheret is the virtuality of the incoming parton in the splittingthe ratio between the
energy of this parton and the energy of one of the outcomimtppsa in the splitting

and finally P is the Altarelli-Parisi splitting functior [39] which depds of the nature
of the partons involved in the branching.

The expression shows that in the collinear/soft limit, thebtem is factorizable into
two pieces: on one hand the Born cross-sectian, {ds evaluated one time for all,
while the term containing the divergencies can be consitiegparately.
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From the expressioli.{2.7), it can be shown that the case afa@ssive number N of
gluon emissions leads (we here concentrate on the collidieangence) to the follow-
ing expression:

Q* t1 tN—1
o = anN/ dtl/ dt2 / din (2.8)
to t tN
Q2

where( is the starting scale of the emission agdhe threshold under which no split
is allowed, typically the hadronization scale.

In the practical context of Monte Carlo generations,dgerm could corresponds to
the partonic cross-section calculated with a matrix-elgmmesthod while the logarith-
mically divergent term is given by the parton shower siriafat

The parton shower approach helps to bridge the simulatitvaaf-scattering interac-
tions and the detector level in a realistic way, leading ®dteation of stable parti-
cles. For both initial and final states radiation, the aldponi creates a tree-structure
of branching, controlled by the DGLAP evolution equatidoi,[49,[50]. An initial
state radiation sees its virtuality (or an other orderingalde) increased with the
successive parton emissions while in a final state showeedtedses towards the
hadronization scale. The showers structure is therefdagerkto the probability of
having emission above a given threshold.

Assuming that a parton is generated at the virtualitythe probability that no re-
solvable emissioni.e. above a given cutoff, happens before the parton reaches the
virtuality ¢, is given by the Sudakov form factdx(¢,, t5):

ta / 1—e
Altg, ty) = exp [/ d—f/ dzas—(t)P(z) (2.10)
4, U Je 27

Practically, the shower algorithm controls the branchirigghe equatiod\ (¢,, t5) =
R whereR is random number out from a uniform distribution on the ia&{0,1].
Second, the value of the momentum fraction hold by each partmduced is also cal-
culated from a random variable, according to a probabilippprtional to the splitting
functionP(z).

The branchings can happen while the virtuality stays biglyan the hadronization
scale in the case of final state radiation or lower than thd keattering scale in the
case of initial state radiation.
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Different redefinition of evolution variable to perform siering are available in the
parton shower algorithms. InY®HIA [B1], there are the virtuality-ordering and the
recently develope®r ordering. They are defined by using respectively= E2—p?
andPr? = z(1 — z)m?. Note that the forthcoming discussion is restricted toghes
two cases. The Herwid@ [52] method is based on the emissiole anty (z(1 — z))
and finally ARIADNE [63] uses/(1 — 2)m?>.

2.2.2 Matching/merging of initial state radiation

The discussion focuses on the problems to simulate proffeglynulti-jet event pro-

duction with Monte Carlo techniques, where the additioets are produced by initial
state radiation. In principle this discussion should bewedéed to final state radiation,
i.e. jets from decays, but in such a case the available phase-spaatated to the mass
of decaying particle whereas the ISR can benefit from whodggnavailable at the

collision.

The first option is to simulate processes with parton showeerators only. This is
possible thanks to a library of processes integrated todfteare. The corresponding
matrix-element are mostly limited  — 2 mode. In the case of processes like
34, ZZ, the ISR production is therefore not controlled by the nxaglement but by
the shower algorithm. This statement hold partially if oight final state parton is
present in the matrix-element of the process; for instamég/iV/h° + 1 light parton.

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

The second issue is that the shower can be easily paraneeteior instance in terms
of evolution variable or shower starting scale. This therehffects also the extra-jEts
with no initial parton present at the matrix-element level.

A solution to get rid of these two questions is to maximizenthenber of ISR partons
at the matrix-elementlevel and merge together the sinmratione by matrix-element
and parton shower generators.

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

2We refer to this denomination for the jet produced by ISR.
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pl ) ol
Pl \ p2 pl
7 7

Figure 2.3: lllustration of the issue of double countingvizetn jet topologies: on the
upper left part &t + 2 collinear ME partons is shown, giving the same topologg as
tt+1 ME parton (upper right) with no additional resolvable R8iation. The lower
left side case if &t+2 well separated partons, no additional resolvable P%tiadi
and it looks the same agt&1 ME parton and one additional resolvable PS radiation.
The arrows denoteg, andp- indicate the ME partons, the blue cone refers to a given
jet size definition and the red sine curves stand for PS liadiat

same topology as a single shower confined in a small regiomeophase-space . In
the same way, a resolvable radiation emitted while the shiogés performed may
exhibit an additional jet with respect to the initial numladmpartons. This is illus-
trated in FigCZB. The problem of double-counting plus thf¢/sollinear divergencies
for fixed order calculation can strongly affect the estimatof the cross-section as
well as the distributions. This can be solved by using a jethiag/merging method.
The principle of the jet matching is to divide the phase-gpato two independent
regions characterized by the hardness of QCD emissionsreffien containing the
soft/collinear emission is naturally ruled by the showeneyator while the other is
ruled by the matrix-element generator. The separation dmtwhe two regions of
the phase-space is nam@gaich and can be expressed either in terma\d® and Pr
(Cone algorithm) or still with thé:, distance.

In the following we restrict our discussion to MadGraph and RiA . In this software
chain, two commonly used matching methods have been testedsad, respectively
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k1-MLM [b4] and Showerk  [B5]. Both use thé:; measure to defin€@match and
have their working principle based on the original MLM medffst].

Thek, -MLM can be used with both virtuality anB ordered showers in\AHIA, it
works as follows:

e The matrix-element events are generated kdNERAPH/M ADEVENT with ad-
ditional light ISR partons (for instand& *+0,1,2,3 partons). The distance be-
tween these partons is defined@¥5. Since the matrix-element generator is
required to only populate the region above the matchinge€Qakicr there is
in principle no reason to chooggMt different from Qmacn However, as the
k1 -MLM matching method cuts on the combined radiation fromghewers,

a smearing across the matching scale may happen. There@& i= Qmatch
events with a jet configuration close €atchin one of the differential jet rate
transition (see SeE_Z.2.3) can be lost while the eventtiejetakes place. In
this caseQME must be smaller tha@matcn

e Areweighting by, (k) ) at each vertex is performed in order to mimic what is
done in the shower algorithms. This helps to get a smoottsitian between
both regions of the phase-space.

e The showering is performed withyRHIA .

e The showered partons are clustered into jets using thalgorithm. The scale
definition of the jets i) match

e Ifthe event does not have the highest (partonic) multitligi.g. W*+2 partons
inal¥*+0,1,2,3 parton production), it has to be treated excllgiféis means
that each jet has to be matched with a parton and vice-vetbinve distance
defined byQmach If the event has the highest multiplicity the additiondtje
not produced by the matrix-element partons should be kdpréfore the only
requirement is to have each matrix-element parton match#danjet. If the
matching condition is not fulfilled, the event is simply retied.

The showerk; scheme works exclusively witRr-ordered showers. The principle of
the rejection is the same as fer -MLM, but the criteria are slightly different. The
algorithm is the following:

e The events are generated byAMGRAPH/MADEVENT as fork, -MLM, in-
cluding the reweighting ofi;.

e Each eventis then passed to11A and showered using thié--ordered show-

ers. FrTHIA reports the scale of the hardest emissi@fE 4.in the shower.
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e The events from lower-multiplicity samples are rejecte@ff ,.«is above the
matching scal&)maich, While events from the highest multiplicity sample are
rejected ifQLS o > QME., the scale of the softest matrix element parton in
the event.

This matching scheme, although simple, effectively minttiesbehavior of thé | -jet
MLM scheme. However, it allows for the matching scé@lgaichto be set equal to the

matrix element cutoff scal@ME.

As shown in Sed—Z2 3, the physical outputs of both methoglssbovemaich quite
similar.

Note that while the principle of MLM methods is based on evejgction, the com-
plementary point of view is possible and used in the CKKW thiziig method[5]7]. In
this method, the showers are controlled so that each partihreievents of the lower-
multiplicity samples are matched with one jet and vice verBaere is therefore no
rejection but a reweighting by the probability to not haveliidnal radiation above
the matching scal&®maich has to be applied. This is called the Sudakov reweighting
since the definition of the Sudakov form factor is preciseled to this probability.

2.2.3 Control of the matching parameters

As depicted in the previous sections, the matching proesdialy on a small set of
parameters, basicallPME and Qmarcn It is said in the description of thie, -MLM
method that the value a@¥£ has to be chosen belo@maicn but except from this
precise case&)ME can be chosen equal @maic this means that the parameterization

of the matching is essentially related@atch

The matching scale is not a physical observable, theref@echoice of the value

of Qmatch IS arbitrary . However, the transition between parton shcavel matrix-
element regimes has to be smooth and the cross-section msistiile with respect to

the variation ofQmaicnh These requirements can be influenced by the choice of too low
or too high values of the matching scale. For instance, if/ghee is set too high, dead
zones may appeai,e. regions of the phase-space that the parton-shower is unable
to fill correctly. On the contrary, if the matching scale i tow, divergencies may
appear at the level of the matrix-element generation. Thishy the cross-section
stability with respect to small variations QfnaicniS @ good indicator.

This last argument is illustrated in T&R.R.1 for the case 8fV¥,2 ME parton, treated
with the £, -MLM method .
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(QYE) Qe o(nb) Sob)  en(%)
szo szl Nj:2+
(5)7 19 156 1.82 5.27 30
(710 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 38 06 02 47 72

Table 2.1: Cross-sections at the LHC (14 TeV) by multipjidiotal cross-section and
k1 -MLM matching efficiencies as a function of tf@"u'f and Qmatch parameters, for
W~ +jets, with up to 2 ME partons. The "+" prescription indicathe inclusiveness
of the treatment of the highest multiplicity.

Since both matching implementations employed here retgl{yoor partially) on the
Durhamk; measure to achieve the separation of the phase space, theenering
distributions to study their features are the differerjgalrates defined according to
the same measure.

The differential jet rate variable is defined by the scale at which an event pass from
a N+1 jet(s) configuration to a N jet(s) configuration while th algorithm clusters
the showered partons. After the matching procedure, alwshed partons belonging
to a same shower are grouped together within adistance smaller than the cutoff.
On the contrary, the jets issued each from a different MEopaey at ak, distance
larger than this cutoff. Therefore in a transition denotid1—N”", the events with a
multiplicity smaller than N+1 will be situated below the offt while the events with
a multiplicity higher or equal to N+1 are situated above thitoff.

This statement is graphically explained in figl 2.4 in theecaftt+0,1,2,3 jets.

In the &, -jet MLM scheme, there is at parton level a sharp divisionhie jet rates
between the shower and matrix element regions, making yt@asy to see to which
extent the transitions are smooth. For the shokerscheme, as well as the cone
jet MLM scheme implemented in B GEN and the CKKW scheme implemented in
SHERPA, the separation is less sharp, but the differential jetsratidl tend to be the
best variables to study the transition between parton stsoarel matrix elements.

To illustrate the behavior of the differential jet rates, eamsider the procesg$+0,1,2
partons. As it turns out, ther-ordered RTHIA showers allows significantly higher
matching scales than the virtuality-ordered showers. ®asan for this is that they
give significantly harder emissions than the virtualitglered showers, and therefore
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Figure 2.4: lllustration of differential jet rates consttion 3 — 2,2 — 1,1 — 0) for

ISR control (here witht+ 0,1 and 2 jets). The notatigirefers to an original parton at
ME level. The notatiory, ¢’ andq” refers to the showered partons, and the clustered
partons for the successive clustering iterations.



44 Chapter 2. The LHC and the modeling of collision

give distributions more similar to the matrix element digitions, at least up to a
given scale. For virtuality-ordered showe€®'t = 20 GeV andQmaich = 30 GeV,
for Pr-ordered shower@E andQmatch = 100 GeV.

tf @ showers DJR(1 - 0) — def cutoff E tf P2 showers DJR(L — 0) E DIR( - 0) — ynmatched

E —defcutoff /2 F E

i — defcutoff x2 |- -
3 0 parton 3 3

1 parton

2 partons

No shower
— Matched

NEvent/bin (1 fb )

Ll R .

1t Q% showers DIR(2 - 1) tf P2 showers DJR(2 - 1)
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Figure 2.5: Differential jet rates for — 0 and2 — 1 jets from QCD radiation
for ¢t production at the LHC. The first two columns show the distiiims for the
two types of FTHIA showers, virtuality-ordered anbi--ordered, for three different
choices for the matching scale. For the default choice, tileacontributions from
the separate multiplicity samples are shown. The coloremheshow the value of the
three@Qmaich Used for each kind of shower. The third column shows how thieneal
curve interpolates between the pure parton shower curvéhanoure matrix element
curve without parton showering.

In Fig.[Z® we she show the2 — 1 and1 — 0 differential jet rates There is no need
to look at higher orders because the maximal parton mudtiplconsidered here is 2,
which means that the transiti@n— 2 is given entirely by the parton shower. The first
and second columns show the result for the virtuality Bpebrdered showers respec-
tively, with the first and second rows indicating the- 0 and2 — 1 transitions, with

a variation by a factor 2 of the defallnarch

The difference between the two matching schemes is visibthe plots, in the dif-
ferent behavior of the parton multiplicity sample conttibas. The left-hand column
for each particle type shows tiig -MLM matching scheme, with the contributions
from the different parton multiplicity samples in grey. Thmatching scale cutoff is,
in this scheme, done in the same variable that is plotteddifferential jet rate, and
there is therefore a sharp cutoff between the 0- and 1-padomples in DIR(— 1),
and between the 1- and 2-parton samples in DJR( 2), so that below the cutoff
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only the lower-multiplicity samples contribute and abokie tutoff only the higher-
multiplicity samples.

In the middle column, the Shower method is used (with th&r-ordered RTHIA
showers). This method cuts on the first emission of the pastomer rather than on
the combined radiation of the whole shower, giving some simgacross the match-
ing scale. This scheme allows to use the same cut at matmesieand parton shower
levels. The distributions for th&r-ordered showers have been double-checked using
thek -jet MLM matching method, with excellent agreement.

In both left and middle columns, the arrows indicate theedédht values of)match
considered. The corresponding global DJR curves are ststwming a good stability
with respect to the variation @ match

In the right hand-side column, the curve for unmatchgdHrA showers with default
parameters are shown (red), together with the pure magmeht prediction without
any parton showering or matching (green) and the matchede dbtack). We see
that the matched curve smoothly interpolates between thetahed RTHIA curve
below the matching scale, and the matrix element prediftivlarge scales. This last
statement is very important because at large scale the ioelas to follow the pure
matrix element calculation.

It is also interesting to notice the differences in curvepgsadepending on the choice
of shower type. Below the matching scale, the shape of theedamgiven completely
by the shower, in particular for tfie— 1 jet rate. Above the matching scale, however,
the shape is mainly given by the matrix element. It is easye®the reason for the
different choices of matching scales for the different sbi@w thePr-ordered shower
gives significantly harder distributions than the virttyalbirdered shower, and is more
similar to the matrix element curve, hence allowing a highatching scale.

In conclusion the differential jet rates give a lot of infaation on the matching result
both in the behavior of each multiplicity but also at a glofmiysical) point of view.
Using such variable constitutes an important sanity chedletsure that a production
with matching has been correctly performed. In the appdBliwe propose a easy
solution to obtain these distributions.

In the next sections we review the main effects of jet matgimrthe case of Standard
Model. The production of heavy colored particles in the eshbf 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 Stardidodel is important as
for instance the QCD events and productions of a vector bedthnjets have, at the
LHC, a very large cross-section compared to most produatiechanism beyond the
SM. The LO cross-section of some of the main SM processes\ae fpr two center
of mass energy (10 TeV and 14 TeV) in TRR12.2, usingfA and thek, -MLM jet
matching for virtuality-ordered showers. The cutaf¥E andQmawchused both at the
ME level and at the PS level are indicated as well as, if negtledninimal Hr value
defined as the sum of the; of the partons, d, s, ¢, (b)). This cut is useful to get
reasonable statistics far in the tails without having towafe the bulks with millions
of events. The basic cuts required &g < 5 andPr = QME. In addition, forZ°/~,
the minimal invariant mass of the two leptons is requiredddaoger than 50 GeV.

Process Particular cut ME  Qmatch o(pb) (10TeV) o(pb) (14TeV)
QCD  Hr €][100,250) 20 30 1.5 x 107 2.4 x 107
QCD  Hr €[250,500) 20 30 4 x 10° 7.7 x 10°
QCD Hr € [500,1000] 40 60 1.4 x 10* 3.6 x 10*
QCD  Hr €[1000,inf] 40 60 3.7 x 102 1 x 103
B-enr.  Hpr €[100,250] 20 30 4.5 x 10° 9 x 10°
B-enr.  Hp €[250,500] 20 30 1.5 x 10* 5 x 10%
B-enr.  Hp €[500,1000] 20 30 7 x 102 4 x 10°
B-enr.  Hp €[1000,inf] 40 60 13 1.5 x 102
W+ |/ 10 15 4 x 10* 6 x 10*
Z0 v+ 10 15 3.7 x 103 7 x 103
1T+ / 20 30 3.2 x 102 7.5 x 102

Table 2.2: Cross-sections of some of the main Standard Meelesses. The first
column indicates the type of process: the “QCD” appellatoncerns the inclusive
production of 2,3 and 4 ME partons (j=u,d,s,c,b); B-enr.gjioe the b quark enriched
samples, defined bb+0,1,2,3 ME partons #(b)+1,2,3 ME partons (jet=u,d,s,c).
W+ andZ°/~ decays intce, 11, 7 and are accompanied by 0,1,2,3,4 ME partons of
the five flavors, whereas thi€has only up to 3 extra-partons.

Due to their large cross-sections, any unknown system#féicteoriginating from
Monte Carlo generators could easily lead to a misinteriogtaf the data.
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Figure 2.6: Left: Py of the leading jet with a LO simulation (red line and yellow
band ) and with a NLO simulation done with the generator MCBMé line and blue
band). Right: Pr of the leading jet (in blue) and® with (plain lines) and without
(dashed line) the matrix-element calculation of the kingécsaof a second emitted
parton.

An example of this kind of issue is illustrated by the simigdatof the Z+jet process
with a LO and a NLO generator (see RELI[58]). The LO genendsionade in & — 2
more precisely the matrix elementis+1 parton (FigCZl7(a)). The NLO mode takes
into account one additional jet compared to the LO genaratio

The Pr of the leading jet simulated with a LO simulation (red linelarllow band )
and a NLO simulation from the generator MCFM (blue line angeltband) is shown
in Fig.Z8(left). The 1.5 K-factor helps to normalize the loBbss-section to the
NLO estimation. This normalization is largely weighted b bulk region (very low
Pr) and it appears that besides this problem of normalizatidiseepancy between
the shapes is also visible at larg®, this difference reaching almost one order of
magnitude at the TeV scale.

The second jet ruled by the matching in the procgs4,2 parton can play the role of
real corrections to the LO generation, mimicking at leasad pf the NLO behavior.
To check this and understand the origin of the discrepantyenargePr region we
have reproduce the result of Fig-2.6(left) with the Showematching method.

In the Fig.[ZB(right) we show th&r spectrum of theZ boson and leading jet in
Pr with and without the Showek1 matching method. The dashed lines indicate
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Figure 2.7: Representative processes for Z+1 ME partot) defl Z+2 ME partons
(right) in which there is a possible collinearity betweerignd the Z.

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

It is clear that the shape discrepancy observed in[Ely.e£th{s 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 tRe distribution of the Z is not affected when passing
from Z 4 1 jetstoZ + 1,2 jets. This tends to show that the excessive recoil taken by
the leading jet is the consequence of the presence of a sgrtanthtively close to the

Z. This situation cannot be represented & 2 process done with a PS simulation
standalone as it should mean to have a Z "radiated" by a jeis iShllustrated in
Fig.Zq(b). The distance (hereR = \/An? + A¢?) between the Z and the closest
jetis shown in FiglZ]8. This confirms the expectation abbeirtcollinearity.

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

In the next section we generalize the study of the impacttaijgtching. To do so
we emphasize on the case of heavy colored particle prodydtio which the level
of QCD radiation is expected to be the largest and therefarertost problematic for
analyses.
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Figure 2.8: The distribution show the distanAd? between theZ boson and the
closest jet. The left hand-side figure is done usiiig1 partons while the distributions
of the right hand-side plots takes also into account therggparton at matrix-element
level. The different colors give the slice cutting (#r) of the phase-space, showing
that the small angle region is more populated in the secord aad since thér
range is higher.

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

In this section we first study the QCD radiation accompanthegroduction of heavy
colored states obtained from either a standalone partomesh@®yTHIA) and from a
matrix element plus parton shower (MadGraphvTRIA). In the rest of this chapter
we consider the production of SUSY particles as a toy-modeabse 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 gensraswe different built in

parameters which modify the behavior of the shower, andéahows tuning to data.
This means that the parton shower has a lack of predictahitlis not in general clear
that a tune done for one type of initial state will be applieab other initial states, or
that a tune done for a particular mass of a pair-produceétfwill be applicable for

other masses.

The discussion is here focused on the showers emitted ligl isiihte QCD radiation,
so no jets from decays are taken into account due to the fatintprinciple their



50 Chapter 2. The LHC and the modeling of collision

kinematics are well defined and the result shouldn’t be toehmiependent of the
shower scheme/parameterization chosen. In order to studlg@mpare the system-
atic uncertainties involved in parton showering, we usetive different showering
implementations of PTHIA described before: the virtuality-ordered aRgd-ordered
showers, with a range of shower parameters similar to thﬁﬂ. We also use two
different matching schemes, tlhe -jet MLM scheme for virtuality-ordered showers
and the showek; scheme forPr-ordered showers. The description of these tech-
nigues has been done in SEC.2.2.2.

For most of the studies here below, the other shower pararteteis varied is the
starting scale of the shower. This is the most importantrpatar determining the
hardness of radiation allowed in parton shower emissiomd tlae default value has
varied over the years and is still dependent of the procesteeed in the software
bank.

For both types of shower, we follow the nomenclature of F&] pnd call the appel-
lation "wimpy" and "power" for the lowest and uppermost lisnof hardness of the
showers. The wimpy shower use the factorization scale améhémal starting scale
while for the power shower the whole available phase spagebmaised.

In order to see how this lack of predictability is reduced bing the kinematics calcu-
lated at the matrix-element level, we first compare the teslitained withyg+0, 1, 2
ME andgg + 0 ME partons (equivalent to thie — 2 mode of FrTHIA standalone ).
The Py distributions of the two leading extra-jets is shown in EIg. We include
also the variation of both factorization and renormalimascales by a factdr/2 and

2 for one of the showers parameterization, in the matrix elemas well as the parton
showerﬂ. The mass of the gluinos is fixed at 607 Gel/(benchmark SPS1a). The
different curves correspond to the different shower patameettings: the virtuality-
ordered shower and ther-ordered implementation, each with two different choices
for the starting scale of the shower, wimpy and power show8eseral interesting
features can be noted from Hg.P.9:

e The spread in predictions for the parton shower is very largkstrongly affects
the shapes of the distributions. This uncertainty due tavelngarameters is
almost completely removed when matching is applied.

e The region where the shower predictions start to divergd,tha rate of this
divergence, is strongly correlated with the mass of the peced particles. This

SNote that the virtuality andP ordering of the showers are called irvB41A by MSTP(81) = 0 and
20, or 1 and 21 if the multiple parton interaction switch iieted, which is not the case in this study

4The factorization and renormalization scales can be chihrigspectively with the parameters
scal ef act andal psf act in MADGRAPH/MADEVENT andPARP( 64) andPARP(72) in PYTHIA
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Figure 2.9: HighPr spectrum for the first and second hardest radiated jet in the
production ofgg pairs. The upper row shows the spread ®frRiIA predictions with
different choices of the shower evolution variable (vititya and p2-ordered) and
starting scale for the evolution (labeled as “wimpy” and Wge” showers respec-
tively). The lower row presents the results obtained aftataming ME with PS in the
same four shower scenarios. The grey band shows the sy&temagrtainty associ-
ated with a variation of a factor of two of the renormalizatand factorization scales
with respect to their central values. The different curvagsha relative normalization
corresponding to their relative cross-section.

correlation is due to the choice of starting scale for the pyirshowers since the
factorization scale, which is close to the mass of the predyarticle.

e The power shower curves consistently overshoot the matmees, and hence
give too hard predictions, while the wimpy showers give toft distributions.

e The uncertainty due to scale variations is considerablemtainly affects the
normalization and only to a small degree the shape of theesurv

Furthermore, it is observed that the discrepancy betweznrimatched and matched
productions of ISR is also dependent of the type of the dagtiproduced (gluinos or
squarks) as well as their masses. The full discussion caourelfin Ref. [55].
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2.3.1 Anatomy of ERss + multi-jet final states

While the previous section dealt with jets from QCD radiatanly, in real life we
can expect new heavy colored particles produced at the LH{&¢ay into jets and
missing transverse energy. It is therefore rather intergs$t 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 radiatiorukhbe relatively unim-
portant compared to the hard decay jets from heavy parti€les example a pair of
squarks with a mass around 600 or 700 GéWil easily give jets with a< Pr >~
200 GeV/¢ while the initial state radiation are peaked to zero.

In order to clarify the discussion, and keep our results eoraive, in this section

we will use a set of simplified supersymmetric benchmark ades, summarized in

Table[ZB. In all the scenarios we assume all light-flavourasks to have the same
masses and that they all decay directly to the LSP, i.e. wer@the existence of
intermediate weak states. Introduction of cascade deciiysave as main effect that
jets from decays get softer, while the jets from QCD radratice not affected, and
will hence mainly further accentuate our results.

Scenarios | Il 1"

g 607 607 607
q 560 heavy heavy
Xy 100 100 500

Masses (GeVA)

Table 2.3: Benchmark scenarios employed in this work as fications of
SPS1all6l0]. We always assume the squarks decaying 100%uat&-dightest neu-
tralino.

For ease of comparison between the scenarios, we have dioassnthe same masses,
around 600 GeVFfor the active heavy QCD states in all scenarios. Scenarés lah
SUSY QCD spectrum similar to the SPS point [La [60], with armguat 607 GeV/e
which decays to squarks at roughly 560 GeV, while the LSP19atGeV. In scenario
2, the gluino has a mass of 607 Ge¥Vhut all squarks are heavy, so that the gluino
decays through offshell squarks to two quarks and the LSEpfesentative feynman
diagram is shown in Fig—210.

Finally scenario Ill has a gluinos at 607 Ge¥/decaying through offshell heavy
squarks, but the LSP mass is 500 GeV, only 100 Géligbter than the gluino. These
scenarios will act as case studies to illustrate differéfietes of QCD radiation in the
production of new heavy QCD states.
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Figure 2.10: Representative Feynman diagram for the ptamhgcin the scenario |
and Il.

All plots and results in this section are generated usingcheat samples with the
default FrTHIA parameter choices for virtuality-ordered showers, untgherwise
stated.

HY' variables in gluinos production

In order to study squark pair production one should selget @bservables, for asso-
ciated gluino-squark production 3-jet observables angjligno pair production 4-jet
observables. While it is true that gluinos decay to two geankdy! , it should be
kept in mind that the visibility of these jets depends stigmym the mass hierarchy of
QCD states. In Fig.211 we show tlﬁé;t(n) distributions, defined as

R () =Y [P (2.11)
=1

for n = 2,3, 4, for the scenarios | and Il. The sum in e 12.11) is taken gftsr
defined using the SISCorie [61] algorithm with a radius of @&, > 40 GeV. This

choice is made to get close to standard jet algorithm turegsfas jet reconstruction in
experimental analyses. We also show the compositidﬁ%‘fc}(n) in terms of jets from
the gluino decay and ISR’s, as well as show the average dracfi the Hr coming

from the decay. For scenario I, where the gluinos decayutinoff-shell squarks
to two quarks of similar energies and an LSP, the majorityveings in the peak of
HjT‘Et(4) include only jets from the decay, while the tail of the distrion is dominated
by 2-3 jets from the decay and one jet from radiation. For ader however, where
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Figure 2.11:H1T'3t(n) forn = 3,4,5 in gg production. The different point markers
show how many of the jets entering in the definitionﬁft(n) come from QCD
radiation. Upper row: Scenario I, lower row: Scenario Ill@®&eeach main plot, the
red curve indicates the percentagelff coming from the decays. Jets are defined
using the SISCone algorithm with/a-™™" of 40 GeV and a radius of 0.5.

the 607 GeV/¢ gluino decays into a fairly soft jet (with an energy around@&V)

and a squark which in turn decays to a hard jet and an LSP, strébditions are quite
different. Here,Hgft(ZL) is dominated by events where at least one of the jets come
from radiation, and we need to go downkd;’t(Q) to be dominated by events with
only decay jets across the whatér range. The energy fraction df;‘ft(zl) coming
from decay is still fairly high, even in the high- tail, since most of the transverse
energy comes from the squark decay jets.

The immediate interpretation of this result is that in a seenwith a small mass split-
ting between gluinos and squarks, gluino production mighdifficult 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 particulapy ® answer, is to spec-
ify the number of jets typically present in production offdient particles. We here
present a table with the jet multiplicities, for matched anchatched (Pythia virtuality-
ordered default) production, for the scenarios studiedortfer to make the table as
useful as possible, we have used jet cuts close to what isingedny preparatory
analyses for squark and gluino search®s!°* > 180 GeV/c,Pr'°" > 110 GeV,
Ppit > 50 GeV/c forj > 2 and|ri°t| < 3 for all jets. We require all events to have
at least two jets. The jet multiplicities are exclusive, aodadd up to 100% of the
events passing the 2-jet cut. The jet algorithm used is Si8Q@dth a radius of 0.5
andPr > 40 GeV.

The difference between matched and unmatched generatisofisid, as emphasized
in Ref. [55]: the ISR jets get harder (compared to defaulhRys$tarting scale), what
helps them to get above the threshold of 50 GeV/c. The majdkinds therefore to
increase the transverse boost of the produced pair, ane i@ of the softest jets
from the decays. The matched production therefore in gépepaulates higher jet
number bins that the unmatched ones.

Process N=2 N=3 N=14 N 2>5 Signal eff.
M U M U M U M U M u

gg sc.l 157 271 300 339 244 210 297 178 437 404
gg sc.l 352 394 325 338 175 160 146 104 319 283
Gq sc.l 40.2 48.1 334 320 159 129 103 7.2 169 16.0
gg sc.ll 44 47 195 221 271 292 49.1 437 438 401
ggsclll 215 284 326 370 239 210 218 136 47 3.0

Table 2.4: Contribution of events witN' jets for matched and unmatched processes:
34, gG andqq in Scenario | (for squark production this is very similar tesario 111),
andgg in Scenario Il and Ill. All numbers are in percent. “Signdi@éncy” shows
the percentage of events that pass the 2-jet cut. The jeaoeidescribed in the text.
The label “M” means “matched” while “U” means “unmatched”.

The first three lines in Tablg2.4 represent Scenario |, wigckery similar to the
benchmark point SPS1a. In this scenario, the gluinos dexay-agq — ggx° (with
myo ~100 GeV), so there are typically two hard and two soft jetsnfiie gluino
decay. Here the effect of the matching is large, due to thee@se inPr for the
soft jets as well as increased hardness of the ISR jets. Emiaso Il on the other
hand, where gluinos decay as an equivalent three body detaywe jets and a light
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neutralino, the sensitivity to the matching is much lowarge there, typically at least
four reasonably hard jets are present from the decays. hlisio this and similar
cases that the statement that gluino pair production géyeaaresponds to four hard
jets in the event is true. In the last row in the table, the poedl gluinos decay to a
near-degenerate LSP, meaning that most hard jets are dueDar&liation. Here, a
large recoil against initial state jets is needed in ordevien pass the 2-jet cut, hence
the very low signal efficiency.

For squark-squark and gluino-squark production for Sdgerlgfrow 2 and 3 in Ta-
ble[Z:3, there are only two hard partons from the decays (aa@dditional soft parton
from the gluino decay) and additional QCD radiation. Ag&ie imain consequence of
the matching is to increase the mean number of jets. It isdatig to note that in this
particular case, the addition of matching to the generatfosguark pair production
gives very similar numbers to the unmatchigdassociated production (although the
selection efficiency is different), indicating that the otdahg has a similar impact to
the addition of one extra jet witRr ~ 50 GeV.

The discussion about the matching impact on inclusive potolis relatively broad
and several pathologic case can be identified. These caseéssaussed 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 QCDataxi in the typical
observables employed in the BSM inclusive searches claized by highPr jets
and high missing transverse energy. In order to see theteffélce matching on the
sensitivity to shower after a smearing of the signal, andrdfeoto be as complete as
possible, we consider the productiongf, 5§, GG andfl,gﬁ_rz, with ¢ defined as
ir.r, dr.r, 511 €11, b12. The signal is produced in both the matched+@, 3,
4) and unmatched (22) modes in the the SPS1a benchmark scenario [60]. For the
background, we consider the most important processesigaalifour hard jets and
potentially large missing transverse enery* — [*v + 4 jets, Z° — vv + 4 jets,
W+ — 7,0+ 3 jets and finally the inclusiv&+0,1,2,3 jets. We do not include QCD
multi-jets production, since we have no means of realiyigegerforming simulations
of the missing energy distribution, which is due to decaylsazvy quarks to neutrinos
and jet mismeasurementin the detector. We instead basealysis on cuts similar to
those used in Refd, [119] and 162], and keep this contributianind. All background
simulations are done using jet matching. Many comparisams been done between
matched and unmatched background simulations, which at&km@vn to differ by
up to several orders of magnitude for this type of multi-jeservabled 63, 64, 65]. We
therefore here look at the effects of including matching/anlithe signal simulation.
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Figure 2.12:Hy for SUSY production in the SPS1a benchmark scenario, cozdpar
to (matched) Standard Model backgrounds. The grey bandstwmvspread of un-
matched RTHIA predictions with varying shower parameters, while the gisend
shows the corresponding matched predictioHs: definition and cuts are described
in the text.

In order to get a more realistic perception of the jets, weoskdo simulate a detector
response using PGS 4 166]. The MidPoint cone algorithm isiclemed and the jet

definition based on a with a minimuir of 40 GeV/c and a radius of 0.5. To be
conservative, we use only kinematic variables associatelet jets and the missing
transverse energy. The cuts used are

L4 ]Vjet24

Im| < 1.7, m234..| <3

Pri®t >180 GeVic,Pri*z > 110 GeVic, Pri**>2 > 50 GeVlc

Er > 150 GeVic

A¢(Er,jety) > 0.5 andA¢ (L, jety) > 1
S P 4 B > 600 GeViE

The SPS1a scenario is affected by several of the difficuttéeesribed in Se€_2.3.1.
The gluino has a mass higher than, but close to, the squarihence decays to a
squark and a soft jet, making the jet counting complicatéuceSgluinos and squarks
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are of similar mass, the QCD SUSY production includes aasedisquark-gluino
production, gluino pair production and squark pair progucfbothgg andgg* which
are of similar cross-section, and to a negligible degt@#), in order of cross-section.
This means that the YWHIA shower cannot simultaneously describe all production
modes, as demonstrated in RELI[55]. Furthermore the spacd the different pro-
duction modes based on jet counts or jet kinematics will betnigial. The produc-
tion cross-section is however in this scenario dominateddsyciated gluino-squark
and gluino pair production, where the default®iA description is reasonably good,
and only undershoots the matched description by about ¥0{80the first couple of
QCD radiation jets, so we expect the inclusiveTRIA description to be reasonably
close to the matched curve.

The resultis illustrated in Fig_Z112, which shows the

4
Hp =Y Pr®+H, (2.12)

=2
for inclusive supersymmetric production of gluinos andasts (including’ andb).

The effect of the matching is as expected — a significant its@luin the sensitivity

to parton shower parameters, and a shift of the predictiocoagpared to the de-
fault virtuality-ordered RTHIA shower (black line) by about 10-30%. Even with the
smearing due to the detector simulation and more complexydetban the simplified
scenarios used in SAc_213.1, the povrerordered shower continues to overshoot
the result obtained with the matching whereas the wimpyality-ordered showers
undershoot the matched curve.

Since we require four hard jets, the strongest impact is enstiuark-(anti)squark
pair production, with an efficiency increase close to 40%npassing from the un-
matched default virtuality-orderedvPHIA shower to the matched production. This
happens for two reasons; as described in[Sec]2.3.1, onlydwhets are produced by
the decay of the squarks, which means that two jets from Q@iatian are needed.
Second the difference between the unmatched and matchiedioads particularly
large for squark production. On the other hand, the effegtlish smaller for gluino
pair production (around%). This has to do first with the large fraction of events with
at least one top quark in the decay, second the large presén¢and therefore-jets)
from chargino and neutralino decays and finally the produatf lighter right-handed
squarks providing harder partons g in the degay ¢Gr. This gives rise to multiple
hard jets and hence a small sensitivity to the matching. Magdicitly, any decay
to stop (around 1%) gives at minimum one top (and therefore one b-jet) and other
jets from stop decay via production of neutralinos and dnagdecays into tau-jets
or b-jets. Also the decay of left-handed squarks)¢)1%,, dr,, 51, ¢, provide easily
neutralinos and charginos decaying onto tau’s and theritpps$au-jets. Finally the
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sbottom decay gives a b quark and charginos as well as neosalith as conse-
quence the production of tau-jets. Note that in this casétjeés produced benefits
from a larger phase space than in the case of the jet fromlsgeany in the case of
ir,dr, 5L, ¢r.

The effect on the associated gluino-squark productionBietsveen these two ex-
tremes, with an efficiency increase closelts. # andb production is dominated
by t,£; pairs (due to a low; 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 aliess or shower evolu-
tion variable, is also related to the type of initial part@pecially the-quarks. There
is a long-standing problem related to this, whose reprasigatcase is thechannel of
single top production at hadron colliders. This problemamns the NLO predictions
of the rates but also the differential distributions andeisited to the choice between
viewing b quarks as massless constituents of the proton of massivgemmearticles.

The first option is to calculate the NLO corrections in thedlr scheme. This means
that theb-quark is considered also as initial state and thereforthfosingle-top case
the calculations are based orea— 2 process. While this method benefits from
easy calculations, the modeling of the accompanying (madsiquark, needed at the
experimental level is not accurately performed at LO.

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

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

The problem is essentially the same with the presence of spectatords-quarks.

A typical example in the SM is the production gf+jets. In the Higgs sector, this
situation is also possible if the Yukawa couplibigi is enhanced, for instance by
tan 3 like in the two-Higgs-doublet-model presented in the fitsamter. We do not
propose theoretical solutions here, instead the presssushion can be seen as strong
remark for analyses where the presence of these accompgargirarks is important.
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Figure 2.13:1 — 0 and2 — 1 differential jet rates foZ A production with 0,1 and 2
additional partons at the matrix element lev@aci=70 GeV for the upper figures.
The distributions are normalized to the cross-sectionif@ignt to a luminosity of 1

pb~1). The lowest plots indicate the ratio of distributions €#atch =50,60,80,90,100
GeV with respect to the case whepg,aich = 70 GeV.

Practically we consider the production of a heavy scalaith m;=350 GeV.

In the context of Monte Carlo simulations, the main pointiestablish which sim-
ulation choice reflects correctly the calculations; theme @ssentially two options.
The first possibility is the generation of an inclusive saenpfi the form2 — h+0,1,2
partons , using a matching technique as it has been discurstigd chapter. The jet-
matching is an elegant solution for this type of problem as@ehsing cross-section
is associated to each multiplicity. The other possibilityd consider thgg — hbb
process, with or without matching while the showering iS@ened.

To do the comparison, the matched production is done wittvehé, , and the choice
of QmatchiS shown to be the best from around 50 GeV up to 100 GeV. Thisisriated
with the case in Fid—Z13 for the— 0 ate2 — 1 jetrates. The evolution of the global
(physical) shape is very small if the matching scale is ckdngrhe only variation
happens in a small region arouihaich and the smoothest transition is obtained for
Qmatc=70 GeV.
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At the moment of writing this text, the implementation of tbKKW matching method

in MadGraph+RTHIA has been just done. The jet rates are shown to be in perfect
agreement to what is obtained with the showerscheme. We also consider this
possibility for the comparison.

A study of thePr and rapidity distributions gives a good indication of th#atences
between the matched (both CKKW and showermethods) and the unmatched case
gg — bbh. For the comparison we also display the results for the uciea — 1
channebb — h. Figure [ZTH (up) shows these variables for the two hatuigstark

at the shower level. No cut in rapidity & is applied at this level and the curves are
normalized to 1.

While the tails of thePr distributions tend to be parallel for the matched produngio
andgg — bbh, the matched case shows an overshooting effect in the bgi&rre
mostly visible for the leading-quark in Pr. Correlated to this, thé-quarks are
produced more centrally in thgy — bbh case than in the matched cases. This is
due to the fact that in the matched case a substantial fracfithe leading-quarks

in Pr are produced by the shower algorithm and not via a matrisaete. Besides,
the2 — 1 solution description tends to be close to the matched ge&omiat low

Pr scales while large discrepancies appear in the tails. Bhig tourse the same
observation as for the production of heavy colored pasicle

As no cutis applied, these distributions are biased contidarehat could be observed
in a detector. Thé-tagging of jets is indeed based on mininkal cut as well as on the
acceptance of the detector. To fix the ideas, we assume thptacce cuPr(jet)>40
GeV/c andly| < 2.5. The corresponding’r and rapidity distributions are shown in
Fig. 213 (low). The matched angy — bbh shapes tends to be very similar even
in the bulk region. This sanity check not only confirms whaéexpected, that the
matched and four-flavor scheme behave similarly at litghbut also shows that the
remaining between Monte Carlo systematic bias can be a#aishs a normalization
factor between choices of simulation. This conclusion iséwer not true fombh
production as it still displays an undershoot in the tails.

This factor is estimated as the ratio

R— €matched (213)
€unmatched
wheree is defined by the ratio between the number of events for whgilien number
of b-quark fulfill the Pr and rapidity cut and the total number of events. This ratio is
shown in FigLZIb (left) for events with at least one and tvepuarks passing the cuts.
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Figure 2.14:Pr and rapidity distributions for the two leading b-quarkia for (up)
no cut in Py nor rapidity and (down) foPr >40 GeV/c and théy| <2.5. The blue
and red lines are the distributions for CKKW and Showersamples respectively,
the green and purple lines correspond to the unmatghed- hbb andbb samples
respectively.

In a first approximation we can conclude that thiagging efficiency of at least one
ISR with a Py larger than 30 GeV/c would suffer from a variation of at 1e38t%
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Figure 2.15: Left: The ratio of efficiencies between matched unmatched sample,
for the detection of at least one or two b quark with a minifial > P7*" and with
the pseudo-rapidity restricted to 2.5. Right: The b-taggiersus the mistagging rate
for ¢ (triangle) and uds (round) jets in CMBy >30 GeV/c andn| <1.4.

with respect to the Monte Carlo method used as referenc&olf3Rb-jet are tagged,
this variation is raised to more than %0

However the estimation of this effect in the context of anexkpental analysis is
slightly more complicated since the contribution of miggad light jets and the pro-
portion between light, ¢ and b-jets when the acceptancearetsipplied have to be
taken into account. Note that this proportion is also défemvith respect to thg+jets
case.

Itis possible to estimate the contamination of the sampl@hbyjets as the following.
We defineB; the probability tob-tag a jet initiated by a parton of flavgrand V. jﬁl}s
the number of event produced wijhparton(s) of flavor f, all passing the acceptance
cut. Therefore

Ntagaed = N[1— (1 By) NG (2.14)

j=1
represents the actual number of events with at least onetggded. If we sum over

the flavors and divide by the actual number of events produbedxpression can be
rewritten as

o0

E=> Y [1—(1—Bs)les (2.15)
f

J=1
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whereé€ is the proportion of events with at least one jet is b-taggedie ; is the
proportion of events providing exactjyjets of flavorf passing the acceptance cuts.
The parametet; ;s is submitted to the Monte Carlo systematic uncertaintysitated

in Fig.[ZI% (left), fluctuating between 20 and @0

The parameteB; is experimental. There are different methads [69] to idgritie
b-jets: secondary vertex detection, track counting andlepfbn identification. The
efficiencies of-jet tagging versus the mis-tagging rates is shown on[ElH @ight).

A 40% efficiency forb-jets shows that a bit more than the percent of c-jets andghe p
mil of light (udsg) jets aré-tagged. This estimation shows that weight of light jest in
the tagging estimation shouldn’t be too large and therefeeystematic error shown
in Fig.[ZI%(left) can be propagated framy, to é. This ratio could then be taken into
account directly in the significance prediction, using tbenmalization to the NNLO
cross-section.

To conclude, it is important to keep an eye on this point asghtrinfluences the esti-
mation of the significance if sudittagged jet are required to be visible. A mismatch
between the data and the simulation could lead to wronggre&ations at the level of
the physical production of the ISRjet.

2.5 Conclusion

This chapter focuses on the importance of simulating ctiyréte QCD radiation for
the study of the Standard Model and beyond. The jet matchethoas implemented
in MadGraph are discussed and theirimpact on the simulafionitial state radiation
is studied.

It is shown that a matched matrix element plus parton showproach for heavy

particle production is globally much more accurate thanrgopashower alone. Indeed
the Pr spectra of the extra-jets in the parton shower approachtisreely sensitive

to the shower starting scale and the shower algorithm, vitiilenatched simulations
are not.

The discussion is also extended to a more inclusive conihére the extra-jets are
produced in addition to hard jets coming from heavy parsiclecays. It has been
demonstrated that even in this situation the initial statbation cannot be neglected
and is susceptible to influence the jet counting and the grférg. This is a very
strong argument in favor of using jet matching as a standardlation method since
the discovery of many heavy colored particles (in MSSM fatamce) is expected to
be achieved with final states composed by jet and missinguesse energy.



CHAPTER

THREE

Studies in the M2HDM at the LHC, the Higgs hunting

I N this chapter we study how the Type | and TypeM2HDM could be discovered
at the LHC. The aim is to propose analyses covering most gbdinemeter space
left free from the theoretical and experimental constgaint

This chapter is organized as follows. First a brief remiratgout theiM2HDM and
its constraints (discussed in the SEC.1.2.2[@nd]1.2.4)rie.dWe then define two
benchmark points for the analyses. In order to evaluateio®dery potential at the
LHC, we want the detector effects to be taken into accountldrso, a fast simulation
software is presented. Several channels of interest anadibeussed, 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 tiI2HDM scalar sector. Its Higgs boson mass
spectrum is defined by the relation, > mgo g+ > m4 with my <90 GeV/E, and
so that the decay§* — W+ A4 andH® — Z A are always allowed and dominant.

Two Types of Yukawa couplings mode are possible, in the Tythe touplings of4,
H* and H° to fermions are proportional tean 5 and in the Type Il the couplings
to up (down) fermions are rescaled byt 5(tan 5). On the contrary, the Yukawa
couplings of the SM-like Higgs bosdnare insensitive toan .
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In the Type I, the decayls — AA, HOH°, Ht H~ are kinematically allowed while
only h — AA is possible in Type Il due to the theoretical and indirectstoaints.
Indeed the unitarity condition restricts the scalar massdse smaller than roughly
500 GeV/¢é and theB-physics measurements constraints the triplet mass tagerla
than 300 GeV/&. Finally the twisted custodial symmetry forbids tiE boson to
couple to two gauge bosons.

The unconstrained region of the parameter space in Type Tyoel Il scenarios de-
fines the choices of benchmarks points in the mass spectriguref{3.1 (a) and (b)
summarize the set of constraints presented in the first ehayte do not cover the
whole available parameter space. Instead, we restricelmesto two representative
cases (the purple stars) one for each Type. These benchwmiatk will be used for
the more detailed analyses of this chapter (3 processelparontrary of the smaller
discussions (3 processes).

700

600 -

100

0 100 200 300 400 500 600 700 0 100 200 300 460 500 600 700
my ma

(@) Typel (b) Type ll

Figure 3.1: Summary of all relevant theoretical (greergiriect (red) and direct (blue)
constraints in the Type | and Type Il twisted two-Higgs-dtilnodel, in the plane
[ma,mr]. Gradient bounds indicate milder indirect constrainitese konstraints as-
sociated to thes anda,, parameters, which should not be consider too strictly. The
purple stars indicate the two choices of benchmark poirttsldd in the text.

The parameterization of both benchmark points is given bi33, labelled “BP1" for
the Type | and “BP2" for the Type 1.
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Parameter BP1 BP2
mp 400 GeV/@ 400 GeV/é
mr 180 GeV/é 350 GeV/é
ma 30 GeV/é 40 GeV/¢é
tan 3 0.2 30
Branching ratio (%) BP1 BP2
A—bb 86 90
A— ™ 10 10
HY - ZA ~100 63
—W*A ~100 79
h— HTH™ 20 —
h — HOHO 10 -

Table 3.1: Parameters values for ii2HDM that define the BP1 and BP2 bench-
mark points. The branching ratios relevant for the analpsesented in the following
are also given.

3.2 Event simulation and reconstruction

The signal and background events have been simulated usrigiplementation of
a generic 2HDM in the tree-level matrix-element based egenerator MadGraph
v4.4. The parameters of the model have been calculated tisigwoHi ggsCal c
calculator [/D]. The PDF set used is CTEQ6LI[71] and the fazation (xr) and
renormalisationy r) scales are evaluated on an event-by-eventbasis usingl#tien

,LL%: = R - ]\/[72nax+ZPT (31)

where M,,... is the larger mass among the final state particles janths over the
visible particles.

The showering/hadronization phase, as well as the decaystdble SM particles, are
simulated using?yt hi a 6.4 with virtuality ordered showersVGTP( 81) =0) and
default starting scalePARP( 67) =4) [/2]. No underlying event nor piled-up events
are simulated.

In order to take into account the efficiency of event selectiader realistic experi-
mental conditions, the fast detector simuldbet phes [[73] is used. Characteristics
of the simulated detectot.e., its geometry, granularity and resolution, are close to
those associated with the ATLAS and CMS detectors (sed Ely. 3
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As a reminder, the pseudo-rapidijys defined as
0
n=—In {tan 5] (3.2)

whered is the polar angle calculated from the longitudinal direetfbeam axis). The
second often considered coordinate is the azimutal afiglenning on the transverse
plane of the detector and calculated from an arbitrary trarsslz axis.

¢ segmentation

2 3 4 5
v segmentation

(@ (b)

Figure 3.2: (a) They and¢ segmentation of the calorimetric towershal phes. (b)
Simulated view of the simulated detectordel phes The central purple part in the
barrel is the tracker, it is surrounded by the calorimetstesy (green) and the muon
chamber system (red). Two endcaps for the calorimeterdsogeesent (blue).

The tracker is assumed to reconstruct tracks within< 2.5 with a 100% efficiency
and the calorimeters cover a pseudo-rapidity region ujglto< 3 with an electro-
magnetic and hadronic tower segmentation\af ~ 0.1 andA¢ ~ 0.1. The energy
of each quasi stable particle is summed up in the correspgradilorimeter tower.
The resulting energy is then smeared according to resalfiioctions assigned to the
electromagnetic calorimeter (EC) and the hadronic caletem(HC) parameterized

by:

oEc 0.25  0.05
o= 0005 (3.3)
OHC 1.5

— = 0054+ —. 3.4
E VE (34)

where the energy is expressed in GeV. Note that the configuration card is ginen
the appendikA.

The acceptance criteria are summarized in the[Tab. 3.2.hEdepton, we demand a
tight isolation criterion by requiring that the number oflttbnal tracks withPr > 1
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Final state |p™®| Pm" (GeV)

e, 2.4 5
jets 3 40
b-jets 25 40

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

GeV/c (denotedV;ors ) presentin a conAR = /An? + A¢? = 0.3 centered on
the lepton track be either 0 or 1. In so doing, we accommodetescwhere collinear
hard leptons are produced. The jets are reconstructed asiggalorimeter towers
and making use of the SISCone algorithm, as defined in theléiagackage [74]
and implemented ilDel phes. Unless stated explicitly, a cone size radiug)af is
applied for the jet algorithm. Thetagging efficiency is assumed to be%aor all
b-jets, independently of their transverse momentum, withka frate of 1% (10%) for
light (charm) jets. Finally, the total missing transversergy F, is reconstructed
using information from the calorimetric towers and muondidates only.

In order to avoid repetitions in the forthcoming analyses,define here a set of cuts
related to the acceptance of produced partiddég’, ;), the selection of. Z bo-
sonC),z, theb-tagging of a jetC; and the selection of leptons coming from a light
pseudoscalat's (l4,12):

o A(I?,5™): m jets andn leptons (electrons or muons) are required in the accep-
tance region with the isolation correspondingNg>"s . < i. In other words,

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

e C,z: n Z boson(s) are reconstructed from lepton kinematics. Leptoi-
dates fulfilling the acceptance cuts must have the same fiaspposite charges,
and aPr > 10 GeV/c to reduce the amount of leptons fraBhmeson semi-
leptonic decays. AZ boson is then reconstructed if the di-lepton invariant mass
lays in a 10 GeV/¢ mass window around th& mass.

e (y: at least one of the jet passing the acceptance cuttaigged.

e C4(l1,12): Thetwo lepton$; andi, have different flavours and opposite charges,
belong to the samAR < 1.2 cone, and have an invariant mass smaller than 25
GeV/c.

In the following, we present simple strategies that can tegatomising Signal-over-
Background §/B) ratios. For some of the processes, detailed informatiothen
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efficiencies and the visible cross sections are given. Tlesipility for additional,
more sophisticated, selection methods is also briefly dised.

3.3 Discovery potential of Type | :tM2HDM

In this section we review simple ways to discover all Higgsdits in the Type | with
a minimum of channels.

In Sec[331 we focus gop — h — Z AZ A process for the simultaneous discovery
of h, A andH° bosons. The discussion in SEC.3.3.2 is focused on the ietetthe
charged Higgs.

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

The main NLO cross-sections |18] for the Higgs bogoproduction at the LHC are
shown in Fig[Ib. For instance thye — A fusion process is dominant on the whole
mass range. The other production modesg@fe— qq'h with vector boson fusion ,
the heavy flavoregp — ¢gh and the Higgstrahlung channels of the type— Vh°.

In the context of SM Higgs searches at the LHC, it has been stioat the discovery

of h at high mass could be achieved after less than 10 flsee FigLk (left)) ,
notably with the observation i — ZZ decays([/bl 746]. A deviation from the
expected visible cross section,;s (defined asr x BR after the application of cut
based selections) could reveal the presence of additietays of the Higgs boson
such as those predicted by tid2HDM. In this context, it is interesting to study the
procesgyg — h — H°H® — ZAZ A since beside the large cross-section it benefits
from a sizableh — H°H° branching ratio (see Fif_LI15). To study this channel, we
assume that the mass-spectrum is defined with the benchmiatkB# 1.

A first requirement is the decay of bothboson into leptons andy. This provides

a very clear signature (see Fig.13.3), helping for a largédpaind reduction. Un-
der this decay hypothesis, the total rate decreases coaligesuch that only the
dominantA — bb decay mode can reasonably be retained. At the parton lesel th
signal final state is theht—1+1'~bbbb, with I* = e*, p*. In average thé-quarks
produced by the pseudoscalérare reasonably separatedl /g = 1) but have a low
average transverse momentum. In order to avoid the expetiineomplication of
tagging these low?r b-jets separately, a large cone size radisl] is used. This
therefore leads to a final state with only two main jets in thalfstate. It should be
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Figure 3.3: Feynman diagram for thpg — h — HOH® — ZAZ A process.

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

The main backgrounds to be taken into accounttazeand ZZjj. The process
g9 — h — ZZ can be neglected as well 88+ W ~Z because of their relatively low
cross section for the second case and low probability toidecab-tagged jet for both
cases. The background proceégd — ZZ — [T{~I't'") is also neglected thanks
to its low cross-section~( 5 ab). ForZZjj the jets are produced with a minimaf-

of 20 GeV, a maximal pseudo-rapidity of 5 and\a&k(j;j) > 0.3. The cross sections
times branching ratio for the signal and background praeseaee given in Tab—3.3

Process Decay (MC) o (fb)
ZAZA (Z —1H17)(Z — U'H'~)bbbb 3.2
ZZjj  (Z —=1H1")Z —1"*H1"7)j5 16
ttz (t = ITbEp)) T — I"bEp))(Z —1T17) 35

Table 3.3: List of processes considered in the analysise#thZ A channel. The
notation/ means that only electron and muons are considered. If ttaiont is used
instead, all flavours are included and the taus are decayedrip.

In order to increase th8/ B ratio, the acceptance cut(lg, ;%) and theC), cut are
applied. The efficiency of th€}, cut is assumed to be the same as for singieark
induced jets. We then apply th&,, cut, where the invariant mass of the two pairs
of same-flavour leptons are the closest to the actualass. The relative and total
efficiencies for all processes are listed in Tahbl 3.4, as astheir visible cross sec-
tions. The visible cross section around 0.3 fb anfl/& ratio close to 3 suggest
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that, using the simple algorithm depicted here above, tideage of such a signal
could be reached with a total integrated luminosity smaktian 30 flbo'. However, as
said in the introduction no pile-up is considered here,gktémation is most probably
optimistic.

ZAZA ZZjj tZ

A, 52 (%) 27 11 18
Cy (%) 50 7.9 54
Caz (%) 72 75 4.1
€tot (%) 9.6 0.63 0.4
Ovis (fb) 0.32 0.1 0.014

Table 3.4: Relative efficiencies (in percent) for each cespnted in the text. Com-
bined efficiencies and resulting visible cross sectioneratl cuts are also shown.

TheS/ B ratio could be further improved by applying a more sophég#d cut, taking
advantage of the fact that invariant mass of thean, in principle, be fully recon-
structed. First, the twdI® masses are reconstructed, each from Bnend one jet
(which for the signal, has to be understood as the singlenghtded by thed boson
decay), such that the difference between the two pos&iBlmass combinations must
be minimal and smaller than 100 Ge¥/d~urthermore, the mass difference between
theh candidate directly reconstructed from the sum of all 4-ecbf the four leptons
and the two jets, and the mean B candidate masses, must be smaller than 400
GeV/Z&. The relevance of this cut is illustrated in FIg3.4(lefipwing the distribu-
tion of signal and background events as a function of thedifice betweem,, and

the mean ofn o, after applying all other cuts of Tab—B.4. T8¢ B ratio could be
easily increased up to 5, to the price of a lower signal vésilnbss section (by roughly
30%).

The distribution of the twa7° reconstructed masses for the events passing all cuts is
also shown in Fid=314 (right). Itillustrates the posstlgito measure th&® mass with

the simple algorithm described above. The resolution coefthinly be improved as
well as the signal significance if a proper jet reconstructiath an optimal cone
size and the tracker information were taken into accounie détermination of the
invariant mass of the pseudoscalacould also be attempted.

Note however that the conclusions of this section has to terpgreted with some
caution sinceb-tagging efficiency and jet kinematics have to be re-evalliathen
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Figure 3.4: Left: the variablé\ My is calculated for each event as the difference
betweenm;, and the mean afi o afterA(lé,jQ), Cp andCyz cuts. Right: invariant
masses of the pseudoscal&f bosons (two entries per event). The markers show a
hypothetical event excess for an integrated luminosityQofi3 *.

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

3.3.2 Possible processes for charged Higgs bosons obser-
vation

The possibilities for discovering a charged Higgs bosonmaigicularly important to
reveal the Higgs doublet structure of the proposed modethénType 1iM2HDM
there are essentially three processes of interest nameddaug to the presence of
heavy particles:

o WAZA): pp — W*t — H*H' - W*AZA
e WAWA):pp - h— HTH- - WtAW—A
o (TWAb):pp —tt —tH b —tW~Ab.
This section does not consider the benchmark point BPleadstve focus on the

regions of the parameter space where the visibility of tre@sses is expected the be
the highest;j.e. with lighter masses to enhance the cross-sections.
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W AZA, aprocess for H* and H' discovery

In the Type |, the discovery of the charged Higgs bosons cbaldttempted via the
channepp — W* — WAZA (see Fig:3b).

Figure 3.5: Feynman diagram for the — W** — H*H? — W+ AZ A process.

The production cross-section is close to 120 fb at hestfor mzo = mpy+ ~140
GeV/c andma ~ 50 GeV/&. As for the ZAZ A channel, the interesting point of
this topology is to provide & boson and therefore a clear signature. Assuming that
both theZ andW bosons decay leptonically and the pseudo-scalarsiqtarks, the
final state is thed™ 1~ 1'* + 4jets + J+ and the corresponding cross-section is close
to 1.5 fb. With such a mass configuration, the boost ofAlmson is sufficiently high

to produce thé quarks collinearly £ AR >< 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 ondagged jet to reduce strongly the largest WZ+jets
background with both vector bosons decaying into leptomsleéd the main back-
grounds ard¥ Z with one mistagged jet}’ Zbb andtZ with one top decaying lep-
tonically and the other top hadronically. If we assume thathittagging requires at
least 30 GeV/c inPr, ab-jet tagging rate of 4% and a mistagging rate around the
percent, the visible cross-section W7 is close to 2 fb,W Zbb to 0.5 fb andttZ

to 5 fb. The visible cross-section of the signal is estimatelde around 0.5 fb. The
improvement ofS/ B ratio can be then improved by using specific selection cuts, n
tably by the reconstruction of the Higgs bosons masses,hnkipossible as there is
only one main source of missing transverse energy. Indeenhissing information to
fully constraint the event is the longitudinal momentumba# heutrino, which can be
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found using the relation

2
P;1epU £ Pepy/U? — P%,leptET

q. = (35)
P’I%,lep
where
2
U=2W 4 B Prie (3.6)

2

Depending on the kinematic arrangement of the neutrino laadeipton, this system
gives zero, one or two solution. In the latter case, simotteshows that the smallest
root is the best choice. It then leads to the determinatidvoti 7 and H* masses
simultaneously. Assuming a good reconstruction of the pbis A boson mass can
also be estimated.

W AW A, a process for H* and h discovery

At the LHC, the production cross-section@fj — h — HTH- — WTAW~—A
process reaches at best 2 pb, witHa mass close to 140 Ge\/asm 4 +mwy < mr
andmr + m4 > 200 GeV/E.

The topology resulting from the decay df into a pair ofb-quarks as to be treated
in the same way as in thB AZ A boson analysis. However in this case the main
background igt+jets for a di-leptonic final state. Th#/ B ratio is close tal0~3, this
case can be then considered as hopeless.

The other possibility is to have one of the pseudo-scalaaylag intor’s, themselves
providinge® u¥ + 1. The cross-section reaches at best around 1 fb for the fatal st
1F1'*e* Tbb+ F where the paiet 1 is collinear ( and!’ refer to the leptons from
theW bosons). The reason why the leptonic decay of therttepton fromA boson is
restricted to one electron and one muon is motivated by feetien of backgrounds
with Z/y+ — [I'. Indeed the probability for these backgrounds to prodtice™
compared to any lepton pair containiagr p is

BR(Z/y* — 77) x 2 X BR(T — evv) x BR(T — pvv)
BR(Z/vy* — eeV up) + BR(Z/~v* — 77) x BR?(T — lvv)

~ 3%, (3.7)

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

The main backgrounds are

o ZZ-like: (Z)y* — 77 — lept.)(Z/vx — 77 — e*uT + Er)
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e WWZ:WW(Z/yx — 177 — eTu¥ + E7)
o t1Z: tH(Z)vx — 17 — e uT + Br)

o tWZ:tW(Z/yx — 11 — etuT + Fr)

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

Athis stage th&S/ B ratio is close to 0.1. The collinearity of the electron arglitiuon
should help to increase this ratio as no large boost of thertsiin tt~Z is expected.
This channel seems to have a good potential for the chargggbHiiscovery and the
measurement of its mass. Therefore it clearly deserves a detailed analysis.

TWADb

In the Type | the production of charged Higgs produced by tagrk decay could be
interesting since the procegs — tt — tH*b — tW* Ab benefits from the large
cross-section off. However, this concerns only a small region of the paransgtace,
first because of the kinematical constraints (for instane& Bannot be considered),
and second due to the low branching rai&(t — H*b) as the mass of the Higgs
boson approaches the top quark mass.

Let's consider first the decay of th& boson into a pair of b-quark, the final state at
parton level is thed?V =1 *bbbb. The observation of such final state seems particu-
larly challenging. Indeed for a high ;;+ the available phase space left for thquark

is small while ifm g+ is low, theb quarks produced by thé boson are softer. The
Pr of the fourb-quarks inpp — (t — W*b)(f — (H~ — W~(A — bb))b) are
shown in FigZb for two masses of the charged Higgs, 120 80d3eV/C.

Assuming a minimun®r 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 &sgwndi-leptonic
final state, the background level is very high, composedatptay tt, W Z+jets with

Z — bb. Even with a cross-section f6¥ 1/ bbbb reaching at best 30 pb, this choice
of channel seems not optimal and shouldn’t probably consitia priority.

The alternative solution is to use the same argument as iftAél A case, with
the decay of thed boson into a pair of tau leptons, themselves providing leptaf
different flavors.
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Figure 3.6: ThePy of the fourb-quarks produced bt — ¢tH*b. The solid and dot-
ted lines indicate respectively the distributions fof;+ =120 GeV/é andm ;+=160
GeV/c.

If the two W bosons provide one lepton and two jets, the bamkgd level falls
strongly due the particular final states (3 leptons, twogeis missing transverse en-
ergy). The cross-section of production correspondingéditial statéd®e=* ;¥ j jbb +

FEr with e* ;¥ from the A boson is close to 15 fb in the favored regions of the param-
eter spacer( ;=140 GeV/€ andtan 3 = 0.2). A strategy for background reduction
is to require at least&tagged jet withPr >30 GeV/c and a veto o# presence from
lepton pairing. The main SM processes delivering such tupoére

o W
o ttZ With Z — 71
e W Z with the Z decaying intor’s.
The corresponding LO cross-sections are 9 fb, 0.5 fb<ahéb respectively. Thé/B

ratio is close to 1 and could certainly be increased in a metailéd analysis, notably
by exploiting the collinearity of the electron-muon pair.

Besides thet channel, the other way to produce the charged Higgs igpvia: tH*.
The cross-section is lower but does not suffer from the det#ye top into a charged
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Higgs and also is much less limited by the kinematics. Thibiity of this process is
evaluated in BP2 (Type Il) in Sec._3.1.3

3.4 Discovery potential of Type Il :tM2HDM

In this section we review rather simple ways to discover tiggklibosons at the LHC
in the Type Il.

We start by a short introduction, and then in $EC_8.4.2 wedanpp — H® — ZA
process for the simultaneous discoveryAfind H° bosons. The main method to
detect the presence of the charged Higgs via the prggess tH* — tW*A is
reviewed in Sed—3.4.3 reviews .

3.4.1 From SM-like h observation

In Type Il the indirect constraints imply a minimaiz value of 300 GeV/¢. A decay

of theh into the triplet cannot be considered because of the utyiteonstraint essen-
tially. We consider therefore that tlheHiggs boson decays are limited to the modes
of Standard Model (essentially into top quarks and vectaohs) and — AA. The
simultaneous evaluation of thhlemass as well as the cross-sectiorhof> WW, ZZ
(and the comparison with the theoretical predictions witthie SM) constraints the
relation2m?2. — 2M 4 as theh — AA suffers from the "vanishing coupling" effect
discussed in the first chapter (see Egl 3.7).

The estimation of the branching ratios of the Standard Métighs boson is then
important, but the investigation of channels liké* — t17* A and above alpp —
H° — Z A are needed to ensure that the degeneracy between the hems/bdison
is present and that the mass relation between4H®son and the triplet does not
escape the model prediction with respect to thleoson mass. In the next sections
we focus exclusively on the discovery potential of those tivannels: the associated
production of top and Higgsp — tH ~ is probably the keﬂ(to confirm the existence
of the charged Higgs bosons whereas Zhé channel allows a very fast discovery of
two neutral Higgs bosons.

1This notation used for the tH channel denotes both signstifing is precised.
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Figure 3.7: Branching ratio of the Standard Moddbr a triplet mass of 300 GeVic
and a pseudo-scalar mass of 50 GéV/c

3.4.2 A process for H° and A bosons observation

In a Type Il 2HDM (e.g., the MSSM scalar sector), the crossiseof bb — H°

is enhanced asan 3 increases. This process has been shown to offer a promising
discovery channel at the LHC when the Higgs boson decaysirito-— pair (e.g., see
Ref. [Z{] and references therein). In the BP2 benchmarktpdiiM2HDM the cross-
section ofbb — HY is about 15 pb, after normalization to the NNLO value (with a
theoretical uncertainty of %) [[78]. For the mass spectrum defined by the benchmark
point BP2 of thesM2HDM, a particularly interesting decay modefi&® — Z A (see
Fig.[38).

=l
N

Figure 3.8: Feynman diagram for the— H° — Z A process.
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In order to reduce the background level, thé&oson is assumed to decay leptonically.
The decay where thé boson decays into a pair of which in turn decay into leptons
is also considered. Following the argumentation of EECAJB/AWA), we restrict
the A boson decay to two leptons of different flavors, erend oneu. The selected
final state is thug*t/—e*u™ + F among whichi* andi~ reconstruct & boson
mass an@* ., are close to each other iRR due to the importantt boson boost.

Such a multi-lepton final state is extremely clean and doessuffer from jet re-
construction uncertainties. The relevant backgroundsZge¢/~* — 1), ttZ and
W+W ~ Z with the decay o/’ andZ bosons inte, u, 7 andr — e, u + F. The
cross sections for the signal and background processeasadiftbecays are given in
Tab.[3®. The selection proceeds as follows. The accepizutcé (i) is applied,

Process Decay (MC) o x BR(fb)
ZA (Z — lfl;)(A — 77 — et uTEy) 4.2
Z(Z /) (Z *>~l+li)(Z/")/* — 1T = l*l’*(ETN)) 10
ttz (t = 1Y0Er)(E — T0E)(Z — 1H17) 3.5
WW=2 (Wt =1 Ep) W™ = 1" Fr)(Z — 1H) 0.4

Table 3.5: Cross sections of sigriiaid and background processes taking into account
the leptonic final state considered in the analysis. Thetiootaincludes onlye and

1, whereas also contains decaying inta or . All cross sections correspond to the
final states in the second column.

followed by theC z cut. The same flavour opposite sign leptons paired whose mass
is the closest to th& mass is retained. The two remaining lepténél) andl 4 (2)

are then assumed to come from the light and boosted pselaioscal forced to sat-

isfy Ca(14(1),14(2)). The relative and total efficiencies, as well as the visibtss
sections for all processes listed in Takl 3.5 are report@dir36.

As can be clearly seen, this channel is very promisingSthg is high enough so that
an excess over the SM could be identified after a few inversédigarns of integrated
luminosity. Note that the{ — [T1™) + jets background has also been considered
due to its very large cross sectio®@(nb)), the possibility for jets to produce fake
electrons, and the possible presence of leptons from heasgmdecays. An inclusive
sample ofL0° events was generated using the matching procefure [55]@edent
has passed the isolation cuts. This background is thereégiected. However a more
detailed study should be performed with a more realistiectet simulation and event
reconstruction.
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ZA Z(Z)y*) tiZ

A% (%) 51 18 42
C; (%) 74 63 60
Cx (%) 85 3.6 3.3

et (%) 32 039 084
ovis (fb) 1.4 0039  0.029

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

Besides a pure counting experiment a more exclusive stutdglsa be attempted. The
mass of the two neutral resonances could be measured witbcanaay depending
mostly on thef/ reconstruction quality. In the signal, the main source agimg
transverse energy originates from ths. If the direction of thefl - is required to lay
between the transverse position of the two leptir{$) andi 4 (2) and the condition
FE+ > 50 GeV/c imposed, then a proper reconstruction of the invarisassn 4, can
be achieved (see FifL_B.9): assuming that each lepton iseghgiollinearly to two
neutrinos summed ag, we can define the fraction; as

pli

~ s (3.8)

Ly

whereP~X is the momentum of either the visible leptons or the neusiiove define
me,, as the invariant mass from the two leptdn$1, 2), We can therefore rewrite the
invariant mass of thel boson as

ma = Meu/\/Z122 (3.9

The value ofx; can be found from the information contained in the transvetan:
the projection of the missing transverse energy on the tilireof each lepton and
the momentum of the leptons are sufficient to solve the probld@his calculation
holds only if the twor’s are back-to-back and if the missing transverse energylista
between the transverse direction of both leptons. For tierlease we require then

that
Ap(la(1),14(2))
> Ap(lali), Br)

=1.
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A substantial improvement of th&/ B ratio is also gained. Finally, thB° mass can
be estimated from thd andZ boson 4-vectors.
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Figure 3.9: Left: the number of events in function of thealisteA R between the two
leptons not assigned to tt& after applying thed (/) andC cuts. Right: the number
of events in function of the reconstructed massiafising the leptons 4-vectors and
the missingEr after applying the additional’s cut (which requireAR < 1.2).
Both figures correspond to an integrated luminosity of 30'fdThe markers show a
hypothetical event excess for this luminosity.

Beside the fully-leptonic final state, the case where4hgoson decays into &b pair
could be also considered. It provides a larger cross-seetin.o € [250,60] fb for
H° masses between 300 and 400 Gé\id]. It is obvious that a certain number of
b-tagged jets have to be requested in order to escape torgmotdackgrounds.

In case of a mass spectrum with a very lightboson, the twd-quarks are very
collinear. Using a large cone size, this lead to a topologi wne jet, where this jet
should bé-tagged. Even in this case the background remains very:largdight jets
with one mis-tagZbb, Z Z with 7-jets, light jets and jets fromZ decay, and the same
for WZ. The case were only one jet is visible seems therefore ertyechallenging.
And the probability to disentangle the two jet is very low doetheir collinearity.
This is shown in Figi_330 where the events are generated ahétrix-element level
only, requiring a minimaPr cut of 30 GeV/c for each-quark,|n|, <2.5 for being in
tracker acceptance adslR,, > 0.5.

For higherA boson massesi{4 >40 GeV/&), the efficiency to detect the twjets

is better, reaching a approximative plateau around 40:50n such condition, the
requirement of twa-tagged jets is reasonable. The dominant background peses
are
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Figure 3.10: The efficiency for having two jets wiffr >30 GeV, |n| <2.5 and
AR(j§) >0.5, for theZ A signal withm 4 =20, 40, 60, 80 GeVkandm ;0=300,
350 and 400 GeVic

e 7+ light jets with two mis-tagged jets,
e 7+ b-jets

e 77 with aZ decaying into b-quarks

Assuming ab mis-tagging rate close to the percent, a minirfial of 30 GeV/c for
each jet, the LO cross-section of (— ee or upu) plus at least two light mis-tagged
jets falls around 10 fb whereas faf (— ee or pu)+bb , both tagged, the LO cross-
section is close to 300 fb. THeZ background is the most problematic for benchmarks
where|mz — m 4| is small since the paired jets invariant mass are similae mhin
discriminant variables are the boost of ths), the total invariant mas&(x0) and as
explained in chapter 4, th&¢ (coplanarity) between the 4-vectdist I, andj; + jo.
This option seems interesting but requires a very good wtateding 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/H)H* — W~ (b/D)W+A

In order to fully determine the structure of an extendedascséctor, it is crucial to
observe a charged Higgs boson. In{M2HDM, we expect it to be nearly degenerate
in mass withH° as a consequence of the twisted custodial symmetry.

The associated production of a charged Higgs with a top quaébkb) — (t/f)H=*
(see Fig[(311 (a)), is in general considered as a challgrajiannel at the LHC. The
discovery potential strongly depends @m 3, the mass of the charged Higgs boson
and the considered decay mode. However, as distinct fronelesdch as the MSSM,
the iM2HDM offers the possibility for thel/* to decay intol’* A. Its observation
would therefore be a very strong evidence that the scaldorsedginates from the
iM2HDM. We consider this possibility in the benchmark poifRB To normalize the
expected signal, we use the NLO prediction for the chargemg$iproduction cross
section from Ref[[79]i.e., 465 fb.

As in the previous analysis, we focus exclusively on the deta~ 77~ where the
T+~ pair decays inte*,T. Despite the fact that the total signal cross section is
reduced by almost two orders of magnitude compared todthe bb case, a strong
reduction of the background is foreseen if one of iiébosons decays leptonically.
The considered final state is therefétg jbe* T + Er. If the light quark pair comes
from the W boson produced in the charged Higgs decay, the resultisgg¢ed to

be collinear due to the large boost. As a consequence, thghtmot be resolved
but merged into a single “large” jet (notef) by the reconstruction algorithms. We
include both possibilities.

The relevant backgrounds até 7 /v*), W(Z/v*)jj, Z(Z/v*)jj, tW (Z/v*), and
WHW-W=, with j standing for all light and quarks (see Fid—311 (()(e))) .
The cross sections for the signal and the considered bagckdrprocesses, as well
as the corresponding final states, are summarized il I3bF8(IV* /Z + 77 + jj
and WEW+W =44, the jets are initially produced with a minima&k- of 10 GeV,

a maximal pseudo-rapidity of 5, and an angular separatioABfjj) > 0.1 for
the firsts andAR(j5) > 0.2 for the latter. The details of the decay modes and the
corresponding rates are shown in Tahl 3.7. In order to iserélaeS/ B ratio, the
acceptance cud (I3, j?) and theC, cut are applied. These are followed by a veto on
the presence of & bosonC';;. The two closest leptong;( I5) with opposite charges
and different flavours are assume to come from the light arubted pseudoscalar
Higgs bosor4, and therefore are required to satisfy tHg(l;, [2) cut. The relevance



Process Decay (MC) o x BR (fb)
e (D= FUE I = (W5 = jj)(A—rr = T En)) 075
((t/8) = jgb)(H* — (W* — I*Er)(A — 77 — e* 1T Br))(b)

te(Z/v*) (t — incl.)(t — incl.)(Z/v* — """ Er) 4.5
W(Z/v)jj (W — liET)(Z/'V — " Er)jj 48
Z(Z/7)ij (Z2 11 )(Z/v = " Er)ji 10
tDW(Z/v)  (t — ind.)(I* — I Eq) 0.6
WHW-W*jj  (W* = FEE) (W — B W — - Fp)jj 13

Table 3.7: Cross sections of the siggal— tH+ — WbV T A and the relevant background processes, taking into acteptonic
and jet final states considered in the analysis. The notatioeans that the three flavour of leptons are taken into accandtthe tau
leptons decay inte or ;.. On the contrary, means that the tau leptons decay inclusively((Z /~*) 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 ()tthe tHt — WHtW -bA
process, and for the background processesWhY~*jj, (¢) Z(Z/~*)jj, (d)
tW(Z/~*) and (e)WW W jj.

of this last cut is illustrated in Fig—3J12, where the leétrld side plot shows the di-
lepton invariant mass after applying all cuts exc€pt(l1,l2). The relative and total
efficiencies, as well as the visible cross sections for altpsses listed in TAh_B.7, are
reported in Tal{-3]8.

A rather low visible signal cross section confirms that thiarmnel is also very chal-
lenging with the unusudif * — W* A decays. However, th§/ B ratio of orderO(1)
leaves some hope that a charged Higgs could still be diseddter a large integrated
luminosity (~ 300 fb—!). In any case it should be kept in mind that the benchmark



tH*  tH(Z)y) W(Z/y)ji Z(Z[y)ji tW(Z[y*) WEWHTW~jj

AB3,5%) (%) 35 16 5.5 3.6 14 21
Co(%) (%) 39 48 6 6.3 39 49
Cz(%) (%) 98 98 91 60 98 95
Ca(%) (%) 84 15 19 12 11 6.5
Etot (%) 11 1.1 0.056 0.017 0.61 0.64
s (fb) 0.083  0.051 0.027 0.0017 0.0037 0.083

Table 3.8: Relative efficiencies of the various cuts togethi¢h the total efficiencies after all cuts and correspogdiisible cross
sections for signal and background processes.
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Figure 3.12: Left: invariant mass distribution of the twos#st leptons (with differ-
ent charges and flavours) for both signal and backgroundsv&ight: two dimen-

sional distribution of events aftet(i3, j2), Cy, C, andCy4 cuts, as a function of the
acoplanarity between the sum of collinear leptons and thdesa nonb-tagged jet

acoplanarityaco(21, J), and the third leptonco(21,1) .

point BP2 is not the most optimistic scenario: a light&f associated with a larger
tan 8 would sizably increase the production cross section.

In addition, more exclusive discriminant variables coutduised to exploit further the
characteristics of the typical topology. As an exampleulettonsider the fact that
the heaviest particle in the process is the charged Higgsrboegh at least twice the
mass of the top quark. As a result, it is typically producethvei small transverse
momentum, giving acoplan&’* and A bosons with large boost. This acoplanarity
(A¢ between considered final states) can be estimated from thedlilinear lepton
e* 1T together with the decay products of tHé originating from the charged Higgs.
This decay product is either the third lepton, or the “largg"J if the W boson
from the charged Higgs decays hadronically. Since the twoltgies are a priori not
known, the two acoplanarity definitions (respo(2(,1) andaco(2l, J)) are built for
each event. The distribution of signal events with respe¢hése two variables is
illustrated on the right plot of Fig.312. Since the disttibn of background events
is much more uniformin this plane, an enhancement ofsthg ratio of around 1%
can be achieved if a cato(21,1) + aco(2l, J) > 3 is applied.
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3.5 Conclusion

In this chapter we show that both Typesitf2HDM can be studied with a small set
of processes.

In particular, the discovery of the neutral Higgs bosonsaissible with a quite small
integrated luminosity. For instance, in Type |, all neutd&lgs boson are expected to
be discovered simultaneously via the procgss— h — ZAZ A with an integrated
luminosity smaller than 30 fb'. In the Type Il, the 5 evidence for the existence of
the SM-like Higgs could be reached with a few tenth of fbthrough the analysis of
the procespp — h — ZZ. To discover theéd® higgs boson, the chanriél — H° —

Z A is the most promising. With a sizable cross-section and ya leer background,
less than 10 fb! of integrated luminosity is required.

The observation of the charged Higgs bosons is also possibleth Type models. In
Type | a promising reaction isp — W** — W*AZA, of which a great advantage
is to provide an easy mean to evaluate the charged Higgs lmoass In Type Il such
a discovery is based on the single-top associated progess tH~ — tW~A. We
show that if ond? and A bosons decay leptonically, the required integrated lustino
ity could be larger than a few hundreds of femtobarns. Degp& more challenging
character of this process, its study could be very impodarieing probably the only
mean to discover the charged Higgs in Typ&J2HDM.






CHAPTER

FOUR

Study of thepp — H® — ZAin CMS

T has been suggested in the previous chapter that a discdviry procesep —

HY — Z A modeled by the Type IM2HDM could be achieved with an integrated
luminosity of the order of 10 fb'. In addition, this process offers the possibility to
measure the mass of the two neutral Higgs bosons simultalyedtnis chapter aims
at confirming these promising estimations with a more réali®tector simulation in
the context of the Compact Muon Solenoid (CMS) experimanaddition, a more ex-
haustive list of background processes are taken into atemaha more sophisticated
analysis is performed.

4.1 Event Simulation

In SecZZP the benchmark point BR2 (=40 GeV/¢ andm z0=350 GeV/é) was
motivated by the average values4fand H° bosons masses in their allowed ranges.
However, the extrapolation of this result to situations vehether mass choices are
considered is not straightforward. We extend our studyne piarticular mass config-
urations, withm 4= 20, 40, 80 GeV/¢ andm = 300, 350, 400 GeV/c The decay
chain for the signal is the one considered in the analysiseméth Del phes (see
Tab[[33®): theZ boson decays into a pair of electrons or muons and the pssealar

A boson into a pair of’s, themselves decaying intd" ;¥ f-.

Another important improvement is the reliable reproduciid interactions between
final state particles and the CMS detector. This can only bfppmed with the official
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CMS simulation software suite. It gives a more realistigneation of the visibility
of the signal as it takes into account the exact detector g&gnthe (dead) material
effects, reconstruction efficiencies and piled up eventSelc[3:412 we have only con-
sidered the presence of irreducible backgrounds providing the same final states
as the signalitZ, WW Z andZrr. For the sake of completeness the procesdgég

is also taken into account.

As opposed to the irreducible processes, the reduciblegoackds are defined as
the processes containing reconstructed leptons that nrag edgher from jet fluctua-
tions or photons, or still non-prompt leptons productioheTeptons are classified as
non-prompt leptons if they are produced by the semi-legtdecay of mesons. For
instance fromB mesons these leptons can be produced direbths (I~ 1, X, ¢ —
[T, X) or from cascade decay (- ¢ — [T, X).

Thus the processéstlight jets, Zbb, W Z+jets andV Z~, previously neglected, have
been included in the present analysis.

As presented in the second chapter, the quality of simula¢iohniques for the gener-
ation of initial states radiation is important. This raghatcan, for instance, induce a
transverse boost of the final states (in both signal and lvaokgls), and influence the
modeling of the missing transverse momentum.

For most of the processes considered in this analysis, ugtpartons are used at the
matrix-element level and therefore a jet matching techmigueeded. The simulation
of events is done using, -MLM method, with a matching cutof) mawcn that varies
from 70 GeV for the signal down to 20 GeV for the backgroundswimallest scales
(masses). .

Other remarks

In order to approach the conditions of the LHC runs, we ineltiee pile-up (PU) for
low luminosity € x 10%3cm~2s~1!). Assuming that the inelastic cross-section for a
p-p collision is 70 mb and the bunch crossings happen at af&2 MHz, the mean
number of PU event is close to 4.4 per bunch crossing. We thease to simulate,
on average, 5.0 PU events.

A possible source of background is the multiple parton axton. 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 of¢he signal. As an
electron and a muon are required beside the leptons fronZttheson the addi-
tional process is required to be eithliérwith semi-leptonic decays aB-mesons or
Z/y* — 171 —ep+ Er.
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The corresponding cross-section can be calculated asddagibetween th& cross-
section times the probability for two quarks/gluons to pdebb andZ/~*. We there-
fore have

ogrvn =0z YE (4.1)
Opp
where UE is the underlying event awg, is the inelastic cross-section of protons
at 14 TeV, close to 70 mb. The inclusive cross-sectioi of> ee, uu is close to
4 nb, and the cross-section pf — bb with a minimal Py of 10 GeV/c is roughly
20 ub, IeavingaZHJE(bg) ~1 pb. The equivalent cross-section for the production of

Z — ee, pu associated to the UE everfgy* — 77 — eu + Fr is O(100) ab.

While the second case seems not problematidjitiease displays a high cross-section
compared to the one of the signal. However, we show i Seg.that the probability
to get one isolated electron and one isolated muon from thé{ets is very small,
leaving less than one femtobarn of visible cross-sectiefore applying any topolog-
ical cut. Furthermore, the production of the tiv@uark in the UE event should be
essentially acollinear, and therefore very efficienthect¢d by the collinearity cut in
the analysis algorithm whose simplified version is depiate8lec [3ZP.

This, associated to a bad behavior of UE with jet matchingg@litinuity at the match-
ing scale in the differential jet rates) allows us to igndvis source of background in
the present work.

The relevant informations relative to the events simutatiosummarized in Tab4.1.
Theo x BR of Z A signal and backgrounds processes, are indicated as wéleas t
number of matrix-element events generated. In case theggthimg is used@) match

is also given. For all processes, the factorization andrrealization scales used are
calculated on a event-by-event basis, and no kinematidabrcihe vector bosons
nor top quarks nor fermions from decay is applied. R6Z+jets, Zbb and Zjj, the
maximum pseudo-rapidity of partons/jets is 5. The téfiij encompasses the light
jetsonly:u, d, s, ¢, g.

The next section describes briefly the CMS detector and itesponding software
CMBSW

4.2 Event detection and reconstruction

The Compact Muon Solenoid (CMS) detector is installed atpthiat 5 of the LHC
ring, 100 meters under the local mean altitude of the grotihd.project was first in-
troduced and the main lines of the design drawn in the ears; 9bie main objective
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Process Qmatch Decay (MC) o X BR(fb) # Evts
ZA(20,300) 70 6.9 73k
ZA(20,350) 70 45 70k
ZA(20,400) 70 2.9 67k
ZA(30,350) 70 43 70k
ZA(40,300) 70 6.5 73k
ZA(40,350) 70 (Z =117 )Y A - 77 — eiu;ET) 4.2 350k
ZA(40,400) 70 2.7 67k
ZA(50,350) 70 4.15 70k
ZA(60,350) 70 41 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* S HEN(Z —1H17) 780 1.2M
Zbb - (Z —1717) 14000 600k
Zjj 20 (Zz —1t17) 443000 2M
ZrT 30 (Z = YW Z/yv — 7 = 1TV (Br)) 10 580k
ttZ 60 (t = ITOE)(E — b)) (Z — 1T17) 35 63k
W*Zy 40 WE S FE) (2 —1H17) 4 280k
wtw=-zZ 60 Wt ST EYW™ =1 Ep)(Z — 1117) 0.4 104k
t/How*z - /T = T Eb/DY(W™ = T Ep)(Z — THT) 0.5 200k

Table 4.1: Cross sections of sigr#all and backgrounds processes taking into account
the leptonic final state considered in the analysis. Thetiootaincludes onlye and

1, Whereas also contains decaying intce or 1. All cross sections correspond to the
final states in the second column. The fourth column ind&#te number of Monte
Carlo events used for the analysis.

of the CMS detector is to allow the detection of a large vgradtnew physics signa-
tures. This requires good identification of leptons andgstaell as precise evaluation
of their kinematical properties. This is achieved by mednsighly segmented sub-
detectors and the presence of a string magnetic field (3/@dneover the hermiticity
of CMS allows to measure the transverse missing energyhikialso very sensitive
to new physics.

The original design of CMS (1990) was optimized for the deétecof muons such
that reaction likepp — h — ZZ — pupp could be observed [80]. In 1992, the
conceptual design of a more complete, real multi-purpoteetier was presented, with
central tracking devices, electromagnetic and hadromicicgeters([81]. The funding
and construction of these sub-detectors were contributeddny laboratories such
that the CMS collaboration is now composed of more than 18ftiries around the
world, and involve more than 2000 physicists and a few huitglod engineers.

This section describes the main features of these subtdetestarting 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 theydo-rapidity information
and de modular structure of layer and ring. The blue colaicetds that the layer/ring
is equipped with double sided modules while equipped withlsimodules in red.

We describe the different sub-detectors here, from theecémthe outward direction.
Note that more details can be found in various sources like[B4] .

4.2.1 The CMS detector
The Tracker

The role of the tracker is to detect the passage of chargeitiparand to allow an
accurate calculation of their kinematical properties. Geemetry of the tracker is
shown in Fig[Z1l. The innermost part is occupied by a pixédcter, whose inner-
most layer is at roughly 10 cm from the interaction pointslitomposed by 3 layers
in the barrel and 2 disks in the endcaps. The whole pixel tiateontains more than
60 millions of pixels, each with a size of 18A50um?2. This allows a localization of
the tracks with a resolution better than 2. The occupancy (percentage of pixels
crossed by particles) is very low, reaching for instanc&0~* at the nominal lumi-
nosity of1034cm—2s~1. This helps to disentangle the tracks in dense jet enviromme
facilitates the seeding (first step to build a track) and tlemtification of primary and
secondary vertices.

Surrounding the pixel tracker, the silicon strip trackeramposed, in the barrel, of the
Tracker Inner Barrel (TIB) and the Track Outer Barrel (TOR)similar distinction
is present in the endcaps with the Tracker Inner Disk (TID) toe Tracker End Cap
(TEC). In the transverse plane, the spatial resolution isvatenth of micrometer.
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Figure 4.2: (a) Resolution in transverse momentum for mabis 10 and 100 GeV.
(b) Efficiency of reconstruction of a track issued from mufa]

For the stereo layers (blue in Fig.}.1), the resolution @ ldngitudinal direction
fluctuates between 2307 in TIB and and 53Q:m in TOB.

The tracker allows an excellent determination of the chdygeticle momentum, with
an efficiency above 9% on most of the pseudo-rapidity range (see Eidl 4.2 (right)
and Ref.[[68]). The resolution, expressed as the gaussiaii d§iPr/Pr is shown

in Fig.[Z2 (left) for muons of differenPr . It is close to the percent on the entire
n-range once the transverse momentum is larger than 10 Ge\sueh muons, it
has been also shown that the resolution on the impact pagamdtetter than 3gm
which is important for the secondary vertices detectior {tpical flight distance of

B mesons is a few hundred microns).

In CMS, the standard track reconstruction algorithm is dasefive steps: hit identi-
fication, seeding, trajectory building, ambiguity remoaadl final fit.

The hit identification consists of finding particle hits intbgixel and silicon strip
detectors. A hitis made from the clustering of detectiorisziabove a given signal-to-
noise ratio. The next step is the track seeding (Ref. [82hsthy done with the pixel
detector. The hits are used to build track seeds parametdieaizhelices. The seedingis
also the starting point of the standard track reconstractiethod, the Combinatorial
Track Finder (CTF) (Ref[183]). The trajectory building isade by extrapolating the
estimation of the track 3-momentum given by the seed to tiermost layers, taking
into account material effects and the magnetic field. Fohdager, a new trajectory
is created by compatible hit, plus one trajectory in the higpsis 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 KalmaarH&#], that combines the
informations and outputs an updated track. The track quialiletermined at each
extrapolation step, using the and number of missing hits. If a track does not satisfy
a tunable minimum quality conditions, it is rejected frore ttollection. This avoids
an exponential growing of the track number.

If different tracks contain the same seed or if a track is catibpe with two different
sets of seeds, a double counting problem appears. The csompaf track quality is
then achieved, based on the number of hits ghdIn order to reevaluate the track
parameters, a final step is performed from outside towardse¢ham line with the CTF.

An additional step to decrease the number of fake tracks egetformed by running
several times the CTF algorithm. At each iteration (3 or 4)uhused hits are removed
from the collection, the remaining ones are used for a negk traconstruction.

The electromagnetic calorimeter

In order to allow a good reconstruction of electrons and phstthe tracker is sur-
rounded by an electromagnetic calorimeter (ECAL). Thecstme of ECAL is shown
in Fig.[£3.

The barrel region|j| < 1.6) is composed of more than 60000 crystalsRifiv Oy,
each covering an — ¢ area of 0.017 (~ front face surface of 2222 mn¥ inn =
0). Their length is 23 cm, which corresponds to 25.8 radiakmgths (X) defined
as the mean distance needed for an electron to loose all &uwif 115 initial energy
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by bremsstrahlung. The crystal width is of the same order ajmitude than the
Moliere radius which defines the width of the cylinder whe@e’® of the showered
energy is contained. This allows to contain the electroratigmadiation and to have
a significant part of the energy deposited in one crystal.theumore this material
allows a fast response (&0of the shower light emitted in 25 ns), which is crucial to
avoid overlap between radiation from different bunch drags

The endcaps cover the pseudo-rapidity from 1.479 to 3.0. cFytals are slightly
larger with a constant front surface of 28.88.6 mnt and shorter, with a length of
22 cm.

The energy resolution can be parametrized as

g 2 S 2 n 2

2
) = (= = 4.2
(7) - () <(5) + -2
wheres is the term sensitive to the shower variations and the pletéotbr response.
The termn is related to the noise from electronics read-out and pil¢simultaneous

energy deposition by uncorrelated particles), and thetaahs value is sensitive to
mis-calibrations, non-uniformity of the detector, institiles of temperatuﬂa

In test beam condition (see Ref.[85]), these parameters estimated as = 0.028
GeV'/2, n = 0.125 GeV andc = 0.03.

In order to improve the identification of electrons, theiesgy and position resolution
in the electromagnetic calorimeter, two clustering altjonis have been develop2d[86].
The first method is called hybrid method, is applied only i iarrel and designed to
reconstruct high energy electrons. It consists of coltecthe energy in a fixed set of
adjacent crystals, 3 or 5 in theaxis, while along the axis the algorithm looks for
isolated energy deposit due to bremsstrahlung effect. kkd fiumber of crystals to
be used give a good sensitivity to centroid position. The @noent along the axis
makes of the hybrid method a super cluster algorithm, whetgar cluster is defined
as the association of the cluster from the electron enertly the clusters from the
photons radiated.

The second method is the island algorithm and is used in ttieagrregions. It starts
by identifying the most energetic crystal (seed), whichgsdias a starting point for
the clustering. This is illustrated in Fig—4.4(left): theasch is first performed in both
direction ing. The energy of each encountered crystal is summed untilsiatnyith a
larger energy deposit is met. The algorithm redo the seartttel) line besides, along
the¢ direction. As for thep direction, ther direction is explored until a crystal with a
larger energy is encountered. A crystal cannot belong toctusters, this guarantees
the absence of double counting. A clustering of severatistdusters defines a super

1The temperature regulation is critical since the crystitlield is highly dependent of it.
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Figure 4.4: lllustration of the Hybrid and Island algoritRion the crystals of CMS.
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Figure 4.5: The energy resolution for electrons emittechfid and A bosons inZ A
process (BP2). The transverse momentum is larger than 5ard2.5.

cluster.

The offline (reconstructed) electrons are defined as an iasismcbetween an ECAL
supercluster (cluster of clusters to take into account thmbstrahlung effect) and the
tracker information. First the matching is done betweenstifgercluster and the hits
in the pixel detector. The energy of the SC allows to deduegtisition of the pixel
seeds since the radiated photon are assumed to be counted3@ taverage position.

The ECAL resolution can be expressed as the ratio betweesntérgy in ECAL and
the energy of the generated electrBacar/Egen. This is shown in Fig4l5 for
electrons emitted from th& and A boson decays in th& A process (BP2).

The hits in the pixel detector are then used as a seed to firtchitlecorresponding to
the electron candidate with the Gaussian Sum Filter algoriiRef. [8T]), which al-
lows a better reconstruction of the track than the KalmateFdls it takes into account
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the possibility of large energy loss by bremsstrahlung.sThethod is based on the
hypothesis that the energy loss distribution is not modeled single gaussian but by
a sum of gaussians.

When the measurement of electron enerBy)(is performed in association with the
tracker, the energy resolution is rather good. It variesnf®% if E.=5 GeV to
roughly 1.5% once theE. >20 GeV. It is observed that the track information helps
to get a better resolution if the electron energy is lowenti@ughly 15 GeV while
above, the calorimetric information is more precise.

The hadronic calorimeter

The hadronic calorimeter (HCAL) is installed around thettemagnetic calorimeter.

It allows to estimate the energy and position of hadronicatamh (both the charged
and neutral hadrons). The detector is composed of layersasskand scintillators,
reaching 5 radiation lengths and up to 11 radiation lengtitls the absorber layer
placed just before the magnet so that only muon escape fromlLH{Dd pass the
magnet. The barrel covers up#o= 1.4 the endcap system up to 3.0 and the forward
system up to 5.0. The tower dimension is 0.887087 inn and¢ in the barrel while

in the endcaps thAn increases up to 0.35 al$=0.174 radians.

Test beam using pions has shown that the energy resolutid@Af can be parame-
terized as

AFE 1.22
— = —=+40.05 4.3
E VE (43)
with E in GeV.

The muon chamber system

Surrounding the magnet coil, the muon system aims at an uigamis identification
of the muons as well as an estimation of their kinematicss iEhachieved by combin-
ing the information from the muon chambers and the silicaoker system in a way
that depends on the muon transverse momentum.

The muon system consists of an alternative arrangemerdrof/okes (for conduction
of the magnetic field) and gas detectors. There are threedfimiion detectors: the
drift tubes (DT) in the central part of the barrel, the cathsttip chambers (CSC) in
the endcaps and the resistive plate chambers (RPC) in gitimeeof the volume.
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Figure 4.6: Transverse view of the muon system of CMS with ®msufrom app —
(Z — putp™)(A — 777~ — pte™) 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 wae standalone muon
reconstruction is based only on the information from muaecters, the global muon
reconstruction starts with the standalone muons and matbleen with tracks in the
tracker. Finally the tracker muon reconstruction starthlie tracks in the tracker
and matches with segments informations in the muon systdis. has the virtue to
allow the reconstruction of muons with low transverse moimenthat do not leave
enough hits in the muon system to be considered as standalooms.

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

The muon tracksi.e. the tracks built from muon system only, reconstructiontstar
with the seed identification. A seed is defined as a segmentset af segments
built from the hits in DT and CSC. At this stage a first estimatof the transverse
momentum is realized by evaluating the segment bendingmeipect to the vertex
position. The seed trajectory is propagated down to thermast muon detector
layer. Then a first Kalman Filter is applied to refine the tracthe outward direction.
When the outmost muon chamber layer is reached, the traoks&action is done in
the reverse direction with again the application of the Kainfrilter. The matching
between muon and tracker is then realized as follows. Thesfep is to select, around
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each muon track a region of interestin- ¢ and select a subset of tracks in it. Then
those tracks are extrapolated up to the muon system trackshanbest pairing in
terms of space and momentum is chosen.

4.2.2 CMSSW

The large data flow of each LHC experiment is a challenge @ifit has necessitate

a particular treatment of the data, from the raw level up tmnstructed objects. To
manage this, th€vMsSWsoftware has been developed and is used in the rest of this
work.

The original data flow is formatted aaw 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 (REG@¥ts: track collec-
tions, electrons (for b-tag or not), ECAL cluster colleaso jets, missing transverse
energy,7-jets. In order to stay adaptive it is possible to keep both aad recon-
structed collections in the data files.

There are two levels of simulation to get reconstructedaibjehe fast and the full
simulation. A problem inherent to the full simulation is tliege CPU consumption
due to the use of GEANT_[88] for the simulation of the interawctof particles with
the material of CMS. Instead, the fast simulation uses thelref accurate GEANT-
based simulation, allowing to by-pass the main time consgrsieps. The gain in
time can reach two orders of magnitude. In the rest of thiskvadirpresented result
are are obtained with the fast simulation only.

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

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

Analysis level.

Electrons

For the electrons the PAT Layer-1 level allows the accessversl variables that can
be used to define the identification and isolation criterithefelectrons:

e The ratioH/E quantifies the ratio of the energy deposits of the closest HCA
cell to the supercluster energy. For a real, isolated and électron, the value
of H/E is supposed to tend to zero as most of its energy is absorbéukeby

electromagnetic calorimeter.

e The variableA R(track,SC) gives the distance in the- ¢ plane between the
track extrapolated from the pixel layers up to the supetehuseed. This helps
to be convinced that the SC is issued from the same partiateptioduced the
track. For a real, isolated and hard electron, the valua Bftrack,SC) is ex-

pected to be close to zero.

e TheratioF,/P,,; of the energy of the super cluster seé&d)to the momentum
of the electron’s track calculated at the outermost leveheftracker £,.:).
This helps to be convinced that the seed is issued from the gamticle that
built the last segments of the track. For a real isolated and klectron, the
value of £/ P, is supposed to be close to 1.

e The ratio Esc/ P, of the super cluster energyc) to the associated track
momentum £;,,) at the vertex . This helps to be convinced that the SC is issue
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from the same particle that produced the track. For a re#dtst and hard
electron, the value aEs¢/ P;, is supposed to be close to 1.

e The variablessogcar andisogcar represent the isolation variables at the
level of the electromagnetic and hadronic calorimeterpeetively. Both are
calculated as the sum of the energy deposits in a 0.4 coneredran the elec-
tron candidate position, excluding the energy of the retanged electron for
isopcar. For areal isolated and hard electron, the value of botlatswl is
supposed to tend to zero.

e The variableiso; . (elec) is defined as the sum of transverse momentum of
tracks in a cone of 0.3 or 0.5 around the electron track doe@stimated at
the vertex. For a real isolated electr@gg,, .. (elec) is therefore supposed to
low. A standard requirement for these tracks to be takerdotount in the sum
is to have aPr larger than 1 GeV. For a real, isolated and hard electron, the
value of track isolation is supposed to tend to zero. In thaysis, the decay of
the A boson can produce collinear electrons and muons. A redefirof the
isolation criterion must be done with care.

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

Muons

Reconstructed Global muons, as defined in Eec14.2.1 ardalateaat the level of the
PAT Layer 1 and are used in the present analysis. The variadle, . (1) is defined
(as for the electrons) as the sum of transverse momenturaakin a cone of 0.3 or
0.5 around the muon track direction estimated at the veAexXor the electron case,
the standard requirement for these tracks to be taken ictmatin the sum is to have
a Pr larger than 1 GeV.

Missing transverse energy

As shown in theDel phes analysis, the missing transverse energy plays a major role
in the reconstruction of botd and H° bosons. There are different definitions of this
variable, and the standard one provided by the reconstruttibls of CMS is defined

as the vector sum of calorimetric towers transverse enezggsits and muons trans-
verse momenta. This quantity is accessible from PAT Lay&mnbther possibility that

is also briefly discussed in Sdc._4]4.2 is to consider onlyfabe 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.3M.2, the leptons origindtiog the cascade decays
of the A boson are expected to be relatively collinear. This is dutaédarge mass
difference betweem 4 andmpgo. The isolation criteria must be therefore defined
more carefully than the standard choices used on leptonedssom W or Z for
instance.

In addition, the expected energy spectrum of the electnams these cascade decays
is relatively soft. We then consider reconstructed elextmown to 5 GeV. However,
the danger comes from the higher probability for a soft jét¢@een as an electron. In
this section, after a short discussion about the issueggfaring the signal events, we
study how the rejection of fake electrons from jets togettigr non-prompt electrons
originating from other sources like heavy flavor meson decay be performed.

A cut-based analysis specific to eadhand H° mass points is then proposed. This
allows to see how fast a deviation from the SM expectationtdcoe seen. A method
is then proposed to control the most dangerous backgrouhddata. Finally a more
sophisticated analysis is developed which includes amasitn of the systematic
errors.

4.3.1 Final states and Trigger condition

At the LHC, the bunch crossing is expected to happen each @6seaonds at the
interaction points. In order to reduce the amount of infdiarato be recorded, a
strong filtering of the events is needed, reducing the evatgsfrom 40 MHz to about
100 Hz.

The trigger system has two components: the Level-1 and HigkelLtriggers. The
Level-1 trigger involves the calorimeters and muons systeamd identifies elec-
trons, muons, photong; and jets using coarse granularity and low resolution data.
Schematically, it is divided in 3 parts. The Muon trigger madependent triggers
logic for each kind of detector (DT, CSC, RPC), the HCAL tigaises the tower
information. The ECAL trigger is based on the informatioonfr 5x 5 crystals in the
barrel and roughly similar to the layout used for HCAL in theleaps. The level of
output rate is limited to 100 kHz.

The High Level Trigger (HLT) treats the events output by thewél-1 trigger. Many
final states can be used at this level, thanks to the lowet exe&nand hence the access
to more sophisticated reconstruction algorithms. The Hlaymse for instance the
electrons built from the ECAL and the tracker informatidme tmuons with tracker
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and muon chambers informations, the photons, the jetf; or still b-tagged jets.
Considering that one events size around 1 MB, the rate allogvgansfer and storage
of events.

In this analysis, we only consider the cleanest signal fitetes, namelyeey and
nupe, where a pair of electrons or muons comes fromthdecay, and an electron
and a muon from by thd 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 ftdbject to the respective
reconstruction efficiencies for electrons and muons, whegends on the transverse
momentum. This point is illustrated in Fig—_#.8(a): the neswuction efficiencies
for both electrons and muons is shown, with respect to thegiro(Z or A) in a
signal process (BP2). Note that a generated lepton is cemregidas reconstructed if a
reconstructed lepton (with no identification nor isolatimr) lays at a maximaAR

of 0.01.

Itturns out that in the low transverse momentum region thioles fromA are slightly
better reconstructed than the leptons fromthkoson. This can be explained by the
difference of the pseudo-rapidity distribution of thesgtdams, as shown in FI[g74.8(b)
for leptons withPr <30 GeV.
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Figure 4.8: (a) Efficiency of reconstruction for electrordanuons fromZ/A, de-
pending on their transverse momentum.{faistribution of electrons fronx/A with
Pr <30 GeV.

Depending on the transverse momentum the reconstrucfiicieaty varies between
70% and 90% for the electrons and remains abové/@for the muons. The two stud-
ied topologies having similar efficiencies and backgroumdarses, both final states
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Channel Pr Threshold (GeV)

e 26
ee 12
I 19
JL 7

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

are considered simultaneously in the following analysid atrated together in the
triggering procedure.

The configuration of the L1 and HLT triggers should corresptmtrigger tables ap-
plicable after a time equivalent to an accumulated integr&iminosity of 10 fio'!.
However, at the time of writing this text, such possibiligagnot yet been implemented
in the fast simulation o€MSSW This said, it is possible to get an approximative esti-
mation of the trigger effect with electrons and muons stream

The choice of trigger is governed by the following requirernse

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

Il. Choose a pattern trigger as simple as possible to easevttieation of its effi-
ciency.

lll. Allow to select events required for possible data dneckground estimation.

Given the signal final states, the possible trigger pattarassingle electron (e), di-
electrons (ee), single muop)and di-muonsu). The expected transverse momen-
tum threshold corresponding to these trigger patterns ediodind in Ref.[[1B] and
are summarized in Tab.3.2. These threshold are set fotésbl@ptons.

In order to characterize more precisely (in forecast of tlaefical redistribution of the
data from LHC run) what are the best trigger combination®forsignal, we evaluate
the percentage of accepted events, after applying all teetgen cuts described in
the next sections. The leptons considered are isolated efitted as described in
Sec[Z3P andZ.3.2.

The efficiencies possible exclusive trigger patterns basesingle and di-leptons pat-
terns are shown in Fif._4.9. It turns out that the patternatefrést always contain at
least two muons or two electrons. The equivalent condisareiv . This satisfy
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Figure 4.9: List of exclusive (HLT) trigger patterns for tiled process. These val-
ues are obtained after the entire cut based selection. Theo$all trigger pattern
efficiency is set to the unity.

the first condition as, on average,8®f the signal is kept (including the acceptance
of the leptons), the pattern is also very simple and the obofrthe dangerous back-
grounds is possible as they contairZaboson decaying into a pair of electrons or
muons.

4.3.2 Lepton identification

The Pr distributions for the four leptons coming from the signalP@ are shown in
Fig.[£10. While the leptons issued from theboson have’r most of the time larger
than 20 GeV, the situation is dramatically different for h@ducts of the cascade
decay of thed boson. The softest lepton has in this case a mean transversemum
close to 5 GeV/c only.

The minimal Py requirement is driven by two things. First it has to be low ider to
keep as much signal as possible. Second the CMS analysssaansider electron
Pr below 5 GeV[89] as in lowePr region the distinction between real electrons and
fake electrons from jet fluctuation becomes more difficule 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 origigdtiom A — 77 decay
chain orZ boson decay, withy)| <2.5 in the signal (BP2). The red dashed line shows
the 5 GeV/cPr threshold.

To improve the electron definition, we may want to consider WariablesH/E,
A(track,SC), Es/ P, and Egc/ Py, defined in Sed_4.2.2. For a sake of unifor-
mity, we choose to display a normalized definitior~ 1/(1 + ) so that the infinite
values of x correspond to zero while x=0 correspond to 1; anatired distribution
of z is denoted:™v

We show in FiglZZ1 these distribution for four categorieslectrons.

e The first categories are the electrons fr@nfrom the signal (BP2).

e The second categories are the electrons frbm» 77 cascade decay from the
signal (BP2).

e The third category is composed by mostly fake electronsngictocted from
misidentified light jets froniV Z+jets.

e The fourth category is composed mostly by real electrons fsemi-leptonic
decay of B mesons inZbb events

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

o (H/E)N >0.975.
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Figure 4.11: The distribution of the variablgH/E)N (upper left),

(AR(track,SC))N, (AR(track,SC))N (upper right), (Es/P,.)" (lower

left) and (Esc/Pi,)™ (lower right) for the electron originated frodd or A boson
decay and the other electrons. The distributions from ufgfeto lower right are
shown with the cuts applied to previous figures. Each digtidln is normalized to
the unity.
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e (AR(track,SC))¥ > 0.97.

o (Es/Pput)N<0.55

o (Esc/Pun)N €10.2,0.6]
The positions of these cuts are also shown in Eig.]4.11 withdatted lines. With
such choices 98 of signal events are kept.

As already discussed in SECZ12.2 the muon must fulfill tobalmuon requirement,
i.e. using both tracker and muon chambers information.

As an illustration, the probability for the proce$Z and Zbb to give a fake or non-
prompt electron or muon is given in Tdh.4.3. This table aisegthe rejection effi-
ciency of these lepton using the electron or muon identificatriteria depicted here
above.

Process leptontype <N/event- (%) ¢(%) total%

fake e 39 4 15
. non-prompt e 1.2 10 0.12

WZHRS  ken 2 26 05
non-prompiu 0.5 80 0.4
fake e 20 5 1

700 non-prompt e 7 47 3.3
fake 2 23 0.46
non-prompiu 9 90 8.1

Table 4.3: For both/' Z and Zbb processes, the mean number of a given lepton type
per eventis indicated in the column labelledll/event-. The right hand-side columns
give the efficiency when the electron or muon identificatidteda are applied, and
the mean number of a given lepton type per event after ideatifin (the product of
the 3rd and 4th columns).

It turns out that the main danger comes from the non promptsaod electrons in
Zbb and from fake electrons i’ Z+jets. This motivates the presence of an isolation
criterion.
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Figure 4.12: The distribution for the distanfeR between a reconstructed electron
and the closest track witlr >5 GeV. For the signal, the reconstructed electron is
matched with a generated electron issued fromAhleoson whereas for the back-
ground it comes from a jet.

Lepton isolation

The rejection of fake and non-promptleptons can be imprbyadsingi o, (lepton)
for both electrons and muons, aixbgcar. andisogcar, for the electrons. These
isolation criteria are defined in S€c._412.2.

However, as emphasized in SEC_3.4.2, such simple isolatindition in the tracker
cannot be considered here as there are configurations ofighal svhere a high
collinearity of the leptons is presemg. if m 4 is small andny is large.

The evolution of this collinearity with the Higgs bosons s&sis shown in Fig_Z212
for the ZA signal withm 4 /m ;=20/400, 40/350 and 80/300 GeV/dEach histogram
displays the distance between a reconstructed electrorthendlosest track with
Pr >5 GeV. In the signal events, the reconstructed electron ished with gen-
erated electron froml boson decay while foll’ Z+jets, the reconstructed electron
comes from a light jet misidentification,e. it is not matched with any generated
electron.

The dashed line refers to a standard cone size of 0.3 useldforack isolation. It is
clear that by using the standard definitiae;,.... (lepton), the efficiency on the most
boosted case is affected, more than half of the events aeedhiitjected. The lepton
isolationisosqcr (lepton) should be therefore redefined at the level of the tracker in
order to accept at most one track with >5 GeV/cina 0.3 cone.
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In the signal the closest track to the electron frdrboson is supposed to be the track
from the muon produced also by tieboson cascade decay. Therefore the associated
energy deposit in both ECAL and HCAL around the electron éntemall such that
1sopcar andisogcar can be included in our new isolation definition.

The electron isolationso, is defined as
Pe
180, = — — 7; — ' (4.4)
Pqew + Zsoft PT7 + ZQ+ PT7 + 1SOECcAL- +1SOHCAL

and the muon isolatioiso,, is defined as
_ Py
r hard r
P#—’—ZsoftPYt“ +Z2+ PYt“
where P¥ is the transverse momentum of a track, soft and hard meaeategly
with 1 < Pr < 5 GeV/c andPr >5 GeV/c respectively. Th2+ notation recalls that

the sum runs over the list of tracks witty >5 GeV/c in the 0.3 cone from which the
track with the highest transverse momentum is removed.

(4.5)

150y,

The distributionsso, (left) andiso,, (right), defined in the beginning of this section,
for the lepton candidates fulfilling the identification eria are shown in Fid—Z.13.

The distinction is done between the leptons frdror Z boson decays (in signal) and
the fake and non-prompt leptons frdiiZ and Zbb.

The last bin of théso,, distribution is surprisingly filled by the muons issued frats.
A short investigation has shown that this comes from geadralectrons froniV” and
Z decays, mostly hard and isolated. Different attempts haem lnlone to reject this
contribution but they were mostly unsuccessful. Howevas, bin represents roughly
only 10% of the muons from jets, and the corresponding event will jeeted through
the cut-based analysis. We therefore choose to neglegiribtidem.

The final choice ofso. andiso,, cuts is largely conditioned by the rejection & j,
Zbb and W Z+jets backgrounds. As it will be shown in the following arsiy we
chooseso. >0.8 andiso,, >0.9.
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Figure 4.13: Left: The distribution for th&o, variable. The red line represents the
contribution of the reconstructed electrons issued ffbemd A in the signal while the
blue and green line are for the fake and non-prompt elecirow&Z and Zbb events.
Right: The same but for the muons, the distribution showisdg. All distribution
are normalized to the the unity times the scaling factordatdid in parenthesis.

4.4 Cut based analysis

4.4.1 Basic cuts
Cz

After the trigger conditions, events have to pass the aaceptcuts defined by requir-
ing that four leptons must be present with at least one mudmaa electron. The first
selection cut 07 and is defined as in the Séc.3]4.2: exactly one pair of elestro
or muons with opposite charges must reconstructZtmson invariant mass in a 10
GeV/c mass window.

Let us use the notation similar to the one introduced inSde23 ~ (1) andi;(2) are
the leptons reconstructing tl#&boson and 4 (1) andi 4 (2) those from thed boson.
We require that the two leptorig (1,2) must have at least 10 GeV/c of transverse
momentum, with same flavors and opposite charges. In addi&r invariant mass
must lay in a mass windows of 10 GeV/around theZ mass.
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After this cut theZ+light jets andZbb as well as theVZ+jets backgrounds are by
far the biggest background sources. An illustration ofrtdeiminance over the other
processes is shown in FIg_Z114(left).
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Figure 4.14: (Left) The missing transverse energy of thaalignd the backgrounds.
(Right) Acoplanarity betweety (1) 4+ 1z(2) andl4(1) + 14(2) also afterC;. The
distribution are normalized for a luminosity of 1th. The red dotted lines indicate
the value of the cut considered in the analysis.

TheZ;jj, Zbb andW Z+jets backgrounds can be further reduced by imposing a cut on
the missing transverse energy. In order to keep enoughlsigea&hoose to cut at 50
GeV. This allows to reduce strongly thierjet background by a factor close to%8

We have seen in SEC._ZP.2 that the missing transverse eine@yﬁSVﬁ is based on
both calorimetry and muons. Instead of this definition, thesing transverse energy
can be reconstructed also from the four leptons only. Therlats the advantage to
be less sensitive to the calibration of the calorimetricdmy The obvious drawback is
that the initial states radiation is not taken into accolgagling to a biased estimation
of the missing transverse energy direction. This affecsstilection efficiency when
the mass of thel boson is reconstructed.

We see indeed in Fig—4I5 that the norm of the missing trassvenergy is not
strongly affected while the loss of efficiency for thlemass reconstruction is large.
This is due to the mass reconstruction strategy describ&al3.ZR, in which

must lay between transverse directioni@f1,2). 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 f(@mblue) the calotow-
ers+tmuons and (in red) only the leptons. Right: the samedyuhE reconstructed
mass of thed boson. The events used are fréfd process (BP2).

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

Flavor and charge

The next condition is that the leptorig(1) andi4(2) have opposite charges and
different flavors.

4.4.2 Topological cuts
Acoplanarity

A kinematical characteristic of th@A process is to produce th& and theA bosons
relatively back-to-back in the transverse plan. The onlyrse of deviation from the
perfectly acoplanar situation is due to the presence oélrstate radiation.

This acoplanarity can be measured from the pair issued fhen¥tandi4(1) and
14(2), we show its distribution for the different backgrounds dmel signal (BP2) in
Fig.[£T3(right). We choose to fix the minimal value of thisplanarityA¢(A, Z) to

2.5 in order to keep at least 90of the signal.
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Figure 4.16: ThAR(14(1),14(2)) (left) and Minv(14(1),14(2)) (right) distributions
for the signal declined in the nine benchmark points as wefbathe sum of back-
grounds. These distributions are shown after the appdicatf the trigger, the accep-
tance,Cz, the flavor and charge anii¢( A, Z) conditions.

Lepton collinearity, invariant mass and Z boson energy

The collinearity betweety (1) andl 4 (2) is a strong signature of the signal. Therefore
we cut on the distance between these leptdi&(l4(1),74(2)), on their invariant
mass Minl4(1),14(2)). In addition, we also use the energy of thebosonE,

as a discriminant variable. Since we want to consider ningsnpaints in ther 4-
mpo) plane, the three selection cuts should be adapted to eattte dfinematical
characteristics.

The dependency @A R(14(1),14(2)) and MinV(l4(1),14(2)) isillustrated in FigLZ6
where the corresponding distributions are shown for the benchmark points, after
the application of the trigger, the acceptanCe, the flavor and charge anlip( A, Z)
conditions . A clear dependence of the distributions wispest tom 4 is observed,
while the dependence ango is less pronounced. It only shifts tleR which can be
understood by the variation of the boost of théoson.

For each of the nine benchmark points different selectioniavs forAR(14(1),14(2))
and Minv(l4(1),14(2)) would be required. However in first approximation we can re-
strict our strategy to three choices driven by the valusgf Form 4=20, 40 and 80
GeV/Z, we choose respectivelxR(14(1),14(2)) € [0,0.6], [0,1.2], [0.6,2.5] and
Minv(i4(1),14(2)) to be inside the mass windo\s 15], [0, 25] and[15, 50] GeV/c.
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The energy of the reconstructédboson,EF 2, is more sensitive tan o. This shown
in Fig.[ZIT. Therefore, for each of the three possibilitiesset a minimal cut, at 125,

g o8 e ZA_80_400
= E e e ZA_80_350
8 0.7 —— ZA_80_300
ks = ZA_40_400
0.6F ZA_40_350
05F- ZA_40_300
0.4
0.3
02F
0.1

E, (GeV)

Figure 4.17: The distributions of the energy of thdoson for the signal (for the nine
benchmark points) and for the sum of the background prose3dese distributions
are shown after the application of the trigger, the acceggtary,, the flavor and charge
andA¢(A, Z) conditions.

150 and 170 GeVfcfor m ;0=300, 350 and 400 Ge\Aaespectively.

Reconstruction of m4 and mgo

As discussed in SeE_3.2, the mass of the two Higgs bosenbecaeconstructed.
This requires to have the missing transverse energy veciotipg betweer 4 (1)
andl4(2). This condition is therefore

A1) La() _
MissTn = S N B 1a() - (4.6)

For events fulfilling this condition and all the previousgute show in Fig-4.18 and
E.T9 the reconstructed massesifoy varying from 20 to 80 GeVicandm o from
300 to 400 GeV/t. See SeE:34.2 for the details aboug estimation.

One sees that it is possible to slightly increaseSh& ratio by cutting on bothn 4
andmo. Aloose cut onm o < 500 GeV/c is applied while we select three mass
windows m’< € [0,35] GeV, m’se® € [15,65] GeV/E andm’ € [50,100]
GeV/c for m 4=20, 40 and 80 GeVfcrespectively.
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Figure 4.18: The mass of theboson evaluated at the nine benchmark points, running
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Figure 4.19: The mass of thig” boson evaluated at the nine benchmark points, run-
ning m 4 from 20 to 80 GeV/é andm o from 300 to 400 GeV/& The background
Zjj and Zbb are not labelled in the legend as none event contribute alette of
Higgs boson mass reconstruction
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Summary tables

To summarize what is described here, there are nine diffemrfigurations of cuts,
as illustrated in Talp.414. For the sake of simplicity we umsthé rest the nomenclature
xX under quotation marks, where xlisn, h and X isL, M, H, referring to the low,
mean or high cuts for thd boson and théZ® boson respectively.

™m0 (GeVic?)

300 | 350 | 400
AR € [0,0.6] AR € [0, 0.6] AR € [0,0.6]
20 Minv € [0, 15] ‘L Minv € [0, 15] “M” Minv € [0, 15] “H"
& Bz >125 Ez >150 Ez >170
> m°° € [0, 35] my° € [0, 35] m°° € [0, 35]
e AR € [0,1.2] AR € [0,1.2] AR € [0,1.2]
g 40 Minv € [0, 25] “mL” Minv € [0, 25] “mMm” Minv € [0, 25] “mH”
Bz >125 Ez >150 Ez >170
mlye° € [15,65] mlye° € [15,65] m°° € [15,65]
AR € [0.6,2.5] AR €[0.6,2.5] AR € [0.6,2.5]
80  Minv € [15,50]  *hL’ | Minv € [15,150]  “hM” Minv € [15,50]  *hH"
Ez >125 Ez >150 Ez >170
ml° € [50,100] m/°° € [50,100] ml° € [50,100]

Table 4.4: Set of cut used to cover the nine benchmark poiitted A analysis.AR
is the distance between the collinear leptons, Minv is tieiariant mass (GeV) and
Ez is the energy of the Z boson (GeV). The letters under quatatiarks is the label
of the cut set.

The impact of the different cut-based selections is quatifi Tab[Zb for the signal,
Tab.[Z®$ for the reducible backgrounds and Tal. 4.7 for tleelircible backgrounds.
In the first and third case, the relative efficiencies betwesrh step of the analysis,
the total efficiency and visible cross-section are displayeurthermore the number
of remaining simulated events after all cuts is also giveorder to quantify the asso-
ciated statistical error. For the reducible backgroune thmber of simulated events
is given for each analysis step, the total visible crossi@eds also provided. As

a reminder, the total number of simulated events used fdn pagcess in given in

Tab[4].

Note thatin these tables we group the three cut& &l 4 (1),14(2)), Minv(l4(1),14(2))
and £z under the appellation D-M-E (distance-mass-energy). ahkes are divided
into two parts: the first (from Trigger tA¢(A, Z)) contains the selection conditions
independent of the benchmark points while the second isrilye. There are there-
fore nice visible cross-sections for each process, one pss@s choice.

For the signal, we see that in the mass-independent part,aohtige efficiencies are
similar, except the acceptance which is dependent on thst lobdhe final states. In
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the second part (mass dependent), the cut MissIn affectsdghal efficiency differ-
ently, depending or\/4. This is due to the fact that the probability thit. lays

between 4 (1) andl4(2) is strongly dependent of the boost of tAeboson. For the
backgrounds the following observations are worth mentigni

e There is a sensitive difference between the Trigger effaiegnfor the signals
and the background. We have seen in §ec.4.3.1 that the Tpgtterns taken
into account are related to the presence of the leptons fner#f boson. In the
signal, the presence éf° boosts the system and hence increase the probability
to fulfill the conditions imposed by th&; thresholds.

e As expected, the rejection of the reducible backgroundséwtceptance con-
dition is very good. It varies between the percentiiéZ~ to 10~5 for Zjj.
The Zjj process andbb are also strongly reduced by the cut imposed on the
missing transverse energy, as seen in[Eigl4.14 (left).

e Itisinteresting to notice the effect of the cuten, fortheZrr process. Indeed,
for low m 4 and highm 4 cuts, the efficiency is higher than for the middle case.
This is due to the fact that the production of this procesimidated by the
Z~ andZ Z processes at high and low invariant massofespectively.

S 2 3 3 2 3 3 2 3
™ 2] <t [ael ™ <t ™ [ae] ¥
S & § € § £ g 8 8
< < < < < < < < <
N N N N N N N N N
Trigger 80 82 83 81 83 84 82 84 85
Acc. 21 23 26 24 28 30 27 30 33
Cz 91 91 90 01 86 91 90 91 91
By 74 83 89 77 86 90 70 82 89
# flav. 99 99 100 99 100 100 100 100 100
#£ ch. 99 99 99 99 99 99 99 99 99
AB(AZ) 92 93 94 92 93 94 85 90 92
IL IM H 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,m 99 97 89 08 97 90 87 88 83
EFf. Tot. 4 4.8 52 68 8 9 5.9 8.2 9.2
o yis (fb) 0276 0216 015 044 034 024 033 032 024

#MCevents 29e3 3.4e3  3.5e3 5e3 2.8e4 6.1e3 4.1e3 5.8e3 6.2e3

Table 4.5: The selection efficiencies {6) of the signal for the different benchmark
points. The corresponding visible cross-sections and muwitsimulated events (MC
events) are also shown.
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Zjj Zbb Wz W Z~
Trigger 8.6e+05 3.4e+05 7.1e+05 6.5e+04
Acc. 5 37 7.4e+02 7.4e+02
Cyz 3 29 5.5e+02 6.3e+02
B 0 2 3e+02 3.6e+02
# flaw. 2 2e+02 2.9e+02
# ch. 2 1.3e+02 1.4e+02
Ap(AZ) 2 56 60

|[L M H|L M HJ|L M H L M H
D-M-E 0 0 o2 2 2 1 1

Z  Missin 0 0 0 0 0 o0

T ma,H

2 4|0 0O 0|0 0 O0|O0 0 O 0 0 0
D-M-E 0 0 0|5 4 4 3 2 2

g MissIn 0 0 0 0 0

i=] MAH

E o5, |0 0 0|0 O 0|0 0 O 0 0 0
D-M-E 0 0 0|10 6 5 8 6 6

< Missin 1 01 1 3 2 2

£ man 0 0 o0 1 0 o0

€ g,.f) |0 O 0|0 O O] 0 O O0|38406 0 0

Table 4.6: The number of simulated events remaining aftehn eat of the analysis, as
well as the equivalent visible cross-section (in fb) for teducible backgrounds. The
results are divided into two parts: the first (from TriggerA@(A, Z)) contains the
selection conditions independent of the benchmark poihitevthe second is depen-
dent.
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ZTT ttZ tWZ Wwz
Trigger 53 76 80 72
Acc. 15 25 29 25
Cyz 71 69 69 69
Er 34 78 75 75
# flav. 67 67 67 67
# ch. 99 99 99 99
A¢(A,Z) 70 36 34 38
L M H L M H L M H L M H
D-M-E 1.1 11 0.99 11 0.96 0.96 14 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
T ma,H 50 48 41 le+02 1e+02 1le+02 67 67 67 0 0 0
2 Eff.tot. 0.0028 0.0026 0.0019| 0.003 0.003 0.003 0.002 0.0015 0.0015 0 0 0
Opis(fh) 0.00027  0.00025 0.00018 0.0001 0.0001 0.0001| 1e-05 7.5e-06 7.5e-04 0 0 0
#MC events 16 15 11 2 2 2 4 4 4 0 0 0
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
=1 ma, o 11 10 9.3 80 80 75 38 33 31 60 60 60
E 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
Opis(fh) 0.00077  0.00069  0.00059 0.00022 0.00022 0.0001T 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
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
g 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
Opis(fh) 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 1le+03 8 7 5 60 49 41 5 4 4

Table 4.7: The selection efficiencies () of the irreducible backgrounds for the different benchraoints. The corresponding

visible cross-sections and number of simulated events (M@ts) are also shown.
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4.4.3 Probing a possible deviation from the Standard Model

As shown in the Tall_241%,4.6 afid .7, the visible cross-@edtr the background
is very low compared to the signals. This clearly means thahé very first fio!
of integrated luminosity, any event appearing in the datalccde the sign of the
presence of “something else” beyond the Standard Modes uséful to check how
much luminosity has to be considered to reject the StandadelVoption. To do so
we use the5.p estimator defined as the following:

1 /OO —z2/2 - M;.)e_ub
S e dr = Z - (4.7)
!
V21 Js.p i
The right hand-side term in the relatidn_{4.7), gives thebphility to have at least
Utot = Ms + up €VENLS, assuming that the background provjgeen average. This
estimation is useful when the total number of events is lovd when the gaussian
approximation for statistical fluctuation is not valid. Timéegral term translates this

probability as a number of standard deviation for a normabkgean distribution.

We see in Fig”420 that the set of rectangular cuts depictéais section allows to
estimate the luminosity required to see a deviation from Spketation. The 9%;
C.L. limits shows that a luminosity between roughly 2 and 8'flwould 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 frosy.,, esti-
mator, for the nine Higgs boson mass points.
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Despite the fact that the systematic uncertainties areakantinto account, it con-
firms the very high discovery potential for tiZ&\ channel as already highlighted in
Sec[3ZP and in Ref I21].

4.5 Data-driven estimation of the reducible back-
grounds

As it can be seen in the previous section, #y&3 ratio fluctuates with the Higgs
mass spectrum but remains excellent for all mass points.efiteless, even if the
contribution of theWZ+jets, Z+jets andZbb processes seems to be very low, large
disagreement between prediction and experimental dataeiselected phase-space
could be observed. This can be a real issue since their taspess-sections are
very large compared to the one of the signal. The differetttatscould be observed
may come for example from the difficulty to simulate the veswfjets identified as
electrons, or from a large error on the theoretical prealictif cross-sections.

One way to handle this issue, is to confirokitu the contribution of dangerous back-
grounds directly from data. This is achieved by selectingasp-space region (not too
far from the one defined in the analysis cuts) where the backgt processes alone
contribute. From the total event count in this phase-spag®n the corresponding
background contribution can be extrapolated in the regionterest for the signal
selection. In this analysis, the two considered phaseespagions rely on key vari-
ables used for the electrons identification and their ismtatvhich must be properly
described by the simulation. Another important quantityhesmissing transverse en-
ergy. The cuts applied to define these two regions are pexsémthe flowchart of
Fig.[Z221.

The “nominal analysis” cuts have been presented in the puesections, and their
impact on signal and background is summarized in [@b.[Z&add[4Y. For the
“control region”, we first define “loose acceptance” crigelly requiring no cut on
i50e, (H/E)N, (Es/Pout)Y, (Esc/P)N and (AR(track, SC))N. Concerning the
muon isolation, we assume that it will be well known before fhist 1 fbo-!, we
therefore keep the cuto,, at 0.9 in order to not overpopulate the eventsZsjets
background. In addition, the presence of new backgrouralisled by requiring’z
cut with the “tight acceptance” criteria for electrons naswucting theZ boson.

In order to control the contribution of the reducible baakgrds with 1 fo! of in-
tegrated luminosity, we define the “no cut scheme” by reqgionly £ >10 GeV
and different flavors for the two leptons not coming from th&oson. At this stage,
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Nominal analysis Control region
Tight acceptance Loose acceptance
(H/E)N>0-9L5 Not cut on iso ,
@ R(grj‘;ki,@égso 4 (HIEJA R(rackSC)
(E JP,)"10.2,06] (Es/Pout). and (E_ /P;))".
is0,>0.8, is0 >0.9 is0,>0.9

MET>50 GeV L=1fb™%: No cut scheme L=5fb%: Loose cut scheme
MET>10 GeV MET>10 GeV
# flavor
‘ # flavor, # charge I # flavor
i P.(1)>30 GeVic
- signl , ())=sign(l, (2))
‘ Acoplanarity I
‘NN>O.83 ‘ D-M-E I

Figure 4.21: Flowchart that illustrates the data flow thitoagher the nominal analy-
sis (left), or through the background normalization redieght). When needed, the
boxes contain the details of cut considered.

the Pr spectrum of the muon (not coming from tieboson) can be used to validate
the "No cut scheme" selection. This distribution is showftefaC'; cut) in Fig.[Z.2ZP
(upper left) and is largely dominated by contributions frima three reducible back-
grounds. Visible cross-sections of the signal and irrdadadiackgrounds processes
are much lower so they do not have any significant impact. Hyeviriable related
to electrons identification and isolation could also be imlgid. The extrapolation of
reducible backgrounds from this control region is discdssesec[Z.5]1.

With an integrated luminosity of 5 fb', the statistics become sufficient to improve the
reconstruction of key variables, notably by suppressiegtntribution ofZbb back-
ground process. To do so we define the “Loose cut scheme” whee) >30 GeV/c

is applied on the muon which does not come fromAHgoson. Furthermore,this muon
and the remaining electron are required to have the samgielelsarge in order to
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remove the contribution of the signal and irreducible backgds. The discussion
about possible control plots of key variables is presentegeic[Z.512.

45.1 Normalization

With 1 fb~! of integrated luminosity, the goal is first to estimate thenber N2
of reducible backgrounds events after all cuts in the aisbfgeam. This number can
be written as

Nggzll}’sis _ fRA/CNCOHtrOl- (48)

The factorNeontl js the number of reducible background events observed in the
control stream using the “no cut scheme” and observed viaten Pr spectrum of

Fig.[Z£22 (upper left) . It reads:

control __ control control control
N = L(OW S vis T 0% 5005 T O-Zbg,vis)’ (4.9)

Zjj,vis ,
visible cross-sections antlis the luminosity. In this discussion we consider the sum

of all reducible backgrounds instead of their individuahtrdutions. WithL =1
fb~1, Neontrol 110, meaning that its relative statistical €rfQfeonto is close to
10%.

The ratioRR, /¢ is defined by the following expression:

whereoiprol ~33 fb, ool ~57 fb andoonimol ~ 16 fb are the corresponding

Nanalysis

_ acceptance
RA/C - Ncontrol ’ (410)
WhereNZmeyos = L(0%5% s 0% e T0% ), with the corresponding visible

cross-sections quantified from the “Acceptance” line in. B&B. This ratioR 4 /c 1S
found to be close to 1/60. Its associated statistical esdange as the number of
simulated events for reducible backgrounds passing theptacce in the analysis
stream is low. However an increase of the statistics is awmssible, and is not
expected to be a problem when the collection of data will haaehed 1 fb'. The
relative errordg, . is therefore largely driven by the systematic uncertaietated
to the key variables for electrons identification and isotat From the discussion in
Sec[ZER it is expected to be smaller tharf20

Finally, the factorf is defined as the ratio of the number of simulated events passi
all cuts to the number of simulated events passing the amce@t:uts](\ljfcfg;ice).
This number cannot be estimated accurately with the prédénsample since the
number of simulated events of reducible backgrounds isaedito zero after all cuts.

Again, this could be solved with a longer generation timewkleer at this stage events
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passing the acceptance and analysis cuts are signal-likarartherefore expected to
be submitted to similar systematic uncertainties reladetonstruction effects. In
Sec[Z6P, we show that this relative error is close t§:10

In conclusion, the relative error associated\tﬁ)?j}fs defined as

Syanaiveis = /02 + 0%+ 0% conirars (4.11)

Nfinal RA/C

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

4.5.2 Control plots of key variables

With a larger integrated luminosity of 5 fd and using the “Loose cut scheme”, an
estimation of the distributions of key variables is expddtebe possible by looking
to W Z+jets andZ;; events.

The missing transverse energy and the relevant varialbgsdeo the electron defini-

tion and isolation are shown in Fig-4122. The data-driveadwation of key variables

for electrons identification and isolation is obtained vilike electron not assigned to
the Z boson. At this stage a large deviation in the shapes betweeddta and the

Monte Carlo could probably be seen, and hopefully correatedrdingly.

Based on these distributions, a set of cut can be establishesjlect theZ;j; back-
ground completely:

o Fr >30GeV

1/1(1+ H/E) > 0.975

1/(1 + AR(track, SC)) >0.97

1/(1+ Ey/Pou) < 0.55

1/(1 + Esc/P) S [0.2,0.6].

The electron isolationso, is shown with these cuts, in FigZ123. | turns out that after
5fb~!, the number of expected reducible background events wauddbise to 1 while
the number of signal events in the phase-space region sélgcthe main analysis is
also close to the unity for the same integrated luminosity.

As we have seen in Sec._4M.3, the critical period to find sadehe:M2HDM in
Type Il and therefore reject the SM hypothesis will requirminosities between 2
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Figure 4.22: Upper left: thé@; distribution of the muon (not fron&) for W2, Zbb
andZjj in the “no cut scheme”. Upper right: thé, distribution in the “loose cut
scheme”. From middle-left to lower-right, the key variablesed for the identification
and isolation of electrons in the same scheme. They arengutaiith the electron not
assigned to theZ boson. Each pseudo-data is a random fluctuation of the birecbn
following a Poisson distribution.
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Figure 4.23: The quantityso., assuming the tight cuts on the missing transverse
energy and electrons identification variables.

and 8 fo!. It turns out after these luminosities, the cross-sectibthe most dan-
gerous background can be normalized and experimentallgretabd, using sensitive
variables used to reduce it. The present method has thergfewirtue to put a limit
on the contribution of these background in the analysis.

4.6 Analysis of the benchmark point BP2

In the next sections we restrict our discussion to the BPZmamt (n 4=40 GeV/é
andm ;0=350 GeV/@) since it corresponds to the average masse of the varioatben
mark points, and it is close to be the most promising one.heanmiore, we have seen
that the predominant background procesgis-, we therefore concentrate mostly on
this process and the signal to test a neural net based selectdl discuss the system-
atic uncertainties.

4.6.1 Neural net based selection

In Sec[ZZP, the results are based on a series of rectamgtilen each discriminant
variable. This means that the left region is an hypercubledvariable space, which is
not necessarily the most optimal selection to reject thé&dpaaund processes. Given
the correlation between these variables, a good altemitito make use of a neural
network that rather selects a region which is an hyper-sarifathe variable space.



132 Chapter 4. Study of thep — H° — ZA in CMS

The structure of a multi-layer perceptron neural netwonktams a set of input neu-
rons, each in connection with a variable, a given numberaddm layers containing
neurons and an output neuron providing the variable on whiaelection can be
achieved. In addition, each neuron of each layer is condeatall neurons of nearby
layer(s). These connections are characterized by a weight

To fix the idea we consider only one hidden layer. For eachtetieninput neurons get
a value and each neuron of the hidden layer combines thasesdatearly, according
to the weight of each connections. This weighted sum is usedpaut of a sigmoid

functionS(z) = 1/(1 + e~*). In other words, the output of each hidden neuron is

N
af = S wijaf ™) (4.12)
=0

whereal is the value taken by the g-th neuron of the p-th layer , S isgensid
function andw;; is the weight of the link between the neurbandj. The output
defines whether the event is signal or background like.

The response of the neural net is obviously dependent of #ightv The training
phase is dedicated to their adjustment so that the disteeteesbn the hyper-surface
and each of the event is minimized. Different error minirticma exists, we use the
simplest one, which is the stochastic minimizatipn [90]. Wéve seen that for most
of mass points considered, the dominant backgroundris. The training of the
neural net;.e. the learning step that helps to determine what is signaldikd what
is background-like is therefore based on this process ansligimal.

We propose to see how the use of a simple neural nelﬂ:t&ssimprove theS/ B ratio.
The input is composed by the normalized variadgs™ = 1/(1+ AR(1},13)), the
invariant mass terniMinv)™ = 1/(1 + Minv(l4,73)) and(Ez)N = 1/(1 + Ez).
The distributions of these variables are shown in [EigJ4a246th the signal andrr
processes.

To each event corresponds a value
v = F(ARN Minv", EY)

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

The training is realized on roughly 30000 events of both @igmd background and
uses a structure with 3 neurons in input and 4 neurons in tikehilayer. The neural
net response on both signal and background is shown i Ef. 4'he separation

3TMul ti Layer Per cept r on (see for examplé191]
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Figure 4.24: The distribution of the normalized variabteB8”, (Minv)" and(Ez)¥
used as input of the neural network . Each distribution isnadized to 1.

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

This distribution can also be used to control the level oéesially) irreducible back-
grounds. To illustrate this point, we show in Hig—4.26 themna&net response for an
integrated luminosity of 5 fb!, after the acoplanarity cut. The position of this neu-
ral net cut is shown (NN) in the analysis stream in Eig-}.2ke Tight hand-side of
the distribution is almost completely filled by the signalesmbdas the left hand-side
contains only the different irreducible backgrounds ars @& small contribution of
W Z+jets

Another interesting observation is the relative insewigjtiof the neural net response
to the light pseudoscalar Higgs mass. As seen in the left-satedplot of FiglZ27, the
response of the neural net for events with, #40 GeV/¢& is similar to the response
for events from BP2. For much larger masses, this does ndt hotl would require
training with other new masses. This said, the reconstnadf the mass peak is very
good form 4 = 20 to 50 GeV/é and remains acceptable for higher masses.

In the context of our analysis, we require the neural netwaitput to be above 0.83in
order to have the same efficiency on the signal as the oneneldtaiith the rectangular
cuts analysis. Compared to the cut-based analysis, thalngtrtechnique is 1%
more efficient. However, translated in the p significance, the gain is negligible.
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Figure 4.25: Output from the 3:4:1 neural network. The smallies indicates that
the event isZr7-like while the values approaching 1 are signal-like.
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Figure 4.26: The neural network output used as a contrafleirfeducible back-
grounds. The number of events correspond to an integrateiddsity of 5 fo~*.

4.6.2 Systematics

We discuss here the main sources of systematic uncertantébevaluate their impact
on the analysis. As an example we consider the neural-nktwased algorithm. As
the backgrounds are largely dominated &y~ process after all cuts. we therefore
consider the effects of possible uncertainties on thisggeand on the signal only.

At the time of writing this text, the number of simulaté&d-r events passing the anal-
ysis cuts is rather low (45 whereas for the signal this nurapproaches 30000) what
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Figure 4.27: Left: neural net output for different signalsegoints (always with
mo=350 GeV/@), varyingm 4 from 20 to 80 GeV/&. Right: the reconstruction of

the theoretical mass when passing through the neural meddravithm 4 =40 GeV/¢.
The vertical dotted lines indicate the respective thecakéthasses.

gives a statistical error close to ¥6. The evaluation of the systematic uncertainties
related toZ 77 process would require a much larger statistics, which ha$een
done in the context of the present work. We therefore chabseglect the systematic
errors related to the detector response and final statesgteaction for this process,
which is a reasonable statement since the visible crosgsarf 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 thethiesolution effect and
the energy scale determination.

For ECAL, we choose to adopt the initial miscalibration citiod, i.e. based on both
cosmic (barrel) and test beams for the measurement of thiggtayields and photo-

detector gains (endcaps). This is a pessimistic estimatiare the calibration should
be better at the time of potential discoveiy. with an integrated luminosity of 5
fo~1.

For the barrelgg/E evolves from 1.% with |n| <1 to 2.2% with increasing|n|
beyond 1. For the endcap, the resolution is fixed t&18Concerning HCAL, the
og/FEis chosento be % as recommended by the CMS collaboratioh[92]. It turns out
that the resolution affects the determination of the mgssiansverse energy direction,
which lowers the signal efficiency is by%.

The calibration of the calorimeter energy scale is the atiain source of systematic
error on the measurement of the missing transverse energyasdlime the extreme
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situation where the offset is @ towards higher and lower values. If the offset is +10
% the efficiency of the algorithm is similar to the case wherefiset is presnet. On
the contrary, it decreases by roughl{for the negative offset.

Lepton acceptance and reconstruction

After an integrated luminosity of 5 ftt the systematic error affecting the transverse
momentum evaluation from the tracker is supposed to be wevydlose to 2% in
dPr/Pr [69]. We have not observed a significant effect on the gloffiiencies is
observed.

We however take into account &lsystematic uncertainty for the lepton reconstruc-
tion efficiency [69]. As we have four reconstructed leptonstal of 4% uncertainty

is considered.

Luminosity and cross-sections

The luminosity measurement can be made from the evaluafid#f /& production
rates as these processes have a very large cross sectionckeah asignature. The
associated systematic uncertainty is expected to%GdA] .

The cross-section uncertainties for the signal and thedrackd are based on the
assumed NLO calculations. For the signal, it is estimateletooughly 10% (see
Ref. [93]) whereas for the background these uncertaintiesagher large. However,
if the Z77 cross-section estimation is derived from the data driveasueement of
Z 7 cross-section, the uncertainty could be strongly redugdfl [We take 5% as a
conservative estimation.

The tabld 418 summarizes the different sources of systemagertainties as well as
their respective values (in percent) for the signal Znd processes.

This shows that with an pessimistic approach for the evalnatf detector systematic
uncertainties, the global relative error remains smalantroughly 15%. Since the
level of background is expected to be very low, this implies same variation of
luminosity to reach the 9% C.L. to reject the pure SM supposition.

Systematic errors from reducible backgrounds rejection

It is shown in Sed_4]5 that the normalization of reduciblekgmounds visible cross-
sections is possible after a few inverse femtobarn. Furibeg, the reconstruction of
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Syst. error ZA  ZrT

Resol. calo. -4 -
Offset calo. +10 0 -
Offsetcalo. -10 —6 -

Lepton acc. +4 +4
Luminosity +5 +4
cross-section +10 45
quad. sum t2e 475

Table 4.8: Sources of the systematic uncertainties andrigsgiective values (in per-
cent) for the signal and 77 processes. The quadratic sum of all systematic errors is
also shown.

the sensitive variableB;, 1/1(1+H/E), 1/(1+AR(track, SC)), 1/ (14 Es/ Pout),

1/(1 + Esc/P) andiso. can also be achieved, even if requires a larger luminosity.
These distributions are susceptible to vary with respeittesub-detectors calibration
and therefore affect the rejection of the reducible backgdyprocesses.

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

With and offset of +1;, the selection efficiency resulting from the five cuts dods no
vary with respect to the ideal detector configuration cogrsid in the analysis. On the
contrary, a decrease of 2Z0is observed when the detectors gain is lowered b$10

This estimation shows that the presence of events from ieldusackgrounds at a
given luminosity is well under control. This is a other arggmhto claim that any
event seen after a few inverse femtobarn after all analygis@ sign for BSM.

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

We have shown in Selc 223 that a deviation from the SM eafiantcould take place
with an integrated luminosity of the order of 5th. To evaluate the significance,
i.e. the confidence associated to the signal-plus-backgroupdthgsis with such a
luminosity, we follow the recommendation of CMS and consitie estimatofSy». It

is defined in Ref[[95] as

D
Sro=/2InQ, withQ = (1 + %) e ? (4.13)
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whereS, B andD are respectively the expected number of signal, the expecis-
ber of background and the number of data events. Takirg S + B, the significance
reaches 4. No systematic error are taken into account in this calmnat

The study of the scalar sector of tiid2HDM aims, among others, at determine the
massesn 4 andmgo.

The mass resolution of botd and H° bosons is estimated as the following. At a
given luminosity, the mass is reconstructed and fills anobistm with a bin size
smaller than the expected resolution. The content of eatlshipdated according
to a Poisson distribution a large number of times. For eaghtibn, the mean of the
obtained histogram is recorded, providing a distributitmrswhich the peak is cen-
tered on the true mass value. By fitting a gaussian distdhut the peak region, the
standard deviation gives a confidence level on the measuasd.nThe evolution of
this standard deviation with respect to the luminosity isvehin Fig [Z.28.

35 0
E —H
30— 0
F —A

25—

Mass resolution (GeV)

20—
15—

10—

0 o e b e b e b b
0 50 100 150 200 250 300
Luminosity (fo )

Figure 4.28: The expected evolution of the mass windowshw(ithr) with respect to
the luminosity. Both4 and H" graphs are shown.

4.7 Conclusion

The promising discovery potential deduced in the third ¢bafor thepp — H° —
Z A channel deserved a more detailed study. To do so, this ogastanalyzed in the
context of the CMS experiment, with low luminosity conditg

Using several selection cuts, we show that the visibilitadélly leptonic final state
can be strongly enhanced for the different benchmark poiuering the free param-
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eter space in Type Il model. This confirms the expectationainbkd with the fast
simulatorDel phes. Depending on the Higgs bosons masses, %35.L. deviation
from the Standard Model hypothesis is expected with betweeghly 2 and 8 fo!
thanks, notably, to the very low background level.

We show that, using a data-driven method, the cross-sestionalization of the re-
ducible background processes is possible with integratedniosities as small as 5
fo~!. In addition this method would allow an-situ control of the sensitive variables
used for the electron definition and isolation. Since thesmtjties may be strongly
dependent of the calibration of CMS sub-detectors, suclstimation is required if a
discovery with a small integrated luminosity is expected.

The consequence of this analysis is important. The obsernvaf an event with the
adequate final state and with only a few inverse femtobarimgtedrated luminosity,
would be a strong sign for a deviation from the Standard Mdgetthermore we show
that with a larger luminosity the reconstruction of the Higmson masses is possible.
This first estimation leads to the conclusion that one yeantefgrated luminosity
would be sufficient to reach a precision between 5 ant10






Conclusion

ITH one or two years of LHC running, the data collected from thgeeixnents
will give us the possibility to test the presence of a heawan8ard Model
Higgs via its decay into vector bosons. Since the produaioss-section and decay
rates are relatively well known, a deviation from these exgtgons could be a sign
that the scalar sector is more complex and therefore wouldvate the testing of
models with an extended scalar sector.

TheiM2HDM is an interesting alternative to the SM and also to MS&Mst because
in both Type | and Type Il Yukawa coupling modes, a large regibthe parameter
space is left free by the theoretical and experimental caimst Second this model
authorizes unusual decay modes and therefore experinségralures.

In particular, we show that for each Type, the discovery eftiggs bosons could be
achieved with a minimal set of processes. For the neutraj$tigsons discovery, two
reactions deserve a particular attentign— h — ZAZAin Type | andpp — H° —

Z A in Type Il. While the first would lead to a discovery of all neltHiggs bosons
with 30 fb~! of integrated luminosity, the second is expected to allowlaservation
of H® and A within a much shorter time.

The very high discovery potential of the reactign— H° — Z A has been quantified
in a detailed analysis in the context of the CMS experimertie Tejection of the
Standard Model is expected to be possible with an integtatathosity smaller than
10 fb~!, thanks to a very low background level and a highB ratio. In order to
enhance the credibility of this conclusion, we show that @-dhiven control of the
main background processes, particularly the reducibles,oisepossible after a few
inverse femtobarn of integrated luminosity. This is impaottas it corresponds to
period where the analyses will start to constraintitd@HDM scalar sector. Besides
the normalization of the background processes, this medtlod/s also to control
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the variables sensitive to the detector calibration, paldirly those used to define the
reconstructed electrons and their isolation.

This process deserves therefore a particular attention fhe CMS community, as
its discovery potential is close to those expected for SMcesspp — h — ZZ
or light Higgs boson discovery in MSSM. In particular theuks obtained in this
work should be confirmed by using the full-simulation softevaf CMS as well as an
official triggers table.

Besides the discovery of the neutral Higgs boson, the obsenvof the charged Higgs
boson is also crucial as it would be a strong evidence of aassalctor structured
in Higgs doublets. We have shown that thd2HDM is characterized by unusual
branching ratios for the charged Higgs such that the comyremnisidered decays into
7 lepton might be totally suppressed. In this condition, peses likep — tH* —
tW A could be the only relevant process to achievediiediscovery despite the fact
that, as we show, it would require a few hundreds of'fof integrated luminosity.

The discovery of the Higgs boson(s) and, by extension of tve signatures at the
LHC, will pass by the comparison between the data and cosiguilations of the

backgrounds but also of the signals. In particular we haegvaetthat the simulation
of the initial states radiation is important even in pregeot hard jets from heavy
particles decays and it is now clear that the jet matchinigrtiggie is expected to give
a trustful estimation of such a QCD activity. This method ésvrmore broadly used
by the CMS and ATLAS community, helping to refine the resuftsnany analyses
made in the past. The predictive power of the Monte Carlostimimportant, but

discrepancies between the generators and simulationitpemstill exists. An im-

portant work is therefore still left to do in order to undersd 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 configuratiard used for the analy-
ses of the chapter 3.

# Detector extension, in pseudorapidity units

CEN_max_t racker 2.5 /1 Maxi mum tracker coverage

CEN_max_cal o_cen 3.0 /1 central calorineter coverage

CEN_max_cal o_fwd 5.0 /1 forward cal ori meter pseudorapidity coverage
CEN_max_nu 2.4 /1 muon chanbers pseudorapidity coverage

# Energy resolution for el ectron/photon
# signe/E = C+ NE + S/sqrt{E}, Ein GV

ELG Scen 0. 05 /1 S termfor central ECAL

ELG Ncen 0.25 /1 Ntermfor central ECAL

ELG Ccen 0. 005 /1 Ctermfor central ECAL

ELG Cf wd 0.107 /1S termfor forward ECAL
ELG_Sfwd 2.084 /1 Ctermfor forward ECAL
ELG_Nf wd 0.0 /1 Ntermfor central ECAL

# Energy resolution for hadrons in ecal/hcal/hf
# sigma/E = C+ NE + S/sqrt(E), Ein GV
HAD_Shcal 1.5 /1 S termfor central HCAL // hadronic cal orineter

HAD_Nhcal 0. /1 Ntermfor central HCAL

HAD_Chcal 0. 05 /1 Ctermfor central HCAL

HAD_Shf 2.7 /1 Stermfor HF // forward cal orineter
HAD_Nhf 0. /Il Ntermfor HF

HAD_Chf 0.13 /1 Ctermfor HF

# Mion snearing

MJ_Snrear Pt 0.01 /1 transverse nomentum Pt in GeV

# Tracking efficiencies
TRACK _ptmin 0.9 // miniml pt needed to reach the calorineter in GV
TRACK _ef f 100 Il efficiency associated to the tracking (percent)

# Calorimetric towers

TOVER _nunber 40

TOWER et a_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

# Threshol ds for reconstructed objetcs, Pt in GV
PTCUT el ec 3.0
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PTCUT_nuon 3.0

PTCUT_j et 10.0
PTCUT_gamma 10.0
PTCUT_t auj et 10.0

# General jet variable

JET_coner adi us 0.7 /1 generic jet radius ; not for tau's !!!
JET_jetal go 3 /1 1 for Cone algorithm 2 for MdPoint algorithm 3 for SlScone algorithm 4 for kt algorithm
JET_seed 2 /1 mninmumseed to start jet reconstruction, in GV

# Tagging definition

BTAG b 40 Il b-tag efficiency (percent)

BTAG ni stag_c 10 /1 m stagging (percent)

BTAG ni stag_| 1 /1 m stagging (percent)

# FLAGS

FLAG bfield 0 /11 to run the bfield propagation else 0
FLAG vfd 1 /11 to run the very forward detectors else 0
FLAG tri gger 1 /11 to run the trigger selection else 0
FLAG frog 1 /11 to run the FROG event display

# In case BField propagation allowed

TRACK_r adi us 129 /lradius of the BField coverage, in cm
TRACK_I engt h 300 //1ength of the BField coverage, in cm
TRACK_bfiel d_x 0 /1 X conposant of the BField, inT
TRACK bfield_y 0 /1Y conposant of the BField, in T
TRACK bfield_z 3.8 /1Z conposant of the BField, in T

# Very forward detector extension, in pseudorapidity
# if allowed

VFD_nmin_calo_vfd 5.2 Il very forward calorineter (if any) |ike CASTOR

VFD_max_cal o_vfd 6.6

VFD_ni n_zdc 8.3

VFD_s_zdc 140 /1 distance of the Zero Degree Calorinmeter, fromthe IP, in [n]
RP_220_s 220 /1 distance of the RP to the IP, in neters

RP_220_x 0.002 /1 distance of the RP to the beam in neters

RP_420_s 420 /1 distance of the RP to the IP, in neters

RP_420_x 0. 004 /1 distance of the RP to the beam in neters

# In case FROG event display allowed
NEvent s_Frog 100
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MatchChecker

B.1 Introduction

The jet matching procedure requires essentially to tunenhtehing scal&)match SO
that the transition between hard and soft scales durindystaring is made smoothly.
The sanity check needed to ensure that this choie@pfcnis good can be done via
the differential jet rates (DJR) distributions. This is &iped in the Sed_22.3 .

The codevat chChecker has been written to provide these distributions easily. In
addition, the distributions related to the kinematics ofgige particle(s) present in
diverse productions as well as of the jets (ISR or not) are pitsvided. This helps
for instance to do in-one-go the comparison between prashetione with different
parton showers generators or still different matching mesh

This software works in a very user-friendly way. The basie issindeed limited to
a card edition and running a command. Furthermore, all tha@ltseare provided in a
PostScript report.

The package

The Mat chChecker package requires bash, a recent version of Perl, a C++ com-
piler, the softwardROOT (version 5 or later), latex and dvips to work properly. The
input files are only STDHEP files.

Itis downloadable from the MadGraph CVS by doing:
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export CVSROOT=: pserver: anonynus@p3wksO05. fynu. ucl . ac. be: /usr/| ocal / CVS

cvs co Mat chChecker

It contains a set of codes and directories, namely:

File or directory Role

Mat chChecker . sh The main script to run

Mat chChecker Car d. dat Parameters Card

pdgcar d. dat Contains all possible legends

/ Mat chi ngPl ot s Where plots are stored

Cosnet i cs. dat Contains the plots specifications

/ ExRoot Anal ysi s_X.tar Contains the routines producing needed rootfiles.
[ TextFiles Textfiles used by the perl scripts

Convertor. pl A first perl script

Pl ot Maker . 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 isthetsame as the one
available on the MG/ME download page. TiBeRoot Anal ysi s package allows to
store events generated by MadGraph and PythiaRO@T tree formatl[9Qll] in order
to perform analysis in 00T environment.

The ExRoot Anal ysi s package can be subdivided into several subsystems: basic
framework of few classes providing event loop, event selacind basic operations
with aROOT tree file; modules selecting events and objects to be arthitgzer event

and per object level; modules analyzing selected eventsyecters from different
formats (LHEF, STDHEP, LHCGetc) to ROOT tree format.

For example, a selector module can select and group parémesated by MadGraph
into several classes (such as leptons, jets, top quat&¥,according to their status
and particle identification number.

For the present work two selector modules have been de\d:lopetrix element par-
ton selector and shower parton selector. The selectionritiigts are based on the
following rules:
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e For matrix-element parton selection: keep final state parto
e For shower parton selection : keep final state shower partons
e For both selections:

— skip beam Particles and initial state partons
— skip intermideate (not final state) partons,

— skip partons originating (directly or indirectly) from a QBvertex.

The selected shower partons are then used for jet recoiotnucthe result of the
parton selection and jet reconstruction is registeredrim fof aROOT tree and furhter
analysed in QparPlots.C and DistribPlot.C.

Documentation on the content of tR&OT tree is available on the web [96].

B.2 Running Mat chChecker

The first manipulation is to untar the ExRootAnalysis paekamter in the directory
and runmake. This compiles the ExRootAnalysis package.

The next manipulation is the edition of the MatchCheckedGiat file that contains
all informations relative to files to be analyzed but alsoréiq@ort content.

MatchCheckerCard
The configuration card is presented as follows:

### BLOCKNAME
test

### BLOCKFI LES: production files

BEG NSAMPLE

tag = tag_for_first_production
coment = "your comment here"

banner = non

files = adress_of _first_prod_sanpl el
ENDSAMPLE

### BLOCKPDG Wite the PDG code of "X' in a "X" + jets process

pdg_code_of _particl es_considered_as_i n_the_central _system

###BLOCKSCALE: Scal e used for Kt jet definition

40

###BLOCKCUTS: Cuts to apply on jets to calculate the rapidity distribution of jets
20 50 100

###BLOCKNORM Nornal i ze 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)
DIR 1

KinCentral 1

KinJet 1

e The field BLOCKNAME defines the generic name of the files produced. This
helps to not delete old results.

e The fieldBLOCKFI LES contains the adresses of STDHEP sources. There are
as manyBEGA NSAMPLE. . . ENDSAMPLE as productions. For instance if we
want to compare the productions made witrandtt + 0, 1, 2, 3 partons, two
blocks are needed.

I. The label “files” contains the adresses of all STDHEP fite&ative or ab-

solute). A production can be contained in any number of filesreasing
this number may helps to decrease statistical fluctuatibhese files can
be inclusive;.e. with all multiplicities in each file, or on the contrary the
production can be composed of several files with each onlymarigplic-
ity. This is useful to increase the statistics in higher iplittities (with
lower cross-sections).
The syntax is the following: for cases where all multiplie#t are con-
tained in each file, the files names have to be written, seghiay a
comma. In the one-multiplicity-per-file option, the nameeakh file has
to be followed by a space and the number indicating the migitip

Il. The label “tag” gives an additional name for the prodanti This helps
to identify different sources of files, and therefore alldivs possibility to
run on only one production and not on the others.

lll. The label “comment” lets the possibility for the useradd one comment
per production at the beginning of the report.

IV. The label “banner” is used to include the banner of the Mig aythia
runs. This is of course optional.

e The fieldsBLOCKPDG contains the PDG codesl [2] of particles belonging to
the hard scattering part of the STDHEP listing for which wenti@ have the
kinematic distributions. For instance if “6 -6” is writtefo( t£), the distributions
arePr(t +t), n(t), Pr(t), AR(t,t), the invariant mass of.

e The fieldBLOCKSCAL E defines thé:; definition of the jets to use.

e The field BLOCKCUTS defines thePr cuts to apply to evaluate the rapidity
distributions of the extra-jets
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e The fieldBLOCKNORMdefines 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

###BLOCKIETEXCL Kt specification for extra-jets (jets fromadditionnal partons)
Col l'i si onType 4

Di st anceSchene 3

Reconbi nati onSchene 3

ParaneterR 1.0

Excl usi ve true

ECut 1.0

###BLOCKJIETI NCL Kt specification for inclusive jets (all jets)
Col l'i sionType 4

Di st anceSchene 3

Reconbi nati onSchene 3

ParaneterR 1.0

Excl usi ve fal se

ECut 1.0

###BLOCKPARTONDEF
partons = {1 2 3 4 5 21}
Excl udeAncestor = {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}

###BL OCKSHONEREDPART ONDEF

partons = {1 2 3 4 5 21}

Excl udedAncestorIDs = {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}

e The fieldBLOCKCONDOR says if a parallel usage of matchchecker is wanted.

e The fieldBLOCKIJETEXCL gives the specification of extra-jets reconstruction
usingk, .

e The fieldBLOCKJETI NCL gives the specification of all jets reconstruction us-
ing k..

o the field BLOCKPARTONDEF allows to define what is a initial state radiation.
Thepar t on array contains the possible PDG codesBrdl udeAncest or
contains the PDG code of particle that should not ancesfd&R
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o the fieldBLOCKSHOANEREDPARTONDEF allows to define what are the show-
ered partons from initial state radiation. Tipar t on array contains the possi-
ble PDG codes anBixcl udeAncest or | Ds contains the PDG code of parti-
cle that should not ancestors of these showered partons.

Edit the Cosneti cs. dat file

This card allows to control the axis ranges of each kind of. jfor instance the DJR
plots are controlled by the lines.

Qparnmin 0 #defines the x min range for DIR plots

Qrarmax 3.5 #defines the x max range for DIR plots

Qpar Log 1 #Logy or not?

Qrar Ymax 5 #ratio between y value of maxi mumbin and top of graph

Qpar Ymin 1000 #ratio between y value of maxi num bin and bottom of graph

Running the scripts

Once the card is filled, the production of the report can beeddrhe user has two
possibilies
e ./MatchChecker.sh MatchCheckerCard.dat for the aut@mati

e Run by hand each script. This is useful if only a part of thelras to be redone.
The step-by-step manipulations work as the following:

e perl Convertor.pl MatchCheckerCard.dat

e chmod u+x Convertor.sh

e ./Convertor.sh

o perl PlotMaker.pl MatchCheckerCard.dat

e chmod u+x PlotMaker.sh

¢ ./PlotMaker.sh

e perl ReportMaker.pl MatchCheckerCard.dat

e chmod u+x ReportMaker.sh

./ReportMaker.sh
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Running the Convertor. pl and Convertor. sh

The perl scriptConvert or. pl creates the shell scrigfonvert or. sh (+other
secondary files) that will convert in the right way all STDHEs into rootfiles. As
the jet calculation (including Ktje{197]) is done duringdtstep, it can take a quite
long time to be completed.

Running the Pl ot Maker . pl and Pl ot Maker . sh

The perl scripPl ot Maker . pl creates, from the reading of the card, an other shell
scriptPl ot Maker . sh and two otherd,aunchQar . shandLaunchbDi stri b. sh
(+other secondary files). The role of the first oRept Maker . sh is mainly to exe-
cute the two other scripts that will produce respectiveffedéntial jet rate plots and
kinematic variables plots. Beside this, other cards neéatedternal purpose are also
created.

Running the Report Maker . pl and Report Maker. sh
The perl scriptRepor t Maker . pl creates, from the reading of the card, an other

shell scriptReport Maker. sh and a EX file. The role of the shell script is to
compile the EX file and produce the PostScript fiRepor t . ps.

The Report
The report contains the following:

e List of banners

Differential jet rate for each production with the multigty details

Comparison of DJR between productions

Kinematic plots of X in a X+ jets process for each productieittf multiplicity
details)+comparison of kinematic plots between diffepotuctions.

Pr of the four leading jets itPr for each production + comparison plots

n of the four leading jets iPr for eachPr cut choosen by the user for each
production + comparison plots
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e Hr(j): Give the scalar sum
j .
Hr(j)=Er+) _ P;
i=1

where [ is the missing transverse energy, aif the transverse momentum
of the i-th jet. Hr(1— 4) is given for eachPr cut applied on jets. The plots
Hrp of the four first jets between different production are alsey

e Plot of //.-+ comparison plots between different productions.
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