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Introduction

The Standard Model of particle physics represents a major success in the attempt
of describing the nature of elementary particles and of their interactions. It is based
on two cornerstones, the quantum chromodynamics and the electroweak theory.

Quantum chromodynamics [1-5] acts among quarks and gluons. The latter are
eight spin-1 massless bosons, which are responsible for mediating the strong inter-
action. Quantum chromodynamics is responsible for the confinement of quarks into
hadrons and hence for the stability of ordinary matter, made up of protons and
neutrons.

The electroweak theory has been formulated by Glashow, Salam and Weinberg
[6-9] in order to unify the electromagnetic and weak interactions. The former acts
between electrically charged particles and is mediated by a massless spin-1 boson,
the photon, while the latter acts on all known fermions, has a shorter range and a
weaker strength and is mediated by massive gauge particles, the W+ and Z bosons.
The electroweak theory recognizes both interactions as manifestations of the same
fundamental force, related to the symmetry group SU(2);, x U(1)y, where L states
the fact that this interaction only acts between left-handed fermions (and right-
handed antifermions).

The principle of local gauge invariance, which is a fundamental concept of the
Standard Model, would prevent the presence of massive bosons and fermions, if an
additional mechanism would not come into play, i.e. the Brout-Englert-Higgs mech-
anism of spontaneous symmetry breaking [10-14]. The latter generates the masses
of all known particles in a unified and elegant way, preserving the requirements of
renormalizability [15] and unitarity [16,17] of the theory. To this extent, a doublet
of complex scalar fields is introduced, with a neutral component which develops a
non-zero vacuum expectation value, spontaneously breaking the SU(2)r x U(1)y
symmetry into the electromagnetic U(1)qrp symmetry. The same mechanism ex-
plains the masses of the W and Z bosons and of the fermions, via the interaction

with the newly postulated Higgs field.
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The search for the Higgs boson, whose mass is a free parameter of the theory, has
represented a challenge for particle physics over the last four decades, being regarded,
as time went by, as the last missing ingredient of the Standard Model. Before the
LHC experiments started their operations, direct and indirect constraints on its mass
existed: the direct constraints (in particular from the LEP |18 and the Tevatron [19]
experiments) had ruled out most of the high-mass range, with a lower threshold at
mg > 114.4 GeV at 95% CL, while the indirect constraints [20] had excluded the
range above ~ 144 GeV at 95% CL.

One of the main physics motivations for the design and thr construction of the
Large Hadron Collider (LHC) [21-23], a circular proton accelerator located at CERN
(Geneva), has been to prove or conclusively rule out the existence of the Higgs
boson. With an energy in the centre-of-mass ranging from /s = 7 TeV in 2011
to /s = 14 TeV during the future run starting in 2015, the LHC meets all the
requirements to produce a significant number of Higgs bosons over the whole allowed
mass range. The ATLAS experiment [24-26], in particular, is well equipped to detect
leptons and jets with very high accuracy, over a vaste range of momenta, besides
ensuring, thanks to its hermiticity, a precise determination of the missing energy, in
the plane transverse to the beam axis. It follows that the ATLAS experiment can
reconstruct all characteristic decays of a Standard Model Higgs boson which involve
leptons or photons in the final state. Among them, the H — WW®™ final state has

the largest branching ratio for masses above mpy 2 135 GeV.

This thesis presents a study of the H — WW®) — ¢+u¢~7 final state, with
¢ denoting electrons and muons, using data collected by the ATLAS experiment,
corresponding to an integrated luminosity of 4.7 fb~! at /s = 7 TeV in 2011,
and of 20.7 fb~! at /s = 8 TeV in 2012. With the first part of the data, at
/s =7 TeV, a multivariate search for the Standard Model Higgs boson in the range
110 GeV < mpyg < 600 GeV is performed. It employs the Boosted Decision Tree
(BDT) technique, which is based on the standard cut-based analysis in the same
channel, but is expected to outperform the latter since it takes into account the
correlations among the variables characterizing the final-state leptons. Through a
series of binary splittings, the events are classified as signal-like or background-like,
so that an increased significance can be extracted from the signal-like part of the
phase space. The work summarized in this thesis constitutes a leading contribution
to the conception, to the development and to the validation of the H — WW®*) BDT
analysis, up to the final results, which have been published in Ref. [27]. This anal-

ysis confirms and improves the results of the corresponding cut-based analysis [28],



Introduction

x1

leading to an exclusion for a Standard Model Higgs boson, with a luminosity corre-
sponding to 4.7 fb~! at /s = 7 TeV, in the range 130 GeV < mpy < 281 GeV at
95% CL, to be compared with an expectation of 127 GeV < mpy < 254 GeV.

In July 2012, after having analysed an integrated luminosity corresponding to
~ 5.9 tb~ at \/s = 8 TeV, a first observation was made by the ATLAS [29, 30|
and CMS [31] collaborations, of an excess of events at a mass close to 125 GeV,
compatible with the sought Standard Model Higgs boson, in the vy and ZZ* —
4/ final states, with a significance of 4.5 and 3.4 standard deviations, respectively.
Shortly after, the same excess was observed by the ATLAS collaboration also in the
WW®) — (=7 final state [32], with a significance of 2.8 standard deviations
using an integrated luminosity of 13.0 fb~! at /s = 8 TeV. The BDT analysis,
run on the same dataset, was proved to reproduce the signal strength measured by
the cut-based analyisis, namely pu = 1.5+ 0.6 for myg = 125 GeV, in units of the
Standard Model cross section. While a cut-based approach seemed good enough to
increase the accuracy on p and the significance of the observation, the multivariate
analysis developed in 2011 was the best suited for studying the quantum numbers

of the new resonance, and in particular its spin and parity properties.

The aim is to test the Standard Model hypothesis, J¥ = 0T, against alternative
assignments, namely 17,17,27. The JP = 2% hypothesis follows the model for
Kaluza-Klein-like gravitons [33-36|, and is investigated in five possible values for the
couplings of the Higgs-like resonance to quarks and gluons (from pure gg production
to pure ¢g). For what concerns the J = 1F hypothesis, it is worthwhile to test
it in the H — WW™ final state, even if the Landau-Yang theorem |37, 38| forbids
the decay of a JP = 1F boson into two on-shell photons, in contradiction with the
evidence achieved by the ATLAS collaboration in the v channel [39]. In fact, as
predicted in various extensions of the Standard Model, there could be two resonances,

close in mass, one decaying into photons, the other into vector bosons.

Most of the fundamental aspects of the H — WW™ gpin analysis have been
developed in the context of this thesis, from the very beginning to the final results,
published in Ref. [40], which have later served as a leading contribution to the
ATLAS spin combination [41]. The latter paper represents the first evidence for
the spin-0 nature of the new particle, which is needed in order to identify it with
the Standard Model Higgs boson. For this reason, it has been cited in the official
motivation for the award of the 2013 Nobel Prize in Physics to Peter Higgs and
Francois Englert [42].

This thesis is organised as follows. In Chapter 1, the Standard Model is briefly
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introduced, with an overview of the general characteristics of elementary interac-
tions, the Goldstone theorem and the Higgs mechanism. The pre-LHC constraints
on the Higgs boson mass are then summarized, both from the theoretical and the
experimental points of view. Finally, the salient features of proton-proton collisions
at the LHC are reviewed, including the role of parton distribution functions and of
Monte Carlo generators. Chapter 2 focuses on the physics of the Standard Model
Higgs boson at the LHC, describing its production and decay modes and discussing
the status of the theoretical computations. The second part of the chapter presents
an overview of the Higgs boson properties, and in particular of the kinematical and
angular distributions which are expected to characterize the final-state particles in
the various spin/CP hypotheses. In particular, the decay into vector bosons of the
new resonance, X — VV®) with V = W, Z, is discussed, for X being either a spin-0,
spin-1 or spin-2 boson, with special emphasis on the models which are later used in
Chapter 5. Chapter 4 presents a multivariate search in the H — WW®) — (Tui—w
channel, carried out with an integrated luminosity of 4.7 fb~! at /s = 7 TeV in 2011,
describing the analysis method and the final results. Several additional details and
cross-checks are given in Appendices A — I. Chapter 5 illustrates the spin analysis,
in the same channel, for which an integrated luminosity of 20.7 fb~! at \/s = 8 TeV
has been used. Also in this case, only the baseline results are shown in the main
body of the text, while additional details are reported in Appendices J — O. Finally,
the statistical combination of the three bosonic channels (H — WW* — (Tl D,
H — ~vvy and H — ZZ* — 4/) is described and the final results are presented.



Chapter 1

Electroweak Symmetry Breaking
in the Standard Model

In this Chapter, the Standard Model (SM) of particle physics is briefly introduced,
with an overview of the general charateristics of elementary particles and their in-
teractions, the Goldstone theorem and the Higgs mechanism. Afterwards, the pre-
LHC constraints on the Higgs boson mass are summarized, both from the theoretical
point of view (unitarity violation, convergence issues for perturbation theory, triv-
iality bound, vacuum stability) and from the experimental side (global fit to the
electroweak parameters, searches at LEP and at the Tevatron). Finally, the salient
features of proton-proton collisions at the LHC are discussed, including the role of
parton distribution functions and Monte Carlo generators.

If not stated otherwise, the description follows Refs. [43,44]; Ref. [45] is used
for the QCD section, while Ref. [46] is used for the summary of the theoretical and
experimental constraints on the Higgs boson mass.

Throughout this work, natural units are used, based on universal constants: in
particular, the reduced Planck constant / and the speed of light ¢ are assumed to be
h = c = 1. In this system, energy, mass and momentum are all measured in electron

volts (eV).

1.1 Matter fields and interactions

In the Standard Model, elementary particles are classified into two main categories,
according to their spin: half-integer for fermions (which can be divided further into
quarks and leptons), integer for bosons (category to which photons, gluons, W and

Z bosons belong — alike the Higgs boson).



1.1. Matter fields and interactions

The fundamental forces acting between elementary particles — the strong, weak
and electromagnetic interactions — are all expressed through gauge theories, with
the only exception being the gravitational force. In a gauge theory, fields are de-
scribed by representations of a symmetry group; requiring the Lagrangian to be
invariant under local phase transformations of the fields (the so-called principle of
local gauge invariance), the interactions between the corresponding particles are

generated, mediated through gauge bosous.

The Standard Model of elementary particles is described by a Lagrangian which

is invariant under the symmetry group:
GSM = SU(3)C X SU(Q)L X U(l)y, (1.1)

where SU(3)¢ is the colour group of strong interactions, while SU(2)z and U(1)y
are the electroweak groups of isospin and hypercharge, respectively. The Gsy group
is spontaneosuly broken to SU(3)c x U(1)qrp, as discussed in the following. The
gauge bosons corresponding to the unbroken groups are massless: eight gluons for
SU(3)c and one photon for U(1)qep, respectively. The mediators of the weak force

are, the W and Z bosons, are, on the other hand, massive.

The fermionic content of the SM is organized into three generations, which have

identical properties, but increasing masses and different flavour quantum numbers:
Ve — u
() ers (@) ur, dr

() o s (s ers sr (12)

()i G tr br

with left-handed particles belonging to SU(2);, doublets, while right-handed parti-
cles are singlets (left- and right-handed particles are identified by the subscripts L
and R, respectively). Furthermore, antiparticles are defined as having the same mass
as their corresponding particles, but opposite additive quantum numbers. Quarks
exist in six flavours (u, d, s, ¢, b and t) and three colours (red, green and blue).
Stable matter is made up of fermions belonging to the first generation, while the
electrically charged fermions of the second and third generations are unstable and
decay into lighter particles. Table 1.1 summarizes masses, charges and spin quan-
tum numbers for the SM particles [47]|. In the following, additional details are given

concerning the electromagnetic, electroweak and strong interactions.
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|| Name ‘ Mass ‘ Charge (e) | Spin
e Electron 0.511 MeV -1 1/2
Ve Electron Neutrino < 2eV (95% CL) 0 1/2
1 Muon 105.66 MeV -1 1/2
v, Muon Neutrino | < 0.19 MeV (90% CL) 0 1/2
T Tau 1.777 GeV -1 1/2
vy Tau Neutrino < 18.2 MeV (95% CL) 0 1/2
u Up 2.370:1 MeV 2/3 1/2
d Down 4.8755 MeV -1/3 1/2
c Charm 1.275 £0.025 GeV 2/3 1/2
s Strange 96 + 5 MeV -1/3 1/2
t Top 173.07 £ 0.89 GeV 2/3 1/2
Bottom 4.18 +0.03 GeV -1/3 1/2
ol Photon 0 0 1
w= W Boson 80.385 £ 0.15 GeV +1 1
Z Z Boson 91.1876 + 0.0021 GeV 0 1
g Gluon 0 1
H Higgs Boson — 0 0

Table 1.1: Summary of Standard Model particles, with the indication of their mass,
charge and spin quantum numbers. Electric charges and spins correspond to the SM
prediction. All masses are given according to the world average in Ref. [47] (apart
from photons and gluons, which are predicted to be massless): for light quarks, they
are estimated at a scale p ~ 2 GeV, m, and m; are the running masses in the
MS scheme (cf. Section 2.2.1), while m; is measured by the combined Tevatron
experiments. The mass of the Higgs boson is discussed later, hence omitted here.

1.1.1 Quantum electrodynamics

A fermion of mass m and spin 1/2 is described by the free Dirac Lagrangian:

Lo = (@) (iv" 0y — m)¢(x) (1.3)

where 1)(z) is the fermionic spinor and (x) = ¥f(2)7° its adjoint. The partial
derivative is defined as 9, = 0/0x,, and a sum is assumed when indices are repeated.
The Lagrangian in Eq. 1.3 is not invariant under local phase trasformations such as
Y(z) — 9@)y(z), with Q being a real constant, because this would introduce an
additional term proportional to iQ0,0(x). The local gauge invariance is restored if,

in Eq. 1.3, the standard derivative is substituted by the covariant one:

Dyip(x) = [0 + ieQA, ()] () (1.4)

which contains a new spin-1 field, the electromagnetic field A, (z). The covariant
derivative applied to the field transforms like the fermionic field itself, D, (z) —
e'Q@) (D, (x)), provided that A, (x) transforms as A, (z) — A, (z)—(1/€)d,0. The
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Dirac Lagrangian contains now a vectorial gauge field interacting with the fermionic

field, with a coupling given by the electric charge eQ:

L= E(az)(z’y“Du —m)p(x) =Ly — eQA#(:I:)E(m)W“?/)(:E) . (1.5)

Introducing a kinetic term for the gauge field, the latter becomes a propagating field:
the full Lagrangian of Quantum Electrodynamics (QED) is then given by:

Lawn = Lo — QA ()P()y" () — 1 Fyu ()P (2) (1)

where F),, () = 0,A, — 0, A, is the electromagnetic field strength. By means of the
Euler-Lagrange equation, applied to the QED Lagrangian, Maxwell equations are
recovered, 9, FH (z) = eJV = eQiy" .

It should be noticed that the inclusion of a mass term for the electromagnetic
field, proportional to mQA#A“, would break the local gauge invariance and is, there-
fore, forbidden, resulting in the prediction of massless photouns.

The elementary QED process is e~ — e~ + =, depicted in Fig. 1.1 (a), and
proceeds through an electron (or any other charged lepton, or a quark) emitting
(or absorbing) a photon. Modifying the time arrow, i.e. changing the topological
configuration of the decay, the other QED elementary processes, e.g. e~ +et — 7,

are constructed; combining more of these vertices, all QED processes are obtained.

(a) (b)

Figure 1.1: Elementary vertices: (a) QED vertex for e — ev, (b) QCD vertex for
q — qg. Time flows vertically downwards in these diagrams.

The QED vertex in Fig. 1.1 (a) is at lowest order in the QED coupling constant,
aqep = €%/(4r). Adding virtual corrections introduces ultraviolet divergences; for
instance, the photon self-energy contribution, depicted in Fig. 1.2 for the e~ e™
scattering, consists of a finite part and of a divergent one, proportional to In(—q?/u?),
where ¢ is the photon momentum and p is some reference energy scale, which diverges
as ¢ — oo. The infinity can be reabsorbed into a redefinition of masses, charges and

coupling constants; namely, the scattering amplitude, which at lowest order depends
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on a/q? (omitting the QED subscript), becomes:

2

20 (1~ n(a? ) (17)

where ap(u?) is the renormalized running coupling at the scale 2, while TTz(q¢?/u?)
is the renormalized self-energy correction. Both terms in Eq. 1.7 depend on the arbi-
trary scale 1 and on the chosen renormalization scheme, but the physical scattering
amplitude does not. All ultraviolet divergent contributions to all scattering processes
are in fact eliminated through the redefinition of the running coupling, a fact that
ensures the renormalizability of QED. Because of its running nature, the value of the
fine structure constant, usually defined at the electron scale, a(u? = m?2) = 1/137,

changes at larger scales; its evolution is determined by the S function:
da @ a2
,ud—:ozﬁ(:z:):oz<ﬁ1—+ﬁ2 (—) +> (1.8)
1 T T
whose solution is, at one-loop level and assuming Q? = p?:

2y _ Q(Q(z)) 1.9
)= g (19)

Since 81 = 2/3 > 0, a(Q?) increases for increasing energies, which also means
that the effect of the electromagnetic charge decreases at larger distances from the

charged particle.

e e

e- e

Figure 1.2: Photon self-energy contribution to e”e™ scattering [45].

1.1.2 Quantum Chromodynamics

The same idea of local gauge invariance, that leads to QED in case of a U(1) sym-
metry, results in Quantum Chromodynamics (QCD) when considering SU(3)¢ as
a symmetry group. C' labels the colour charge: its introduction as an additional
degree of freedom [3,48,49] is needed in order to explain the observation of baryonic

states such as ATT, which otherwise would be constituted by three u quarks in an
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identical quantum state and would thus violate the Pauli exclusion principle. The
observation that only colour singlets exist as asymptotic states can then be justi-
fied assuming that quarks are confined into hadrons, either in the form of baryons,

B x €*?|q,q5¢,), or of mesons, M o< 6°°|qag).

The elementary QCD interaction is ¢ — qg, depicted in Fig. 1.1 (b). The quark
colour may change in this interaction and, since colour is conserved, the difference
is carried away by the gluon. The free QCD Lagrangian describing a quark field ¢

of flavour f is given by:

Lo=>_qp(in" 0 —my)qy. (1.10)
7

This is similar to Eq. 1.3, but now ¢y is a vector in colour space, q?‘; under global
SU (3)¢ transformations (q;‘f — U% q?), the free Lagrangian in Eq. 1.10 is invariant,
provided that U is unitary (UU' = U'U = 1 and detU = 1). The matrix U can
be parametrized as U = exp(iA“f,/2), in terms of the eight generators of the SU(3)
algebra, A = 27'% which are traceless and Hermitian, and satisfy the commutation
relation [T“,Tb] = ifeeTe with f% being the totally antisymmetric structure

constants.

As in the QED case, requiring the Lagrangian to be invariant under arbitrary
local transformations, 6, = 6,(x), the partial derivative in Eq. 1.10 has to be

replaced by its covariant form:
)\a
D,qy = |0, + igngfj(a:) qr - (1.11)

Analogously to the QED derivative in Eq. 1.4, the requirement for covariance has
introduced the interaction of the quark fields with the eight gluonic fields, G%. The
strong coupling gs is unique for all of them. As stated in Eq. 1.11, the quark-gluon
interaction does not affect the quark flavour; moreover, since leptons are not colour-
charged, they do not participate in the strong interaction. The gluon field strength
is given by:

i A® A®

D, DY) = -Gl (@) =

G () =~ = (8“GZ —PGE — g, fabccgcg) . (1.12)
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By means of it and the quark fields, the QCD Lagrangian can be written as:
Lacp = > qp(in"8, —my)gp — (9"GY — 97 GE)
—9sGla Zf qf'yu%qf (1.13)
4 fobe(QRGY, — GGG — % fabe f, GEGYGIGE .

The terms in the first line are the kinetic ones for the free quark and gluon fields,
respectively, while the second line contains their mutual interaction. Finally, as a
consequence of the non-Abelian nature of the colour group, the terms grouped in
the last line describe the self-interactions among the gluon fields: the cubic term,
proportional to gs, corresponding to three-gluon vertices, and the quartic term, pro-
portional to g2, corresponding to four-gluon vertices. There is no mass term for
the gluon fields, because m%fo G}, would break the covariance of the theory. So

gluons are predicted to be massless spin-1 particles.

Gluon self-interactions are responsible for another crucial feature of QCD: the
strong running coupling, a,(Q?), decreases with decreasing distances, unlike the
QED one. Renormalizing the gluon self-energy, as discussed for the photon self-
energy before, owes a value for the first 5 coefficient of §; = (2Ny —11N.)/6. While
the positive contribution comes from the quark loop corrections to the gluon internal
line, the negative one derives from the gluon self-interactions. For N. = 3 colours

and Ny = 6 flavours, 3 is negative, so that

lim o, (Q%) =0 (1.14)

Q2%2—o00
which is known as the asymptotic freedom property of QCD. On the other hand,
at lower energies, Q% — 0, which is the confinement regime, the running coupling

blows up, so that perturbation theory can not be applied anymore.

1.1.3 Electroweak interactions

The unification of electromagnetic and weak interactions has been first formulated
by Glashow, Salam and Weinberg [6-9]: the electroweak theory recognizes both in-
teractions as manifestations of the same fundamental force, related to the symmetry
group SU(2)r, x U(1)y. The label L refers to the fact that only left-handed fermions
(and right-handed antifermions) participate in this interaction, as already shown in

Eq. 1.2. Referring to quarks of the first generation (the same holds for the other
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generations and for the leptonic sector), the free massless Lagrangian is given by:
3 J—
Lo="ith;()y" Oty () (1.15)
j=1

where v is a SU(2);, doublet, while 15 3 are singlets. The former transforms in

flavour space as:
V1 (x) = eV PULY (), (1.16)

with U, = exp(io;a’/2) being a non-Abelian matrix, written in terms of the Pauli
matrices o;, and 8 an arbitrary constant phase. On the other hand, the singlets
acquire only a phase in the transformation, 123 — exp(iy236)1¥23. The factors y;
are the hypercharges.

The spinor field can be explicitly broken down into its left- and right-handed com-

ponents, introducing the chirality projectors P, g, in terms of the matrix vP = iy9yy243:

144°
2

1—75
¢=(PL+PR)?/)=< 5+ )?/):?/)L+¢R (1.17)

so that the free Lagrangian can be expressed as:
Lo = i) /" 0,1 + i gy bR - (1.18)

A mass term, proportional to m(y ;g + ¥ rYL), would break the gauge invariance

of the theory, since it would mix the left- and right-handed components.

Requiring the transformation in Eq. 1.16 to be local, the derivative is substituted

by the covariant one, namely:

Dyipi () = [0+ igoiW(x)/2 + ig'y1 Bu(2)] ¢1(z)
(1.19)
Dyaba3(z) = [0y + i9'y2,3Bu(w)] 12 3(2)

where four gauge bosons have been introduced, and two couplings, g and ¢’. The
corresponding field strengths are given by B, = 0,8, — 0,5, and Wﬁy =0, W} —
8,,Wj — g€ kWﬂWf ; the total electroweak Lagrangian can then be written as:
A 1 1,
Luow =Y it (x)y" Dyt () — BB~ ngywi“”. (1.20)
j=1
Cubic and quartic interactions among the gauge bosons are present, due to the

quadratic term in Wﬁl,. Like the fermions, also the gauge bosons are predicted to
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be massless.

The Lagrangian in Eq. 1.20 contains both charged and neutral interactions. The
former ones, which derive from the term proportional to g@ﬂ“(nWZipl, have the

form, referring only to quarks and leptons of the first generations:

Loo ==L AWy (1 = 95)d + 7y (1 = 95)e] +he ) (L21)
2v2 LU #

where W, = (W, +iW?)/v/2 and its complex conjugate W = (W —iW2)/V2 are

the physical W bosons. The vertex contains a factor v*(1 — ~s), therefore weak

charged currents are of the V-A type, where V labels the vectorial current (y#) and

A the axial one (y#75). Such an interaction violates both parity (P: Z <> —&) and

charge conjugation (C: particle <+ antiparticle); their combination is, however, still

a good symmetry for V-A interactions.

For what concerns neutral interactions, on the other hand, they are expressed in
Eq. 1.20 in terms of the fields Wi’ and By, which do not correspond to the observed

physical states. The latter are rather obtained via a rotation:

Wi’ B cosfy  sinfy Z, (122)
B, B —sinfy  cos Oy A, '

where 0y is the weak mixing angle, so that the neutral-current Lagrangian can be
written as:

03

Lne = — Z%v“ {Au [g 5 sin fy + ¢'y; cos GW} + 2, [gﬁ
J

5 €08 Ow — g/yj sin HW] } ).
(1.23)

The correct quantum numbers for QED are obtained imposing e = gsinfy =

g’ cos By, which correlates the electromagnetic and weak couplings. Another equa-

tion links the charges: Y = 2(Q — I?), where Y is the weak hypercharge and I3

is the third component of the weak isospin. They are generated by the U(1)y and

SU(2), groups, respectively; their values for the SM fermions are summarized in

Table 1.2. Right-handed neutrinos are not considered here because they would not

interact electroweakly (Q = I? =Y = 0) and thus would be sterile.

The couplings of Z bosons to fermions are described by the last term in Eq. 1.23

and can be recast into the form:

Lo = ‘ 2,3 T (el — o) f (1.24)

~ 2sin Oy cos Oy 7

where the vectorial and axial neutral couplings have been introduced: c{/ =21 ]?3 —
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4Q ¢ sin? Oy and cﬁ =21 ?, respectively.

Qe) | 1 | P | v
e T -1 1/2 | —-1/2| -1
Ve,L, VL, Vr,L 0 1/2 | +1/2| -1
€r MR TR -1 0 0 -2
ur,cr,tr, 2/3 1/2 +1/2 1/3
dr,sp,br -1/3 | 1/2 | -1/2 | 1/3
UR, CR,tR 2/3 1 0 | 0 | 4/3
dRr,SRr,br -1/3 0 0 —2/3

Table 1.2: Overview of the electroweak quantum numbers for the Standard Model
fermions: the electromagnetic charge (in units of e), the weak isospin, its third
component and the resulting electroweak hypercharge, according to the relation
Y =2(Q — I3). All particles are taken to be interaction eigenstates.

The quarks which take part in the electroweak interaction (labelled as d’, s', in
Eq. 1.25) are superpositions of the eigenstates of the strong interaction. They can
be obtained from the latter via a rotation, as described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [50,51]:

d/ Vud Vus Vub d
sl = Ve Ves Vo s |- (1.25)
b V;‘,d ‘/ts ‘/tb

The CKM matrix is unitary and has (N —1)? free parameters, with N = 3 being the
number of observed generations: three rotation angles and one complex phase, the
latter able to accomodate the amount of CP violation observed in weak interactions,

e.g. in the neutral kaon system.

1.1.4 Massless Standard Model lagrangian

Putting together the various terms discussed so far, the complete SM Lagrangian

can be written as:

Lo = 4G, GI — W W — 4B, 5% + TiiDy Lt
(1.26)
€Ri z'D,/y“eRi + @Z iDM’y“Qi + UpR; iDM'y“uRi + ER’i iDM’y“dRi

with the index ¢ accounting for the various generations. This Lagrangian is explic-
itly invariant under local gauge transformations of the Ggyr group, as in Eq. 1.1.
However, gauge bosons and fermions are still massless, since the addition of mass
terms for either the fermions or the bosons would break the covariance of the theory,

as previously discussed.
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The most natural solution to this problem is provided by the Brout-Englert-
Higgs mechanism of spontaneous symmetry breaking — or the Higgs mechanism for
short [10-14].

1.2 The Higgs mechanism

1.2.1 The Goldstone theorem

The Goldstone theorem [52-54| describes the mechanism of spontaneous symine-
try breaking (SSB), according to which a non-symmetric ground state arises from
a symmetric Lagrangian, implying the existence of additional massless degrees of

freedom.

|0]

Figure 1.3: Representation of the potential V of the scalar field ¢, V = p2¢f¢ +
M¢T9)?, for u? > 0 (a) and p? < 0 (b). Both illustrations are taken from Ref. [43].

Considering the case of a complex scalar field ¢(z), and of its Lagrangian £ =
DT g — (1127 + N(#7¢)?), the symmetry under which £ is invariant is a global
U(1) transformation: ¢(x) — exp(if)¢(z). The scalar potential has two free pa-
rameters, p2 and A: while A is required to be positive in order to have a ground
state, 42 can be either positive or negative. The first case, u? > 0, is the trivial one,
describing a potential with only one minimum at |¢| = 0 (see Fig. 1.3 (a)); the case
u? < 0, on the other hand, corresponds to an infinite set of degenerate minima, as

shown in Fig. 1.3 (b), satisfying the condition:

g0l = \/_2—’;\2 = % (1.27)

Infinite states ¢o = (v/v/2)e? are at the minimum energy; the symmetry is broken
by making a particular choice for the ground state, e.g. # = 0 in the unitary gauge.

The complex field ¢ can be expanded around the vacuum state introducing the field
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excitations ¢ o: .
P(x) = E(U + ¢1(z) +iga(x)) (1.28)

in terms of which the potential takes the form:

V(9) = V(o) — W28 + on(@h + D)+ B+ B2 (129)

Out of the two field excitations, ¢; is massive, mil = —2u?%, while ¢y results to
be massless. This is in fact a general result: according to the Goldstone theorem,
whenever a Lagrangian is invariant under a group G but its vacuum state is not,

there exist as many massless spin-0 bosons as broken generators.

1.2.2 Spontaneous symmetry breaking in the Standard Model

The same mechanism can be expanded to describe the SM case: the goal is the
generation of masses for the W and Z bosons, leaving the photon massless (indeed
QED shall remain unbroken).

This can be achieved introducing a doublet of complex scalar fields, with quan-

tum numbers Yy, = Iy = 1/2:

o(x) = <¢+(w)> (1.30)

described by the Lagrangian:

Ls = (Dud) (D"¢) — 1*¢T — A(¢ ) (1.31)

which is invariant under a local SU(2)r, x U(1)y transformation. As before, for A > 0
and p? < 0 the potential in Eq. 1.31 possesses an infinite number of equivalent
minima, satisfying a condition analogous to Eq. 1.27, [(0]¢°|0)| = v/+/2. This
holds only for the neutral component of the doublet, since electric charge has to
be conserved. The choice of one particular minimum breaks SU(2)r, x U(1)y into
U(1)qeD, generating three Goldstone bosons. Expanding ¢ at first order around its

minimum v, one gets:

$(x) = exp <i%9i(az)) % (v . 2{(@) (1.32)

which contains four real fields, §*(x) and H(x). Thanks to the SU(2) invariance of

the model, the phase in Eq. 1.32 is arbitrary and can be rotated away choosing, as
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before, #*(z) = 0. In this gauge, the covariant derivative in Eq. 1.31 takes the form:

1 g g9
(D, ®) D'd = SOHOMH + (v + H)? {ZWJW# + 57, 7" . (1.33)

8 cos? Oy
The presence of v, the vacuum expectation value, generates a mass for the W= and
Z bosons, my = my cos Oy = gv/2, while the photon remains massless. In other
words, by spontaneosuly breaking SU(2);, x U(1)y into U(1)ggp, three massless
Goldstone bosons, %, emerged, which have been subsequently absorbed by the W*

and Z bosons to form their longitudinal degrees of freedom, and thus their masses.

1.2.3 Yukawa terms

Also fermion masses can be explained through the introduction of the scalar doublet

in Eq. 1.30. The following Yukawa-type term results to be gauge-invariant:

_ ¢+ _ ¢0* ¢+
,Cy = —Cl(ﬂ, d)L <¢0> dR — Cg(ﬂ, d)L <_¢_> UR — Cg(ﬁe,E)L <_¢0> eRr + h.c.
(1.34)
Imposing the unitary gauge again, Ly takes the simpler form:
L 1( + H){e1dd + cotiu + czee} (1.35)
=———(v c colil, + c3ee :
Y /5 1 2 3
which defines the masses of the light fermions to be:
v
(ma, My, me) = (c1,c2,¢3)—= (1.36)

V2

while neutrinos stay massless. The couplings ¢; are not fixed by the theory, so the

masses are free parameters that need to be determined experimentally.

1.2.4 Free parameters of the theory

The scalar and gauge sectors described so far contain only four free parameters: the
couplings to the gauge bosons, g and ¢’ (Eq. 1.19), and the two independent terms
in the Higgs boson potential, p and v (Eq. 1.29). One can trade them by G,
a~!, my and my (the first two being respectively the Fermi constant and the fine
structure constant), with the advantage of using the three most precisely measured
quantities in the SM. The weak mixing angle Oy can be used to relate couplings

and masses: , )

sinfy = ——2 | sinfy =1 — W (1.37)

VP +g” my
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while from the measurement of G a determination of the vacuum expectation value
can be obtained:

—1/2
v= <\/§GF>( " 246 Gev . (1.38)

The scalar Lagrangian introduced in Eq. 1.31 can be rewritten in terms of the

physical fields (in the unitary gauge) as Lg = i)\v‘l + Ly + Lyge, where:

1 1 m2 m2
= ~9,HO"H — —m? H?> — —Hp3 - —Hp4 1.
Ly 269“ d 5™ 5 207 (1.39)

contains the triple and quartic Higgs boson self-interaction terms, and:

2 H? 1 2 H?
— m2 Wi z il Zm2 z —

Lyge = my WW* {1 + vH + 2 } + 2mZZMZ“ {1 + vH + 2 } (1.40)
the Higgs boson couplings to the gauge bosons, whose strength is proportional to the
square of the gauge boson mass. Moreover, all Higgs boson couplings are determined
by mpy, mw, mz and v. Fig. 1.4 shows a summary of the Higgs boson couplings to

fermions, to massive gauge bosons and to itself.

1.3 Constraints on the Higgs boson mass

1.3.1 Theoretical constraints

Despite being a free parameter in the Standard Model, the Higgs boson mass can be
used to derive limits on the stability of the Standard Model itself, and on its range
of validity.

The first limit comes from considerations of unitarity violation in the WW scat-
tering processes. Historically, in fact, massive vector bosons were introduced to
explain weak interactions, since the simpler Fermi model (contact coupling), postu-
lating a cross section scaling with energy like o ~ G% s, would have violated unitarity
above /s ~ Gp ~ 300 GeV. The same argument holds, at much higher energies, for
the scattering processes involving the longitudinal components of the vector bosons,
Wr, and Zp, which proceed, among the other contributions, through the exchange
of a Higgs boson. In the high-energy limit s > m%/v, qu, taking as an example the
WHTW~ — WHTW ™ scattering, the amplitude scales like ag ~ —m%/(87v?), which
is unitary only if my < 870 GeV. Hence, the Higgs boson cannot be heavier than
that, unless New Physics appears in the TeV range to restore unitarity.

The second limit comes from perturbation theory, which also requires the Higgs
boson not to be too heavy. The decay width into longitudinally polarized vector

bosons is proportional to I'yy o m:}{; when higher-order radiative corrections, involv-
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Figure 1.4: The Higgs boson couplings in the SM and their strengths.

ing the exchange of virtual Higgs bosons, are taken into account, the Born width

becomes:
Tiot = Thom |1+ 34 + 6242 + O(A*)] (1.41)

with X being the quartic coupling, and A = A/(1672). For my above O(10 TeV), this
series is not convergent (35\ ~ 1), but already for my ~ 1 TeV the two-loop term
becomes as important as the one-loop term (35\ ~ 625\2). Therefore, perturbation
theory holds only if my < 1 TeV. In addition, it should be noticed that, already at
the TeV scale, the total width and the mass become comparable, I'y ~ m, so that,

in this regime, the Higgs boson cannot be considered as a true resonance anymore.

The third limit involves again the quartic coupling A and its one-loop corrections.

The running of A with the energy scale @ is described by, choosing v as the natural
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reference energy:

3 Q!
MQ?) =M |1 - m)\(vz) log pol (1.42)

which vanishes for Q? < v?, at which point the theory becomes trivial, i.e. non
interacting. On the other hand, in the opposite limit @2 > v2, A diverges, becoming
infinite at the Landau pole A¢, implying that the Standard Model would not be valid
for higher energies. Since Ac = v exp(472v?/m%), my needs to be small to push A
at energies large enough; for instance, Ac = Agur ~ 10'6 GeV (which is the scale
of Grand Unification) would imply mpg < 200 GeV. Setting the cut-off at my itself,
computations on the lattice (able to take into account also the non perturbative
effects) yield the triviality bound mpy < 640 GeV.

The fourth limit is a lower bound, which can be set when considering that not
only the Higgs boson self-couplings contribute to the running of A, but also the
couplings to gauge bosons and to fermions. Since, as shown already in Fig. 1.4, the
couplings depend on the mass, the main contributions come from the top-quark loop
and loops of massive gauge bosons, but they appear with opposite sign: in particular,
since the top-quark loop has a negative sign, it can drive A\(Q?) to negative values if
A(v?) is too small, hence V(v) is not the absolute minimum anymore and the theory
is not stable. To avoid this, i.e. to keep A\(Q?) > 0, a boundary on my is needed,
which depends on the value of Ag: a low cut-off (Ag ~ 103 GeV) would imply
mpy 2 70 GeV, a large one (A ~ 10'6 GeV) would bring it up to my 2> 130 GeV.
It should be noticed, anyhow, that these bounds become weaker in case the vacuum
is metastable, rather than stable, with a life longer than the observed lifetime of the
Universe.

Putting together the triviality upper bound with the stability lower one, the
constraints represented in Fig. 1.5 are obtained, which include all corrections up to
the two-loop level, and use as inputs the physical masses of the top-quark and of
the gauge bosons, and their couplings [55]. The allowed range for my as a function
of the cut-off A¢ is shown; in particular, if New Physics appears at the TeV scale,

the following limit can be derived:

50GeV <mpg <800GeV  for Ag ~ 10° GeV (1.43)

while, if the Standard Model is valid up to the GUT scale, this range shrinks signif-
icantly:
130GeV <mpy S 180GeV  for Ag ~ 10 GeV . (1.44)
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Figure 1.5: Bounds on the Higgs boson mass as a function of the New Physics scale A,
combining triviality and vacuum stability arguments. The plain red line is obtained
for the central value of m; and ag, the dashed red one for £+2¢ variations of my,
the dotted red one for 20 variations of ag. The same in blue for the metastable
scenario [55].

1.3.2 Experimental constraints before the LHC
Indirect searches

The Higgs boson mass is tightly bounded to the other SM parameters, as previ-
ously discussed; moreover, radiative corrections to the electroweak observables are
sensitive to my. For these reasons, a global fit to the SM observables allows to set
stringent limits on my. To this extent, all quantities accurately predicted by the SM
and precisely measured in data are used, namely: a(mz), G, mz, observables from
Z analyses at LEP1, from W analyses at LEP2 and at the Tevatron, the left-right
and forward-backward asymmetries for heavy quark decays, Al}j%’ Fp» s measured
at LEP1 and at the SLC, and finally a few low-energy measurements. The result
of the global fit, Ax?, is shown in Fig. 1.6 (a) as a function of mp; taking into
account the lower bound from direct searches at LEP (discussed in the following),
the allowed range at 95% C.L. is:

114.4GeV < mpy < 144 GeV (1.45)

It should be noticed that such a range is obtained from the average of the 3o-distant
measurements of sin? fy from leptonic data (Apg) and b-quark data (A% ).

Combining this result with the theoretical limit in Eq. 1.44, a preference for the
~ (130 — 140) GeV range is obtained, in case the Standard Model is valid up to the
GUT scale.
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Figure 1.6: (a) Distribution of Ax? = x? — x2,;, as a function of my, resulting
from the global electroweak fit; the shaded area marks the region excluded by direct
searches [20]. (b) Final limit on mpy from LEP2 [18]. The ratio CLs = CLg1,/CLy,
for the signal plus background hypothesis, as a function of the test mass mp, is
shown. The solid line refers to observation, the dashed line is the median background
expectation for the background-only hypothesis.

Direct searches at LEP

Before the era of the TeV colliders, the highest centre-of-mass energy used to be
provided by the LEP (Large Electron Positron) collider, which operated between
1989 and 2000 at CERN, with /s ranging from my (LEP1) to 209 GeV (LEP2).
The accelerator complex included four experiments: ALEPH, DELPHI, OPAL and
L3. At LEP2 energies, the main production mechanism for a SM Higgs boson is
the associate production ete™ — Z* — ZH, or Higgs-strahlung; its cross section
scales as 1/s, vanishing around m%* ~ /s —my ~ 117 GeV. Considering the total
integrated luminosity collected by LEP2, [ Ldt = 0.1 fb~!, this mechanism would
have provided around 30 Higgs bosons for mg = 110 GeV. The most abundant
decay channels are those involving heavy particles in the final state, i.e. b-quarks or

7 leptons.

Results from the four LEP2 collaborations have been combined, resulting in the
exclusion limit mpy > 114.4 GeV [18], as depicted in Fig. 1.6 (b), to be compared
with 115.3 GeV expected in absence of signal. This difference is caused by a 1.7¢
excess around mpy = 116 GeV (the corresponding p-value for the background-only
hypothesis is 9%).
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Direct searches at the Tevatron

The Tevatron, a 6.28 km long proton-antiproton collider, has been operative at
Fermilab (US) between 1987 and 2011, with an energy in the centre-of-mass up to
Vs = 1.96 TeV. Its two main experiments, CFD and D@, collected and analyzed
a total luminosity of 10.0 fb=! [19]. Similarly to the LHC, the most important
production processes for a SM Higgs boson at the Tevatron are gluon-fusion (gg —
H) and associate production (W*H and ZH), the latter having a smaller cross
section but a distinctive signature, with two hard jets in the final state. Concerning

decay modes, bb dominates below my ~ 135 GeV, WW otherwise.
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— HI;IHIIH‘A'II'LXS#—'CII»AISH
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Figure 1.7: Observed and expected 95% C.L. upper limits on the ratios to the SM
cross section, as a function of the Higgs boson mass, for the combined CDF and D()

analyses [19].

Despite being the most abundant process at low masses, the gg — H — bb channel
is overwhelmed by the inclusive production pp — bb + X, which proceeds via the
strong interaction; as a consequence, the search for the associate production mode
V H, with isolated leptons from the W /Z decays, is experimentally more convenient.
In particular, searches have been performed in the W — fv channel, in the Z —
vv, 0~ channels, and at CDF also in the hadronic decay modes.

The second most powerful channel at low masses is VH with H — 777, where
the hard jets are used to clean up the dominant Z — 777~ background. The H —
vy decay mode, on the other hand, is suppressed by its low signal-to-background
ratio, so that this channel does not contribute more than 5% to the overall combined
sensitivity |56].

For masses above my =~ 135 GeV, the leading channel is H — WTW~ —
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(Tul~v. For this channel, the Df) analysis uses the Boosted Decision Tree technicque
(cf. Section 4.6). A total of 14 BDTs are trained for the various phase space regions,
lepton flavours and jet bins, resulting in the exclusion of a SM Higgs boson in the
range 159 < mpy < 176 GeV at 95% C.L. [57].

The CDF analysis, on the other hand, makes advantage of the Neural Network
(NN) technique to maximize its sensitivity. After a common preselection, the phase
space is splitted according to the jet bin, to the lepton flavour and to the dilepton
invariant mass, training a NN with specific variables for each configuration. In the
most sensitive bin, the eu 0-jet one, the output of a Matrix Element computation at
leading order is used as additional input. To extract final exclusion limits, a binned
likelihood is constructed using 12 NN templates, leading to an exclusion at 95% C.L.
in the range 148 GeV < mpy < 175 GeV [58].

Combining all the channels, above the whole mass range (100-200 GeV), for both
experiments, an exclusion for the regions 100 GeV < mpy < 120 GeV and 139 GeV <
mp < 184 GeV is expected in the absence of signal, while the observed exclusion
is found to be limited to 100 GeV < mpy < 103 GeV and 147 GeV < mpy < 180
GeV [19]. The reason for this is the presence of an excess of data events over the
background expectation between 115 GeV and 140 GeV. The significance of such
an excess is 3.00 locally at my = 120 GeV; the corresponding global significance,
taking into account the look-elsewhere effect, is 2.50. Most of the sensitivity comes
actually from the H — bb channel (with most of the signal candidates coming from
the CDF ZH — (T¢~bb analysis).

1.4 Phenomenology of hadron collisions

The following Section briefly describes the fundamental aspects of phenomenology

at hadron colliders; the description follows Ref. [59] if not stated otherwise.

1.4.1 Factorization

Collisions at hadron colliders can be divided into either hard or soft. Hard collisions,
characterized by large momentum transfer among the partons and thus capable of
significantly redirecting the energy flow, are the rarest; they can be described by
means of perturbation theory, allowing for precise predictions of their rates and
properties. Soft scattering, on the other hand, involves small momentum transfer;
perturbation theory cannot be applied in this case, since, due to the running nature
of the strong coupling constant, ag(Q?) increases with smaller energies, preventing

the convergence of the perturbative expansion.
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Figure 1.8: (a) Schematic representation of a proton-proton interaction, showing the
partonic collision corresponding to the reduced cross section 4 [59]. (b) Kinemati-
cal reach of the LHC collider, in the (Q?, z) phase space, at /s = 7 TeV, compared
to HERA and previous fixed-target experiments [60].

Proton-proton collisions can be schematically represented as in Fig. 1.8 (a): when
two protons, A and B, collide, the interaction actually happens between two of their
constituents, a and b, with reduced cross section . The proton constituents, i.e.
quarks and gluons, are generically referred to as partons. The proton remnants can
not exist as asymptotic states, due to confinement, and thus hadronise into colour-
neutral states, in the so-called underlying event. Moreover, the incoming partons
can radiate additional partons, due to their colour charge, resulting in additional jets
which might be reconstructed in the event; they constitute the initial state radiation
(ISR), while, if the final objects radiate bremsstrahlung radiation, this takes the
name of final state radiation (FSR).

The centre-of-mass energy for the partonic system is reduced with respect to
/s, the hadronic one, namely § = x, x5, where x4 label the fractions of proton
momenta carried by the two colliding partons. In the reference frame of the two
hadrons, with z being the beam axis, the four-momenta of the colliding partons are
given by (neglecting their masses):

Py = ?(wa,0,0,wa) ,oPy = 78(%70,07 —xp) - (1.46)
Two kinematical variables, the rapidity y and the pseudorapidity 7, are widely used

in collider phenomenology, since distances in y or n are invariant under a Lorentz
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boost in the z direction:

y=3W(E+p)/(F-p) ,  u=-l(wn@/2). (147

These two quantities are identical for massless particles. In a partonic collision like
ab — X, where a state X is produced, its mass M and rapidity y are linked to the

fractional momenta of the incoming partons by the following relation:

Tg = % e¥ s Tp = % e Y. (].48)
This is shown in Fig. 1.8 (b), where the kinematical reach of the LHC experiments
(for /s = 7 TeV) is compared with that of the previous fixed-target experiments
and of HERA: with respect to them, the LHC reach extends to harder scales, hence
to heavier objects. For a given rapidity y, two lines are drawn, corresponding to

x, and xp; the vertical axis corresponds to Q2, the charateristic scale of the process

Q> =),

The hadronic cross section o 45 can be obtained from the partonic one, o, convo-
luting it with the parton distribution functions (PDFs) f,/a(za, Q?) and fo/B (@0, Q?)
[61]:

oA = / 0 dzy fo)a (s Q2) oy (25 Q) Bapsx - (1.49)

Here, Q? is again the momentum transferred in the process; this equation is valid
in the asymptotic scaling limit, s — oo and 7 = mg( /s fixed. When real and virtual
collinear gluon emissions are considered, they give rise to large logarithms, which
apparently spoil the convergence of the series. In fact, a general result, known as
factorization theorem, shows that collinear emissions are process-independent and
hence can be reabsorbed at all orders into a redefinition of the PDFs themselves [62].
Only finite corrections are left behind, which are on the other hand not universal
and constitute the perturbative O(a%) corrections, so that Eq. 1.49 can be rewritten

as:
oAB = /d:ca Ay foya(@as 15) foyp (@, uF) % [60 + as(uk) 61+ . Japsx - (1.50)

The strong coupling ag is a function of the renormalization scale pg, while pp is the
factorization scale, which separates small and large distances, i.e. the perturbative
regime from the soft one. Formally, once all g orders have been resummed, the
cross section in Eq. 1.50 does not depend on any of the scales. On the other hand,
the dependence on pp and ppr can be used to quantify the uncertainty on o4p given

by missing higher orders. Typically, to avoid the presence of large logarithms, values
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close to the energy scale of the process under consideration are chosen for pp and
MR, €.8. UFp = R = MH.
1.4.2 Parton distribution functions

Scaling violations, i.e. the dependence of the parton distribution functions on Q?2,
are described by the DGLAP equations [63—66]:

0q; (z,Q? 1
gl(()g;g?) - % x % {PQin(Z7aS)QJ(%7Q2) + PQig(zvaS)g(%7Q2)}
(1.51)

0g(x,Q? 1
or @) — 95 [1d (B, (2,08)q5(%, Q%) + Pygl(z.05)g(2,Q%)} -

The coefficients P, are the splitting functions, describing how parton densities
change due to gluon and quark emissions. They can be expanded perturbatively
[67,68]:

2
Pu(z,05) = P () + j—jpcf;)(x) + j—;P;If) (@) +... (1.52)

It should be noticed that the DGLAP evolution only applies to multiple parton emis-
sions where partons are strongly ordered in transverse momentum, k%l < LK
k2, < Q2 since it resums only the leading logarithms in the expansion of (ag log Q?)™,
and may therefore not be accurate at low z, where log(1/z) > log(Q).

For what concerns the x dependence of parton densities, it cannot be obtained
perturbatively and has to be determined by a fit on data. The result is illustrated in
Fig. 1.9 (a) for a representative set [69]: the gluon density dominates for x < 0.01,
while the up-quark distribution peaks around z ~ 0.2(1).

The fit is performed by several independent groups, among them the CTEQ
[71], MSTW |72|, NNPDF [73] and HERA |74] collaborations. The data used in
the fits cover a wide range in x and @2, and include HERA data (H1 and ZEUS,
mainly at low x), Deep Inelastic Scattering and Drell-Yan data (at higher x), and
finally collider data. In particular, the LHC experiments have already provided
valuable data for the precision determination of the PDF distributions, in both the
jet and electroweak sectors. An example is shown in Fig. 1.9 (b), where the ATLAS
measurement of the W — (v fiducial cross section is compared with the latest PDF
predictions, allowing for their discrimination. FEllipses are obtained through the
Hessian method, which is the standard procedure to compute PDF uncertainties
and their impact on collider observables.

The Hessian method quantifies uncertainties by means of a complete set of eigen-

'For this reason, since to produce a state of mass ~ 100 GeV at intermediate rapidities, y = 2,
two partons of x, ~ 0.05 and z;, =~ 0.001 are needed, partonic interactions at the LHC are most
likely gluon-gluon collisions in the low and intermediate mass range.
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Figure 1.9: (a) PDF distributions for the MSTW 2008 NLO set at Q% = 19 GeV? [69)].
The filled areas correspond to the 68 % C.L. uncertainties. (b) Correlation between
the W* — (v and W~ — (U cross sections as measured by the ATLAS collabo-
ration [70]. The theoretical predictions are shown for various PDF sets, compared
with the result observed with an integrated luminosity corresponding to 33 pb~! at
Vs =7 TeV. The ellipses span the 68 % C.L. coverage for total uncertainties (green)
and excluding the luminosity uncertainty (black).

vectors, obtained from the diagonalization of the N x N Hessian matrix(?), where
N is the number of free parameters in the fit. Their eigenvalues span many orders
of magnitude, with the largest ones being related to the best-determined directions.
For each eigenvector there are two error sets, “+” and “-”, obtained via a Ax? excur-
sion from the global minimum(?). The positive and negative variations induced on
an observable can be asymmetric, especially for the eigenvectors which are poorly
determined. This is taken into account when computing the PDF envelope for a
variable X via the Master Formula [75,76]:

AXJ’_ = \/Ziil[maX(Xj - XOaXi_ - X07 0)]2
(1.53)

X~ = /S fmax(Xo - X7, X0 - X0,

*For CTEQ latest sets, N goes from 20 (CTEQ6.1) to 26 (CT10 NLO), while for MSTW2008
N = 20.

3The choice of the Ax? criterium is different for the CTEQ (Ax? = 100, corresponding to 90%
C.L.) and the MSTW (Ax® = 50) collaborations, reflecting the fact that a coherent and unique
statistical treatment is not possible, given the large variance of experimental data to be included.
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An additional uncertainty to be considered when computing theoretical uncertainties
related to PDFs on physical observables, is the one deriving from the running strong

coupling constant, since this value is used in the global PDF fits.

1.4.3 Monte Carlo generators

Monte Carlo (MC) generators are an essential tool for particle physics: they are
used to simulate collision events in a probabilistic way, which is intrinsic to the
quantistic nature of elementary particles. According to the theoretical cross sections
of physics processes and to their expected kinematical and angular distributions,
MC generators produce a large number of events, providing the information about
the four-momenta of the particles involved. The name “Monte Carlo” derives from
the fact that, in order to simulate the probabilistic outcome, random numbers are

used. Fig. 1.10 shows a schematic break down of the various steps involved in the
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Figure 1.10: Schematic representation of the various phases of a collision event, as
implemented in Monte Carlo generators [77]. Time flows from the bottom to the
top of the figure.

generation of a MC event, with the time flowing from the bottom to the top of the
figure [77]. The starting point is the hard collision between two of the incoming
partons, based on the matrix element of the interaction. Most MC generators only
allow the presence of a fixed number of partons in the final state. Subsequently,
higher order effects in perturbation theory are added by evolving the event thanks
to an iterative process, known as the parton shower method. Starting from the
hard interaction, an algorithm evolves the event backward and forward in time, by

means of the DGLAP equations, to add initial and final state radiation, respectively.
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With this procedure, soft and collinear partons are added to the event, so that
at the end of the series of splittings (which is determined by an energy cut-off,
typically O(1 GeV)), a number of particles moving coherently with the incoming
partons is produced. PYTHIA [78] and HERWIG [79] are two of the most commonly
used generators and are able to simulate both the hard collision and the following
parton shower; the generators which do not possess this latter feature, on the other
hand, are commonly interfaced to either PYTHIA or HERWIG.

After the shower is complete, the produced particles are generally unstable and
are forced to decay, until stable final particles are obtained; moreover, there might be
particles with non-zero colour charge, for which the hadronization step takes place.
In this case, partons are grouped into hadrons using a phenomenological model, since
perturbation theory cannot describe long-range effects. Treating the hadronisation
step as completely decoupled from the perturbative part of the event, allows the
tuning of the phenomenological model to data, using minimum bias events(?) [80-82].

The last step in the MC event generation consists in adding the details of the
underlying and pile-up events. Also in this case, the parameters of the model have
to be tuned to data, as measured by the ATLAS experiment at /s = 900 GeV and
Vs = 7 TeV [83]. While PYTHIA uses its own implementation for the underlying
event and multiple particle interactions, HERWIG is interfaced with JIMMY [84].

The generated events are finally propagated through the full ATLAS detector,
simulated by the GEANT4 toolkit [85]. It includes an exact description of the
material distribution in the detector, of the interactions undergone by the particles
during their propagation, of the energy measurement and resolution and the read-
out electronics. For a few of the backgrounds used in the H — WW®) analysis
documented in this thesis, the full simulation of the ATLAS detector has been
substituted by a faster (but less precise) one, provided by the ATLFAST software [86].
The compatibility of the two simulations, within the respective uncertainties, has
been verified in each case.

Finally, for some of the theoretical studies (like those aiming to quantify the
impact of PDFs on some observable), no detector simulation is required: in these

cases, MC samples at generator level are used.

“The term minimum bias refers to soft, inelastic collisions, with low transverse momentum and
low particle multiplicity.



Chapter 2
Higgs Boson Physics

This Chapter offers an overview of the most important production and decay chan-
nels for the Standard Model Higgs boson at the LHC. The gluon-fusion, vector-boson
fusion and associate production modes are briefly described, with a focus on their
potential at the LHC and on the status of the theoretical computations. With re-
gards to the decay channels, the mechanisms for the Higgs boson decaying into two
fermions, two photons or two massive vector bosons are introduced. The descrip-
tion follows Refs. [46, 87] if not stated otherwise. The second part of the Chapter
focuses on the Higgs boson properties, and in particular on its spin-CP assignments
in the Standard Model and on their consequences for the final-state particles. The
kinematical and angular distributions expected for leptons arising from X — VV*
decays are discussed, with X being either a spin-0, spin-1 or spin-2 resonance. In

the latter case, the Randall-Sundrum model for Kaluza-Klein gravitons is assumed.

2.1 Production modes

As discussed in Chapter 1, the Higgs boson couples preferentially to the heaviest
particle allowed by the phase space constraints. This property, together with the
hypothesis on the Higgs boson mass (that in the following is assumed to be my =
125 GeV), defines completely the production and decay channels, and their relative
abundances. Fig. 2.1 shows the production modes at the LHC (for (a) /s =7 TeV
and (b) /s = 8 TeV), in the intermediate mass range, stating also the precision
achieved by the theoretical computations.

The most important production channels are the gluon-fusion mechanism (g9 — H),
the vector-boson fusion process (q¢ — V*V* — qq + H), the associated production
with W or Z bosons (¢¢ — V H) and the associated production with top- or bottom-
quarks (gg,qq — QQ + H). The corresponding cross sections are summarized in Ta-
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Figure 2.1: Cross sections for Higgs boson production in the Standard Model, for
(a) v/s =7 TeV and (b) /s = 8 TeV [88].

ble 2.1, for two different center-of-mass energies, /s = 7 and 8 TeV, corresponding to
the 2011 and 2012 LHC runs, respectively. The theoretical uncertainties derive from
the scale variations (ug,ur = mpg/2,2myp), which account for the higher orders
missing in the computation, and from the PDFs (and the corresponding uncertainty

on «y), both introduced in Section 1.4.

H Process | Cross section (pb) ‘ + Error (%) ‘ - Error (%) ‘ + Scale (%) | + (PDF, ay) (%)

g 15.32 147 149 78 76

VBF 1.222 428 24 403 2.5

Vs=TTeV | WH 0.5729 +3.7 43 0.8 3.5
7H 0.3158 £4.9 5.1 1.6 3.5

ttH 0.0863 111.8 -17.8 9.3 8.5

g 19.52 147 147 7.8 75

VBF 1578 1238 3.0 0.2 2.8

Vs=8TeV | WH 0.6966 3.7 41 0.6 3.5
ZH 0.3943 +5.1 -5.0 +1.6 35

ttH 0.1302 4116 7.1 9.3 78

Table 2.1: Summary of the LHC reference values for the production cross sections
of a SM Higgs boson with mpy = 125 GeV, at /s = 7 and 8 TeV [87]. The total
theoretical uncertainties are broken down into the scale variation term and the PDF
term (in the latter case, considering also the associated uncertainty on ay). If the
uncertainties are asymmetric, the largest value is given.
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2.1.1 The gluon-fusion production mechanism

The gluon-fusion process, depicted in Fig. 2.2 at leading order (LO), proceeds
through a quark loop, mainly constituted by ¢- and b-quarks; this is due to the fact
that the Higgs boson coupling to fermions, gg sy, is proportional to my (cf. Fig.
1.4), which also means that the b-loop is suppressed with respect to the t-loop by a

factor my/my ~ 35.

Figure 2.2: Feynman diagram contributing to gg — H at leading order.

The partonic cross section at leading order can be written as [89]:

2
% G, a?

oy (99 — H) = 288\/_77 with 79 = qu/élmg? (2.1)

ZAl/Z Q)

where @ labels heavy quarks and Aﬁz(TQ)_iS the form factor for spin-1/2 parti-
cles. Below the threshold for producing QQ pairs, the real part of the amplitude
dominates, going from A1 o = = 4/3 for small values of 7g, to A{% = 2 for g =1,
and decreasing linearly afterwards, modulo logarithmic corrections (the amplitude
vanishes in the chiral limit mg — 0). Eq. 2.1 is obtained in the narrow-width
approximation (NWA).

Convoluting 05] (99 — H) with the gluonic PDFs, one can obtain the proton-
proton cross section at LO for the gluon-fusion process:

dLee
oro(pp — H) = o't e

(2.2)

with 457 = Tld% g(x, u%) g(r/z, p%) and T = m?,/s.

At next-to-leading order (NLO), virtual and real QCD corrections have to be taken
into account, namely gg — H(g) (Fig. 2.3 (a),(c)), ¢q¢ — Hg (b) and gq — Hq (d),
all contributing at the same order in a;. When all QCD corrections are added up(!),
ultraviolet and infrared divergences cancel, while the remaining collinear divergences

are absorbed into a redefinition of the parton densities [90-92]. The cross section

!Electroweak radiative corrections are not discussed here, since they are negligible with respect
to the sizeable QCD ones (less than 5% on oro for mg = 125 GeV).
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Figure 2.3: Typical diagrams for the virtual and real QCD corrections to gg — H
at next-to-leading order: (a) virtual gluon correction to gg — H, (b) ¢¢ — Hg, (c)
real gluon correction to gg — H, (d) g¢ — Hgq.

becomes then [93,94]:

! Loy

o(pp — H+X) = of! [14+C"22 TH - Dog o+ Aofi+ Dogg(23)
where the Cpr coefficient, denoting the two-loop quark corrections after regulariza-
tion, is equal to 11/2 in the limit of large quark masses, 79 = m%{/llmé < 1 (which
is the case if my = 125 GeV). In this limit, also the remaining real contributions Ao
take simpler expressions, omitted here. The K-factors, defined as K = onr,o/0L0,
are tiny for K,z and K4, the latter being negative, while K,y and K, are rather
large, of the order of 50% each. This result, which holds for all masses at the LHC,
brings Kot to increase the LO cross section of a factor 60 — 90%, both in the limit
7¢ < 1 and when the full dependence on m; is taken into account, the difference

between the two cases being only a few percent.

On the other hand, the inclusion of next-to-next-to-leading order (NNLO) cor-
rections has been performed only in the large m; limit, leading to an increase with
respect to onpo of about 25%, and of an additional 5% when resumming also the
soft-gluon terms up to NNLL (next-to-next-to-leading logarithms) [95-97]. Recently,
also approximate NNNLO corrections have been computed, showing that the con-
vergence of the perturbative series is slower than expected (kxnnrpo = 17% for
mp = 125 GeV and /s — 8 TeV [98]), yielding a central value of oNNNLO = 22.58 pb.
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The reference value for LHC experiments is on the other hand 19.52 pb + 14.7% for
mpy = 125 GeV (cf. Table 2.1), computed at NNLL QCD and NLO EW, with the
error given by the linear combination of scale, PDF and o uncertainties [87].

The dependence on pp and pp (varied in the range pug,ur = mpg/2,2mpy),
shown in Fig. 2.4, is reduced when going from LO to NNNLO, being £7% in the
latter case.

Higgs hadron-level cross section

my =125 GeV @ LHC 8 TeV

\ L
0.2 0.3 0.5 1 2 3
HR /My

Figure 2.4: Dependence of the gluon-fusion cross section on the renormalization
scale pp, for all orders up to NNNLO [98].

2.1.2 The vector-boson fusion production mechanism

Figure 2.5: Feynman diagrams for the (a) ¢-, (b) u-, and (c) s-channel contributions
to qq — qqH at LO, where V = W, Z and ¢ denotes any quark or antiquark.

The vector-boson fusion mechanism (VBF) qq¢ — gqH (where g denotes any quark or
antiquark), depicted in Fig. 2.5 at LO in the t-, u- and s-channels, is characterized
by the presence of two hard jets in the final state, separated by a large pseudorapidity
gap. The intermediate vector bosons tend to carry only a small fraction of the energy
of the incoming partons; the rest is released in terms of jets, with large energies and
small transerve momenta (pr ~ my), and hence at small angles from the beam
axis. This is in contrast with the large QCD background, which normally exhibits
substantial central activity; these features are used to tag the VBF jets and suppress
QCD and other backgrounds.



2.1. Production modes

The theoretical uncertainty given by the NLO QCD and NLO EW computation
[99] is reduced from 5 — 10% to 1 — 2% when including approximate NNLO QCD
corrections, which makes the VBF channel the most theoretically accurate Higgs
boson production channel at hadron colliders [100]. The reference value for LHC
experiments is o = (1.578 pb)"25% at \/s = 8 TeV for my = 125 GeV (cf. Table
2.1) 87].

This mechanism proceeds through radiation of vector bosons from a ¢ pair, with
W*W* — H being three times more likely than Z*Z* — H at the LHC, due to the
fact that W-boson couplings to fermions are larger than those of the Z boson. While
at the LHC the VBF mechanism is the second most abundant production process,
at the Tevatron it does not exceed 0.1 pb, even for low my values; this is because
the main contribution to VBF originates from longitudinal vector-bosons exchange,
whose cross section grows with s, as seen in Section 1.3.1.

The NLO K-factor increases the LO cross section by about 5% and, at the LHC,
is practically constant over the entire mass range [101,102]. For what concerns the
dependence on scales and PDFs, it is of the order of 2% at NLO [103].

2.1.3 The associate production mechanism

Figure 2.6: The V H production mechanism at leading order.

The third most abundant production process at hadron colliders is the associate
production mode, ¢q¢ — V* — V H, depicted in Fig. 2.6. It can be factorized into
the Drell-Yan production of a virtual vector boson, followed by its decay into a VH

pair, so that the partonic cross section at any order can be written as [46]:

dr
o(qq— HV)=0(qq — V") x @(V* — HV) (2.4)
where k is the momentum of V* (k? # m,). With this factorization, it is only the
o(qq — V™) term that has to be modified to include NLO corrections, which increase
the LO cross section by approximately 30%, setting ur = purp = my [104-106];

adding also the NNLO QCD terms [95] and the NLO EW ones [107-109], both of

the order of a few percent, yields the reference values of oy = (0.697 pb)fiqgg

and ozp = (0.394 pb)fg:ég‘: for mpg = 125 GeV [87], at /s = 8 TeV (cf. Table 2.1).
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owp is a factor two larger than oz at both the Tevatron and the LHC, over the
whole mass range; in addition, given the fact that BR(W* — (*v) ~ 20% while
BR(Z — (t¢7) ~ 6%, the WH channel results to be much more abundant than
ZH.

2.2 Decay modes

Fig. 2.7 (a) shows the decay branching ratios for a SM Higgs boson over the whole
mass range, up to 1 TeV. In (b), the branching ratios are multiplied by the corre-

sponding production cross sections at /s = 8 TeV.
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Figure 2.7: Branching ratios for Higgs boson decay in the Standard Model (a),
multiplied by the corresponding production cross sections at /s = 8 TeV (b) [88].

The most abundant decay channel for a light Higgs boson (110 GeV < mpy < 130 GeV
is bb, with a branching ratio between 75% and 50%, followed by WW*, which in-
creases up to 30% in this mass range, and gg (around 10%, mediated by loops of
heavy quarks). The remaining channels (7777, c¢, vy, ZZ*, ~vZ) are under the
percent level. The actual values, used as a reference for LHC experiments, can be
seen in Table 2.2 for my = 125 GeV; the corresponding total width is I'y = 4.07
MeV, with an uncertainty of +4% [87].

In the intermediate mass range (130 GeV < my < 180 GeV), the WW ™) and
ZZ™) channels are fully accessible (one or two on-shell bosons for my < 2my and
mp > 2my, respectively) and dominate the total width, with a small contribution

from bb, dropping from 50% at mpy = 130 GeV as mentioned above, to a few percent
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at mg = 180 GeV. For 2mpy < mpy < 2my, given the virtuality of one of the Z
bosons, the WW channel is close to a branching ratio of 100%.

In the high-mass range (mg 2 2my), the Higgs boson decays exclusively into
massive gauge bosons, with a branching ratio of ~ 2/3 for WW and ~ 1/3 for
Z 7 final states. For my = 350 GeV, also the ¢t channel opens up, but the pattern
just mentioned does not change significantly, given that the ¢# branching ratio stays
below 20%.

H bb | Ww+ | g9 | T ‘ ce ‘ zz* ‘ ¥y | Zy ‘ o
Branching ratio 0.577 | 0.215 | 0.0857 | 0.0632 | 0.0291 | 0.0264 | 0.0228 | 0.00154 | 0.00022
=+ Relative error (%) || 3.3 4.3 10.2 5.7 12.2 4.3 5.0 9.0 6.0

Table 2.2: Summary of the LHC reference values for the decay branching ratios of
a SM Higgs boson with my = 125 GeV, with their relative theoretical uncertainties
[87]. If the uncertainties are asymmetric, the largest value is given.
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Figure 2.8: Leading order decay diagrams, with ¢ denoting any heavy quark: (a)
H—=ff, (b) H=gg,(c) H—=7v,(d) H=VV.

2.2.1 The H — ff channel

The H — ff decay channel is depicted in Fig. 2.8 (a) at leading order. The partial
decay width can be cast into the form [110,111]:

Pro(H — fF) = fj‘;

where N, is the number of colours (N, = 1 for leptons, N. = 3 for quarks). The

mpy m?c B]?é (2.5)

partial width is proportional to mfc, signaling the preference for heavy fermions,
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and to ,8? =(1- 4m?/m%{)3/2, B being the relativistic velocity of the final-state
fermions. Due to this latter factor, I'no(H — ff) is strongly suppressed near the
mass threshold(?), Tro(H — ff) o ﬁ;’c — 0 for mg = 2my.

For decays into light quarks (m, < mpy < my, with ¢ # t, so that g, ~ 1),
large logarithms appear in the decay width at one loop. The Feynman diagrams to
consider are those involving the emission of a real or virtual gluon by one of the quark
lines, yielding the following expression for the NLO partial decay width [112-115]:

3G, ) dag (9 3 m?
T+-=|(>4 Zlog—L 2.
+ 37 \4 i 2 & m? (26)

mygm
4\/§qu

I'neo(H — qq) =
H

proportional to Iog(mg/m%{), which is negative for my < mpy. This can be avoided
via a redefinition of the quark masses; in particular, using the MS factorization
scheme, these logarithms are resummed to all orders and absorbed into mq(m%{)

and as(m?%).

2.2.2 The H — vy channel

As shown in Fig. 2.8 (c), due to their massless nature, the Higgs boson decay into
photons or gluons proceeds at lowest order via loops involving massive particles. In
particular, the H — v+ and H — Z~ decays are mediated by loops constituted by W
bosons and charged fermions (essentially top-quarks, since the other contributions
can be neglected), while for Hgg only quark loops come into play. Due to the
presence of additional electroweak or strong coupling constants, these loop-decays
become negligible when the WIW and ZZ kinematical thresholds open up.

At LO, the partial decay width into photons is given by [110,116-118|:

2

ZNC Q?” Aﬁz(Tf) + A (tw) (2.7)
f

G, am?
I'o(H — = ¢ __H
Lo(H = 77) = 150 o
where A{J/Z and Al correspond to the form factors for spin-1/2 and spin-1 particles,
respectively (cf. Eq. 2.1), which are functions of the parameter 74y = m%{/(élM]%’W).
In particular, for myg = 125 GeV, Aﬁz(Tt) ~ 4/3 and A (ry) ~ —8, so that the
W-loop dominates. The decay width into photons is just a few keV in the low
mass range, but, thanks to its clear experimental signature, the H — ~~ channel
has been the first, together with H — ZZ* — 4¢ [29], where an excess of events
compatible with the SM Higgs boson has been detected by the ATLAS experiment

2This does not happen for a pseudoscalar Higgs boson A, for which the partial decay width
would have been suppressed by a factor 3y only [46].
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in 2012 [30,119).
Concerning the NLO QCD corrections to the quark loop, they are only virtual,
and the following parametrization can be used [94,120-125]:

Aﬁz(Tt) = (A{J/Q(Tt))LO [1 + %CH(Tt) : (2.8)

The perturbative factor Cg(7) can be approximated as -1 in the region of interest
(or, more in general, in the m; — oo limit), while it gets much larger above the tt
threshold, in particular above 650 GeV, where the W- and ¢-loop amplitudes exhibit

destructive interference.

2.2.3 The H — V®V® channel

The Higgs boson decay into real and virtual gauge bosons is depicted in Fig. 2.9 at

leading order.

f1
,
L . ;o J
) f3
v / fi

(a) (b) ()
Figure 2.9: Higgs boson decays into real and virtual gauge bosons: (a) both Vs are
on-shell, (b) one V' is on-shell, the other is off-shell, (¢) both Vs are off-shell.

For mpy = 125 GeV, the decay into two real vector bosons is not possible, so one of
them has to be off-shell (the probability for both V's being off-shell is smaller than
1%). In this range, the decay into WW* dominates over the decay into bb, notwith-
standing the suppression of the former by an additional power of the electroweak
coupling and the virtuality of the W* boson, due to the fact that ggvy > grs (the
first involves 2m%,, the second mp). The width for the three-body decay is obtained

assuming massless fermions in the final state, and yields [126,127], [128]:

3G m‘%/

2
NH—-VV* = VFff)= 1%‘73 mpy i, R(z) (2.9)
T
with 0}, = 1 and 07, = 1—72 - % sin? Oy + %0 sin? By, where all the dependence on
x = m3,/m?% is contained in the R(x) factor. The partial width is proportional to

myy, rather than to m% as in the case of a two-body decay.
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The higher order corrections to H — V'V ®) have first been computed for on-
shell gauge bosons, in the narrow-width approximation [129-131], and later in the
general case [132].

At the LHC, the following branching ratios are used, for my = 125 GeV:
Taoww = 021575% and Tyzz = 0.0264773% (cf. Table 2.2) [87). They
are computed with HDecay [133], which takes into account all corrections up to
two loops in the heavy-Higgs boson-mass hypothesis, and folded with the result of
Prophecy4f |132|, which includes also the interference effects between WW and ZZ,
namely Ff;c’phecy =TUyowwssaf + T z-2+ap + Twwyzz. Missing higher orders
account for a residual uncertainty < 0.5%.

2.3 Spin and CP quantum numbers

2.3.1 The case of a spin-0 resonance

The production and decay modes discussed so far, have been presented under the
assumption of a SM Higgs boson, corresponding to the J¢¥ = 0FF assignment for
its spin and CP quantum numbers. As a consequence, the couplings to the vector

bosons have the form:
1/2
LIHVV) = <\/§Gu> m% H VIV, (2.10)

as in Fig. 1.4, which are even under parity and charge conjugation.

On the other hand, an hypothetical CP-odd Higgs boson A, predicted by many
extensions of the SM (e.g. in two-doublet Higgs boson models [134], 2HDM, as
the Minimal Supersymmetric Standard Model [135], or in axion models [136,137]),

would couple to the vector bosons with an effective term of the form [46]:
1 1/2 -
LIAVV) = 71 <\@GM) mE AV, (2.11)

with Vuv = e"P?7V,; being the field conjugate to V,,,,, /P77 the totally antisymmetric
tensor and 7 a dimensionless constant. If CP is conserved at tree-level, L(AVV) is
induced only at higher orders, which limits its possible size. Finally, it should be
noticed that a CP-odd coupling has to be a P-wave (total angular momentum equal
to one), while the SM CP-even coupling is a S-wave; the P-wave reduces in the
laboratory frame to (€1 X €2) - (p1 — p2), rather than to €; - €2, which can be rephrased
saying that A does not couple to longitudinal gauge bosons.

1/2

The SM Higgs boson coupling to fermions has the form gyrr = (V2G,)Y? my;

the corresponding gy contains an additional ~5 factor, resulting in a pseudoscalar
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quantity [46]:
gars = (V2G,) P mys . (2.12)

Such a coupling is purely axial, thus manifestly parity-violating.

The angular and kinematical distributions of the final-state fermions in the
H/A — VV* = (fif2)(f3f1) decay depend on the CP properties of the interme-
diate boson (H or A). The reference frame is defined in Fig. 2.10.

Figure 2.10: Definition of the decay angles for the final state H — VV —
(f1f2)(fsf1) in the Higgs boson rest frame [138].

Five kinematical quantities — the Cabibbo-Maksymowicz variables [139] — are in
fact sufficient to describe this final state: the polar and azimuthal angles of f; and
f3 in the rest frame of the vector bosons, (01,0) and (03, ¢3), respectively, and the
masses of the two vector bosons. In this frame, the differential decay rate can be
written as [46, 140]:

dr(H — VV) ) |
e de do.. . S50 T 520, 5205C 2.13
deg, dcg,dos 00505 o (1 + By Bg) 20520 0 (2.13)
1
+ 1+c2)(14c2) +s2sic
e (0 ) L) b
4A7 Ay, 1

56,503Cp3 + Co, Co3

y173(1 + BifBs) 7173(1 + B1583)

Here, ¢y and sy are shortcuts for cosf and sinf, while § and v = (1 — 52)(_1/2)
refer to the velocities of the vector bosons; for large Higgs boson masses, the vector
bosons are boosted, thus § ~ 1 and v — oo, so that all terms depending on 1/7 in
Eq. 2.13 become negligible, and the dependence on the azimuthal angle disappears,
as expected for longitudinally polarized vector bosons. The factors Ay, correspond
to combinations of the V f f vectorial and axial couplings, c{/ and CQ, defined in Eq.
1.24.

Integrating out the polar angles, the azimuthal distribution becomes [140]:

dr(H — VV)

~ 14 aicy, + ascay, . 2.14
d¢3 @3 ®3 ( )
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On the other hand, for a CP-odd Higgs boson, the differential decay rate is given
by [140]:

dl'A - VV)
dcg, dcg,d o3

1 1
~1+ c31c§3 - 5351353 - 5531333(:%3 —2Ayp Ayyco, co, (2.15)

which, after integration over the polar angles, reduces to:

dl'(A = VV) 1
————— ~ 1= Fcag,. 2.1
des 425 (2.16)
T T T T T T T T T T T T
14k (1/1)dTl'/d¢ 1 16k (1/T)dr'/d¢ i
My = M = 300 GeV My = M, = 300 GeV

Sae

SWW — 4f —
— WW — 4f

¢ [rad] ¢ [rad]

Figure 2.11: Azimuthal distributions of final-state fermions in the processes H/A —
Z7Z — 4p (left) and H/A — WW — 4f (right), comparing the CP-even and CP-
odd hypotheses. The angle ¢ corresponds to ¢s in Fig. 2.10. The mass is assumed
to be myg = ma = 300 GeV [46].

The difference between the two CP hypotheses is illustrated in Fig. 2.11, which
shows the azimuthal distribution of the final-state fermions for H/A — ZZ — 4u
on the left and for H/A — WW — 4f on the right, with myg = 300 GeV in both
cases. In the H — ZZ case, the modulation with ¢ is small, since the term cos ¢3
is suppressed by the coefficient a, with a; v% < 1.

The partial width for the three-body decay in the CP-odd case, to be compared
with Eq. 2.9 for the SM case, exhibits a different dependence on the mass [140]:

* 3G;21 m% /2

where z = M‘2/ /Mf‘ and n accounts for the cross section normalization.

The distinction between CP-even and CP-odd states can be studied also in the CP-
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mixing case, where the discovered resonance would be a superimposition of even and
odd states, so close in mass to be observed as degenerate. According to Refs. [35,36],

the general scattering amplitude for such a mixed X boson can be written as:

AX = Vi) = vt (gfo)m%i‘ﬁ’é + g N @

+gl O D 4 o0 FlD Fr@m) (2.18)

where F),, is the field tensor for a generic gauge boson, Fj,, = €,q, — €,q,, while
ﬁuv is the conjugate field tensor (cf. Eq. 2.11). The gi(o) form factors are in general
complex and momentum-dependent, with (0) labelling the spin quantum number.
The first term in Eq. 2.18 is the usual SM CP-even contribution, while the fourth is
the pure CP-odd term. ggo) multiplies a dimension-five operator (£ ~ %X Zu ZM)
which accounts for the loop-induced Higgs boson decays into massless bosons, such
as yvy or gg. Finally, the term introduced by g§°) is a dimension-seven operator,

suppressed by the New Physics scale A2
The SM decays H — WW,ZZ are described with gﬁo) =1 and gé?g)A = 0. On

the contrary, a pure pseudoscalar Higgs boson would have only ggo) # 0.

The expression given in Eq. 2.18 is general enough to describe the decay to any
on-shell gauge boson, massive or not, including CP-violating terms. This is achieved
using both ¢; and F, ;597 which are in fact not independent; reducing the terms from

four to three, the amplitude becomes [35]:
AX - W) = v_leik“e;” (algw,mg( + 02 Quqy + a3€003 qi"qg) (2.19)
where the new a2 3 coefficients are linked to the gf?z),u in the following way:

ay = gﬁo)%% + 0 (2950) + g;@%) , az=-— (2950) + g§0)q}\#) , a3 =—29".
(2.20)
Although not present at tree-level in the SM, both a2 and a3 may appear through
radiative corrections: one loop for as, whose scale is set around O(apw) ~ 1072,

two or three loops (for decays into WW and ZZ respectively) for as, which is
O ~ 10710 [141].

In summary, since the CP-even, SM-like component arises at tree-level, while
possible CP-odd contributions are loop-induced, it would be mostly the former to
dominate the angular and kinematical distributions of final-state particles in V'V
decays at the LHC [35,36, 141, 142]. In order for a significant deviation from the
SM expectation to be observed, the CP-even component should be small, but in this

case a clear drop would have been found in the measured cross section, which does
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not appear to be currently the case [119].

2.3.2 The case of a spin-1 resonance

The amplitude for the decay of a spin-1 resonance into two identical massive vector
bosons (V' = Z, W) is given by [35,36]:

AX - V) = ¢V [(€a) (e3ex) + (5a)(efex)] + 08 eappeier™ ey 3
(2.21)
where ggl) and gél) are dimensionless couplings for, respectively, a vector and pseu-
dovector particle (for J¥ = 17, the opposite for J” = 17). All terms have been
introduced already in Eq. 2.18, apart from ¢, which is the difference in momenta
between the two gauge bosons, ¢ = q1 —¢g2. In principle, as discussed in the following,
the case V = W would require additional degrees of freedom, since the W boson is
charged [36], but they are not considered for a first hypothesis testing.
As stated above, the amplitude in Eq. 2.21 is valid only for massive particles.
In fact, massive vector bosons cannot decay into two identical, real massless bosons,
due to the Bose-Einstein symmetry. This result, known as the Landau-Yang the-
orem |[37, 38|, rules out the possibility of a spin-1 Higgs boson decaying into two
on-shell photons, which seems to contradict the observation carried out by the AT-
LAS experiment in the v+ channel [39]; however, the presence of a spin-1 resonance

decaying into pairs of W or Z bosons can still be tested experimentally.

2.3.3 The case of a spin-2 resonance
Randall-Sundrum gravitons

A spin-2 resonance at the TeV scale, with SM Higgs boson-like couplings, could
be the one described by the Randall-Sundrum (RS) model for Kaluza-Klein (KK)
gravitons [33, 34].

At variance with previous theories, which predict weakly coupled massive gravi-
tons and require a large number of extra dimensions, e.g. the ADD model [143,144],
the RS model postulates strong couplings and only one extra dimension. This
additional fifth dimension is warped, i.e. not factorizable from our standard 4-
dimensional subset of the spacetime, which is referred to as a “3-brane”; the non-

factorizable metric is obtained by means of an exponential function [33]:
ds? = e 2Fredy , datda” + r2dg? (2.22)

where 1), is the usual Minkowski metric (-1,1,1,1), k is a scale of the order of the

Planck scale, z# are the 4-dimensional coordinates and ¢ is the coordinate of the
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extra dimension, which is finite and periodic (0 < ¢ < 7) and whose size is set by

—2kre¢

the compactification radius r.. The warp factor e sets the relation between the

reduced Planck mass, mp; = mp;/v/8m, and the graviton-SM coupling scale A [144]:
A=e k™ Mp,. (2.23)

By tuning kr., it is possible to place A at the TeV scale, so that RS gravitons
would be accessible at LHC energies with non negligible couplings. On the contrary,
the large size of the extra dimensions in the ADD model (r. > 1/mp;) causes the
coupling scale also to be large, A = Mp; ~ 10'® GeV, thus the coupling of gravitons
with matter would be heavily suppressed, and they would be detectable in collider
experiments only as missing energy [144].

The warp factor sets also the relation between the physical masses m, as experi-
enced in the standard 3-brane, and the fundamental masses mg, which are expected

to be around the Planck scale:
m=e T myg. (2.24)

In this way, it would be possible to obtain mg ~ 10" GeV and m ~ 10* GeV just
setting e*"<™ ~ 10, which means kr. ~ 50. This would provide a solution to the
hierarchy problem, since all the fundamental quantities would be at the Planck scale,
with the exponential form of the warp factor pushing their physical respectives at
the weak scale, i.e. around the TeV [33].

The effective Lagrangian describing the interaction between KK gravitons and
the SM fields, in both the RS and ADD models, is given by [144]:

1 ) v
Lin = =3 ST, (2.25)

where 7, is the SM stress-energy tensor and T is the fi-th KK mode. While in
the weakly coupled models the mass gap between neighboring gravitons is very small
(Am =r_ 1) and thus their discrete spectrum can be approximated by a continuum,
in the RS model the mass of the n-th excitation is given by m,, = kx,ekrem =
mizy,/x1, with x,, being the n-th root of the first order Bessel function, and m; the
first excitation, possibly in the TeV range. Setting the mass of such a graviton at
125 GeV, in particular, the branching ratios in Table 2.3 are obtained [145]. While a
light SM Higgs boson decays most probably in bb pairs, as discussed at the beginning
of this Chapter, the graviton would decay preferentially into gg pairs. The other
couplings branching ratios are a factor ~ 10 smaller than the SM case, and in
particular the ratio (X — WW)/(X — ZZ) is the same in the two hypotheses.
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g9 bb TT WWw+* 77 3y
myg = 125 GeV || 0.086 0.577 0.063 0.215 0.0264 2.28 x 1073
mg = 125 GeV || 0.896 0.0588 9.2 x 1072 0.0291 3.6 x 1072 0.925 x 103

Table 2.3: Comparison between the predicted branching ratios for the SM Higgs
boson (as given in Table 2.2) and for a RS graviton, assuming the same mass of
125 GeV [87,145].

Lagrangian

A massive spin-2 resonance can be described by the Fierz-Pauli Lagrangian, where
it appears as a symimetric, traceless tensor of rank two, satisfying the following
properties [146]:

G =G, Gy =0, 0,Gpy =0 (2.26)

where the last equation corresponds to the requirement of positive energy for G.

As shown in Ref. [147], G cannot couple to the SM fields through dimension-four

operators, due to Lorentz and SM gauge symimetries; furthermore, imposing the

flavour and CP symmetries, G has to couple through dimension-five operators, i.e.

the same as the SM fields.
The amplitude for the decay of a spin-2 resonance into two identical vector bosons
(V =W, Z,,g) is given by |35, 36]:

AX = VVh) = 2952)G“VF*(1)“D‘F*(2)VO‘ + 29§Q)GHV%F*(1)MQF*(2)V5

+g(2) T

Gau (F*U)WFZ&Z) + F*(z)“”F§é1)> + g LE G, FrDe8 FY)

2 L s 2) ¢ qa *U_kQy *ou % %k
m? (2g§ )GW61“62” + Qgé )qx‘; Gu (Ve — e1%3”) + g§ )¢ A2 GW6162>

+g( )qqu G,uZ/F*( )aﬂF (2) +m < gg )Gp;xo;(ja eﬂl,pgei‘lle;p(pf

G o ~0 [ _*U * *U *
LGl 0 (¥ (ges) + € (qen)) (2.27)

where the terms are the same as those introduced in Egs. 2.18 and 2.21, and an
overall factor A~ has been omitted. There are ten dimensionless gf2) couplings,
eight of which are independent. The first seven terms conserve parity in case of
JP = 2% while the last three violate it (reversely for J© = 27). In principle, the
couplings are a function of kinematical invariants, e.g. gl-(z) (m?)(,q%,qg), but such
a dependence can be neglected since the general form of the couplings is anyway
unknown. For the same reason, the amplitude in Eq. 2.27 would require more
degrees of freedom in case of non identical vector bosons, i.e. X — WTW ™, but
it is generally agreed that this form is convenient for a first hypothesis testing, and

could eventually be refined in case of anomalies emerging from the data.
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The minimal set of couplings includes only dimension-five operators, as discussed
above: this is achieved setting all couplings to zero apart from g§ ) = g5 75 0. At
leading order, such a boson couples to gg and ¢7 with 96% and 4% probabilities,
respectively [144,148]. This model is referred to in the following as 2", and its

amplitude corresponds to [35]:
_ A1 (2) *(1)pa x(2)va (2) * sk
A(Xy = VVR) = A1 200G, PrOma pr@va 2 (9B G b (2.28)

which reduces to x G F *(Dpa px2)ve iy case of massless bosons. It should be

noticed that g1 ;é 0 allows X,, production through gluon-fusion.

Another interesting model, involving higher order operators, is the so-called 2h,
which is obtained by setting all couplings to zero apart from g4 ;é 0. The corre-
sponding pseudo-tensor, 2, , is obtained by setting g8 # 0 (F, *(2 e F*(2))

For what concerns the couplings of X to two fermions, the most general form

contains four independent couplings ,02 [35 36]:

2, (2

+ Pa '75)] Vgy -
(2.29)

In order to have ¢qg — X production, one needs p1 75 0. Due to momentum compo-

A(X - q(j) = A_IG“V ﬂ’fh [’YMQNV(/O( ) + ng)’Y ) + _mq/‘\iuqu (p

sition, fermion-antifermion pairs cannot couple to spin-2 resonances at leading order
(% ® % #* 2), unless orbital angular momentum comes into play. For this reason, the
observation of substantial, i.e. SM-like, rates for H — 77 or bb final states, would
rule out quite convincingly the spin-2 hypothesis. For the same reason, it is expected
that X5 would be produced mainly through gluon-fusion (with 96% probability at
leading order, as stated above), with the vector-boson fusion production being pos-
sible but subleading for a mass around 125 GeV. The fractional couplings to gg and
qq could, however, be modified substantially by higher order corrections: to account
for all the possible production modes, the spin analysis documented in Chapter 5 is
performed for various coupling configurations, with the ¢g fraction, fyg, going from
0.00 to 1.00 in steps of 0.25.

Kinematics in the WW final state for a spin-0 or a spin-2 boson

Kinematical and angular distributions of the final-state leptons depend on the spin
combinations which give rise to the process gg — X — WW?™* with X being either

a spin-0 or spin-2 boson. The discussion hereafter follows Ref. [149].

Quantizing the system along the z axis, a spin state is defined by its quantum
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numbers |J,J,). A spin-2 particle Xo can be represented in the following basis:

e = (12,42, 12,41), 12,0), [2,-1), [2,-2)) = (F2, eHlm, ow, w2

V2

S

= (€+P‘6+V, L (et 4 Oretv) L (etrev 4 emretv 4 2000,

= %(6*“60”—1—60“6*”), e*“e*”) (2.30)
where € and €? are the transverse and longitudinal polarizations, respectively. Not
all combinations can be generated via gluon-fusion. In fact, since gluons are massless
spin-1 bosons, they have access with equal probability to two states, |1,1) and |1, —1),
assuming there is no initial-state radiation or transverse momentum. The two-gluon
state will then be a composition of |2,+2), |2,—2) and |2,0) only, with the |2,0)
state having a relative 1/3 normalization with respect to the others, given by the
corresponding Clebsch-Gordan coefficient (2,0[|1,£1)|1,F1). The density matrix
is diagonal, i.e. a |J,J,) two-gluon state decays into a boson having again |J, J,)
quantum numbers. Actually, as computed in Ref. [149], the |2,0) term does not
contribute to the amplitude, thus only transversely, evenly polarized states, efe;

and €] €, , do.
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Figure 2.12: Dependence on the dilepton azimuthal angle for final-state leptons, (a)
in the X rest frame [150] and (b) in the laboratory frame [41]. The distributions are
normalized to unity; in the latter case, the detector simulation and the preselection
cuts are applied, following Chapter 5. In both cases, the spin-2 boson is generated
in the fy,3 = 0.25 hypothesis.

Using the V-A structure for the W~ — 77 decay amplitude, My = a(p,- ) v €1, (1—
v5) v(pz), and the same for W7, the angular dependence of the cross sections for
Xo,2 production and decay is obtained. This is shown in Fig. 2.12, which compares
the azimuthal distribution in the X rest frame at generation level (a), and in the

laboratory frame after detector simulation and preselection cuts (b). While, in the
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former case, the spin-2 distribution exhibits very little dependence on Agyy, in the
latter case values close to m are preferred by leptons arising from a spin-2 resonance,
while for spin-0 smaller angles are chosen in both configurations. In summary, in
the azimuthal plane, leptons are mostly emitted close to each other or back-to-back,
if produced by a spin-0 or spin-2 resonance, respectively.

For what concerns the polar dependence, the fact that the W bosons need op-
posite (equal) polarizations in order to produce a spin-0 (spin-2) state, induces a
correlation between the polar angles of the outcoming leptons for spin-0, and an

anti-correlation for spin-2, as schematically illustrated in Fig. 2.13.

r U ¢
e B (X spin0) /
PR 1 ' = b 2
zZ
W X W+

Figure 2.13: Schematic representation of the polar angles in the X — WTW~ —
0t v~y decay of a spin-0 or spin-2 resonance.

An important consequence of the polar collinearity for a spin-0 resonance, is that

also the invariant mass of the dilepton system, myy, defined as(®):

My = \/Elgl _5’12“,65 = \/2EZ1EZ2(1 — cos? 955) (2'31)

tends to smaller values than in the spin-2 case. The corresponding invariant mass
distributions for leptons arising from a spin-0 or spin-2 resonance are shown in Fig.
2.14 (a). For the same reason, the pr g distribution prefers larger values for spin-0
than for spin-2, as can be seen in Fig. 2.14 (b).

These properties are exploited in Chapters 4 and 5 to distinguish the Higgs boson
candidate events from background processes and from the spin and parity alternative

hypotheses.

3This definition assumes energy and momentum to be the same, given that lepton masses can
be neglected.
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Figure 2.14: Comparison of (a) invariant mass and (b) transverse momentum dis-
tributions for the dilepton system arising from a spin-0 (in red) or spin-2 (in blue,
in the f,3 = 0.25 hypothesis) resonance [41]. Detector simulation and preselection
acceptance cuts are applied, following Chapter 5.






Chapter 3

LHC, ATLAS and Performance

In the first part of this Chapter, the LHC accelerator complex and the ATLAS detec-
tor are described. For the latter, a review of the various subdetectors is presented:
the inner detector, the electromagnetic and hadronic calorimeters, the muon spec-
trometer and the trigger system. In the second part of the Chapter, the performance
of the ATLAS detector at /s = 7 and 8 TeV is discussed, with special emphasis on
the objects used in the H — WW®) — fufv analysis: tracks and vertices, electrons,

muons, jets and missing transverse energy.

3.1 The Large Hadron Collider

The Large Hadron Collider [21-23| is the largest and most powerful particle accel-
erator ever operated. It consists of a 27 km ring, located underground at a mean
depth of 100 metres, in the former LEP tunnel, in Geneva (Switzerland), and is part
of the CERN(!) accelerator complex, depicted in Fig. 3.1. The LHC is a proton-
proton collider, designed to run at a centre-of-mass energy of 14 TeV. It hosts two
multi-purpose detectors, ATLAS and CMS [151], and two smaller ones, ALICE and
LHCb. The ALICE experiment [152] focuses on Pb-Pb and Pb-p collisions (the
Pb beams are also delivered by the LHC, in shorter and dedicated runs) to study
heavy-ion physics, in particular the so-called quark-gluon plasma, which represents
the “super-dense” state of matter that may have existed in the early phases of the
universe. The LHCb experiment [153| looks for CP-violation effects through the
study of B-hadron decays.

The protons are extracted from a hydrogen source by means of an electric field which

strips off the electrons, and are transferred to a linear accelerator, the Linac2, where

LCERN stands for Conseil Europeen pour la Recherche Nucleaire. Other acronyms used through-
out this Section are CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment)
and LHCb (Large Hadron Collider Beauty).
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Figure 3.1: The CERN accelerator complex. Shown are the main LHC ring with the
four physics experiments (ATLAS, CMS, ALICE, LHCbD), together with the linear
accelerators (LINAC 2 and 3), the proton synchrotrons (PS, SPS) and the booster
(PSB) [154].

they are accelerated up to an energy of 50 MeV. The second stage of acceleration is
provided by circular accelerators: first the Proton Synchrotron Booster (PSB), which
brings the protons to 1.4 GeV, then the Proton Synchotron (PS), which achieves 25
GeV, finally the Super Proton Synchotron (SPS), where the energy is pushed to 450
GeV.

At this point, the beam is splitted into two halves, which enter the two beam
pipes of the LHC: “beam one” circulates clockwise, “beam two” anticlockwise. The
filling cycle just described takes around four minutes, and 20 additional minutes for
the final acceleration inside the main ring. Collisions happen in the four interaction

points where the experiments are located.

One key element for LHC operations is represented by superconducting magnets,
that bend and focus the beams: the 1232 dipole magnets (15 metres long), gener-
ating a magnetic field of 8.3 T, and 392 quadrupoles (5 — 7 metres long), arranged
symmetrically around the beam axis. Additional magnets are needed, close to the
interaction point, to squeeze the beams (from 0.1 cm to about 16 um) in order to
increase the collision probability. To ensure superconductivity in the magnets, liquid

helium is used, at a temperature of 1.9 K.

The instantaneous luminosity is a fundamental parameter to quantify the per-

formance of a particle collider. It is defined as [155]:

N2 N, f

drooy

L x (3.1)
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Figure 3.2: (a) Luminosity-weighted distribution of the mean number of interactions
per bunch crossing for the 2011 and 2012 data. (b) LHC delivered luminosity versus
time for 2010, 2011 and 2012 runs, including both p-p and Pb-Pb data. (c) Instan-
tenous peak luminosity delivered to the ATLAS experiment per day as a function of
time, during the p-p runs of 2010, 2011 and 2012. All plots are taken from Ref. [156].

where N, is the number of protons per bunch (beam intensity), N; the number of
bunches, f the frequency of bunch crossing and o, , the beam sizes in the Gaussian
approximation. Typical values for N, and N, are 1.48 - 10'" and 1380, for the 2012
run at /s = 8 TeV. The resulting peak instaneous luminosities is illustrated in Fig.
3.2 (c¢) as a function of time.

Given these extremely large values for N, and IV, multiple inelastic p-p inter-
actions can occur in the detector alongside the main hard one. This phenomenon
is called in-time pile-up when happening between protons of the same bunch, and
out-of-time pile-up when the protons belong to different bunches. The mean num-
ber of interactions per bunch crossing (u) is shown in Fig. 3.2 (a), for 2011 data
({(u) =9.1) and 2012 ((u) = 20.7).

The bunch spacing has been chosen to be ng = 50 ns in 2012, rather than the
design value of 25 ns, in order to minimize electron cloud instabilities and to reduce

1

the total energy stored in the beam, K2, o n;!. Moving to ns = 25 ns for the

Phase I run would ensure a decrease in pile-up of a factor two, given that all other



3.2. The ATLAS detector

conditions remain the same [157,158|.

3.1.1 Past and future operations

The operations of the LHC machine and of the ATLAS detector have been carried out
successfully in 2011 and 2012. The luminosity delivered from the LHC to the ATLAS
experiment is represented in Fig. 3.2 (b) in logarithmic scale; ATLAS performed
extraordinarily well, with 95.5% of delivered data being flagged as “AllGood” for
physics analyses.

After having accumulated data corresponding to an integrated luminosity of
4.7 fb~1 at /s = 7 TeV and of 20.7 fb~! at /s = 8 TeV, and shorter heavy-ion runs,
the LHC has been turned off in February 2013 for the so-called Long Shut Down
1 (LS1), a period of major repairs and substitutions which is foreseen to last until
Spring 2015. Afterwards, operations will resume with an energy of 13 TeV in the
centre-of-mass, to be progressively ramped up to the nominal value of 14 TeV. Instan-
tenous luminosity will further increase with respect to 2012, L ~ 1- 103 cm=2s7!,
with a bunch spacing of 25 ns as discussed above. These parameters should allow
to collect an integrated luminosity of 100 fb~! until the end of 2017 (Phase I). The
whole 2018 will be devoted to the second long shutdown (LS2), which will consist
of extensive upgrades to the LHC collimators and injectors (among others, LINAC4
(160 MeV) will replace LINAC2, a new PS Booster (2 GeV) will replace the current
one, while PS2 (50 GeV) will replace PS). The instantenous luminosity will be dou-
bled, L ~ 2-10% cm~2s~!, with the prospect to accumulate up to 350 fb=1 of 14
TeV data until the end of 2022 (Phase II). After that, depending on the unveiled
physics scenarios, an ultimate high-luminosity phase (HL-LHC) is foreseen, which
will allow the experiments to collect up to 3000 fb~! in ten years, in order to observe
rare processes like H self-couplings or H — ppu, and to measure H properties and
branching ratios with a precision up to a few percent, only to mention the Higgs

boson sector.

3.2 The ATLAS detector

The ATLAS experiment has been designed to provide precision measurements over
a wide range of physics processes, interaction rates and energies, detecting all the
known Standard Model processes with excellent precision and being able to extend
its reach to a vaste range of exotic final states. The main challenges are represented
by the unprecedented collision centre-of-mass, instantaneous luminosity, radiation
doses and pile-up. The ATLAS detector consists of four main parts, around the

interaction point (IP):
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1. the inner detector, whose performance is characterized by good momentum
resolution and high reconstruction efficiency for charged particles originating
from the IP, allowing for detection and reconstruction of primary and sec-

ondary vertices;

2. the calorimeter system, including electromagnetic and hadronic calorimeters,
for identifying electrons, photons, jets and missing transverse energy with great

accuracy;
3. the muon spectrometer, to detect muons over a wide range of momenta;

4. the magnetic system, composed of a central solenoid for the inner detector and

toroids for the muon spectrometer.

Important features are also the fast and reliable trigger system, which has to face
ever-increasing rates, and the hermaiticity of the detector, providing full coverage in
¢ and large coverage in 7.

The detector has a forward-backward symmetric structure around the beam pipe,
and is divided into a central structure (the barrel) and two orthogonal structures in
the forward directions (the end-caps). Its size is of 45 metres in length and 25 metres
in diameter, with a total weight of about 7000 tons. It has been designed and built
over the last 20 years (Letter of Intent, Oct. 1992 [24]) thanks to the common effort
undertaken by the ATLAS collaboration, which involves roughly 3000 physicists at
175 institutions in 38 countries.

In the following, a description of the individual subdetectors, shown schemati-

cally in Fig. 3.3, is presented, following Refs. [25,26], if not stated otherwise.

The ATLAS coordinate system

The coordinate system is a cartesian frame having its origin at the nominal inter-
action point, the z axis along the beam direction (with the positive side set by the
anti-clockwise beam, as seen from above), the  and y axes in the transverse plane.
The x axis points towards the centre of the LHC ring, so that y is directed upwards.

Angles are defined as follows:

0 = tan" (/22 + y2/2) (3.2)

is the polar angle, measured with respect to the z axis, and:

¢ = tan"(x/y) (3.3)
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Figure 3.3: Schematic view of the subcomponents of the ATLAS detector. Shown
are, in particular, the inner detector, the electromagnetic and hadronic calorimeters,
the muon spectrometer, the magnets and the trigger system [25].

is the azimuthal angle in the x — y plane. The polar angle 6 is used to define the
rapidity y and pseudorapidity n variables, as described in Section 1.4. Pseudorapid-
ity is the massless limit of rapidity, used for light objects; from its definition in Eq.
1.47, it follows that n is maximum in correspondence with the beam axis (n = oo
for 8 = 0), then decreases when moving away from z, up to n = 0 for § = 7/2.
All transverse quantities are defined as ¢r = |¢]sinf in the x — y plane. Finally, a
distance in the three-dimensional volume is computed as AR = \/m .

3.2.1 Inner detector

The inner detector (ID) tracks the electrically charged particles originating from the
interaction point, measures their directions and transverse momenta with great accu-
racy and allows for vertex reconstruction. Charged particles inside a magnetic field
experience a bending force, with a curvature radius proportional to their momentuin;
in the ID the bending magnetic field is provided by a central solenoid (5.3 m long,
2.5 m wide in diameter) generating a strength of 2 Tesla. The inner detector consists
of three components, at increasing distances from the interaction point: the Pixel
Detector, the Semiconductor Tracker (SCT) and the Transition Radiation Tracker
(TRT), all depicted in Fig. 3.4. In total, the ID is 7 m long and 1.15 m wide. From
the mechanical point of view, the ID is made of three units, a central barrel and two

identical end-caps.
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Figure 3.4: The inner detector of the ATLAS experiment. Its three components
(Pixel Detector, Semiconductor Tracker, Transition Radiation Tracker) are shown
[25].

Given the very large track density in a proton-proton collider and the small dis-
tance from the IP, tracking detectors need to have fine granularity, fast response
and radiation-hardness; semiconductor trackers, based on silicium, possess all these
features, both in the form of pixels and of strips. In the outer region (beyond a
radius of 56 cm), precision tracking is substituted by continuous tracking, provided
by the TRT, which ensures a high number of hits(?) (36 per track on average) at the
cost of lower precision. This design provides full coverage (up to |n| < 2.5) without
introducing too much dead material, yielding an average number of three hits in the
pixels and eight hits in the strips (four space points).
In the following, the three components of the ID are described.

The pixel detector

The tracking element closest to the beam pipe is the Pixel Detector. Due to its
location, this unit is responsible for providing excellent impact parameter resolution
and for detecting short-lived particles as 7-leptons and B-hadrons. As illustrated in
Fig. 3.5, the system consists of three concentrical barrels (at a radius of 5.05, 8.85
and 12.25 c¢m from the IP respectively) and of three transverse disks in the end-cap

on either side (at increasing distance from the IP, up to 6.50 cm).

%A hit is a channel with an output signal above a certain threshold.
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Each one of these elements is constituted of identical modules, containing a total
of ~ 80 million pixels; there are 1456 modules in the barrel and 288 in the end-
caps. Pixels are read out by chips (16 per module), that are provided with buffering
electronics in order to store the data while waiting for level-1 trigger decision (see
Section 3.2.4).

The most internal layer in the barrel is the so-called B-layer, fundamental for
tagging secondary vertices from B-hadron decays. Due to its proximity to the IP,
this layer has the shortest lifetime: to maintain robust tracking despite effects arising
from increasing luminosity, increasing radiation and hardware lifetime, a new pixel
layer will be added during LS1 between the beam pipe and the B-layer, the so-called
Insertable B-layer (IBL). For this being possible, the beam pipe itself needs to be
changed, reducing its radial size from the actual value of 29 < R < 36 mm to
25 < R < 29 mm, allowing the IBL installation at a distance of 31 < R < 40 mm
from the beam axis. Thanks to the IBL presence, resolution for primary vertex
reconstruction will increase from the actual 15 ym in z — y to 11 pum, and from
34 pm in z to 24 pm, while the B-layer foreseen lifetime will increase from 300 fb~!

to 550 fb~!, at a design luminosity up to 3 - 103 cm=2s71.
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Figure 3.5: Break-down of the internal structure of the ID, showing the different
shapes of the disks and of the layers, both in the barrel and in the end-caps [159].

The semiconductor tracker

The second detector crossed by a particle travelling from the IP to the outside, is the
Semiconductor Tracker. Alike the Pixel Detector, it is based on silicium technology,
with sensors organized in strips rather than in pixels. The active detector component
is constituted by p-on-n micro-strips, glued together in pairs, with a relative rotation
of 40 mrad to ensure the measurement of the third dimension. There are four

cylindrical layers in the barrel (extending up to |n| < 1.4) and nine disks in the
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end-caps, as shown in Fig. 3.5. The end-cap strips are similar to those in the barrel,
but have a tapered shape, extending the coverage up to || < 2.5. The SCT layout
is such to provide eight measurements per track, with a spatial resolution of 17 pm

in R— ¢ and 580 pm in z (in R for the end-caps) per module.

Both the pixel and the SCT systems are placed in a cold environment in order to
improve their operational stability and to limit the radiation damage. The read-out
chips of the pixels dissipate 15 kW into the detector volume, while the silicon sensors
dissipate more than 25 kW. The silicon temperature has to be maintaned < 7°C
degrees for the SCT and ~ 0°C for the pixels, to prevent reverse annealing of the
silicon detectors. This implies a coolant temperature of —25°C, to be obtained while
introducing a minimal amount of extra material into the detector volume. These
features are satisfied by an evaporative cooling system, based on Octafluoropropane
(CsFs).

The transition radiation tracker

The outermost ID component is the Transition Radiation Tracker. It is able to
track charged particles, by means of drift straw tubes, and to identify electrons,

which produce detactable X-rays in the interleaved radiators.

Drift tubes are filled with a gas mixture (70% Xe, 27% CO2, 3% O2) and kept at
high voltage of negative polarity; at the passage of charged particles, electrons from
the medium get free and are collected on the anode wire. There are around 50000
straw tubes in the barrel, organized in three main rings, covering up to |n| = 0.8,

while those in the end-caps, organized in wheels, extend the coverage up to |n| = 2.0.

The tubes are interleaved with foils of Polypropylene to induce transition ra-
diation. When a charged particles crosses the boundary between two media with
different dielectric constants, it emits forward radiation proportionally to its Lorentz
factor, v = E/m, a property that can be used to discriminate electrons from heavier
particles. Nevertheless, the tracking capability has been preferred over the electron
discrimination in the TRT design — the latter would have in fact benefitted from a

greater path length and fewer straw detectors.

As already noted above, the resolution of TRT modules is not as good as the
one of the pixel and SCT components, but this is compensated by the large number
of hits expected. There is also no measurement of the third coordinate, since only
the R — ¢ dimension can be exploited through the measurement of the drift time,

with an intrinsic accuracy of 130 pum per tube.
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3.2.2 Calorimeters

After the inner detector, where charged particles are tracked and their interaction ver-
tex and momentum are measured, particles coming from the IP reach the calorimeter
system. It comprises electromagnetic and hadronic calorimeters, which aim to mea-
sure the energy of charged and neutral particles with high precision, and to provide a
first classification. The latter goal is achieved analyzing the lateral and longitudinal
shapes of the energy depositions inside the calorimeters. As shown in Figs. 3.6 and
3.7 (b), the inner part of the calorimeter system is constituted by a presampler, fol-
lowed by the barrel and end-cap electromagnetic calorimeters (EMCal and EMEC)
covering the pseudorapidity region |n| < 3.2, the hadronic barrel calorimeter cover-
ing |n| < 1.7, the hadronic end-cap calorimeters covering 1.5 < |n| < 3.2 and finally
the forward calorimeters (FCal), serving both as electromagnetic and hadronic de-
tectors, in the region 3.1 < |n| < 4.9. They are all sampling calorimeters, made of
alternated absorbers and active material layers. In order to measure the energy of
the originary particle in a reliable way, the shower has to be fully contained in the
detector: to this extent, the calorimeter system extends up to |n| < 4.9 and its size
corresponds roughly to 22 radiation lengths(®) Xo in the barrel and more than 24 in
the end-caps. The containment of hadronic showers, which are on average broader
and less regular, is achieved in the hadronic calorimeter through a total thickness
of about 10 interaction lengths(*). Such a thickness is found to be adequate also to
provide excellent resolution for high-energy jets, while the wide coverage ensures an

equally good measurement of missing transverse energy.

Electromagnetic calorimeters

Both the barrel and end-cap electromagnetic calorimeters use lead as absorber and
liquid argon (LAr) as active material. The layers are accordion-shaped, ensuring a
complete azimuthal coverage, without cracks. The size of the LAr gaps is constant
in the barrel (2.1 mm), while it varies in the end-caps in order to compensate for
increasing radii.

The barrel calorimeter (|n| < 1.475) is divided into two identical halves by a
crack (6 mm) at z = 0, while each end-cap calorimeter consists of two coaxial
wheels, with the inner and outer wheels covering the regions 2.5 < |n| < 3.2 and
1.375 < |n| < 2.5, respectively, as shown in Fig. 3.7 (b). Since both the barrel and

the end-cap calorimeters are contained inside a cryostat, in the transition region

3 A radiation length is defined as the distance travelled in the medium by a high-energy electron
before losing all but 1/e of its energy via bremsstrahlung.

“An interaction length is defined as the mean distance travelling which, hadrons passing through
the medium are reduced by a factor 1/e via inelastic hadronic interactions.
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Figure 3.6: Cutaway view of the ATLAS calorimeter system. Shown are the LAr
electromagnetic calorimeter, the tile hadronic one and the FCal [25].

between the two there is a sizeable amount of material; for this reason, the region
between 1.37 and 1.52 in |n| is not used for precision measurements but rather for

storing cables and services (crack region).

Between the solenoid which surrounds the ID and the EMCal, there is an addi-
tional layer of LAr (1.1 cm thick in the barrel, 0.5 ¢cm in the end-caps, covering up
to |n| < 1.8) which serves as presampler, quantifying the energy lost by photons and

electrons in traversing the ID material.

Over the region devoted to precision physics (|n] < 2.5), the EMCal components
are segmented into three layers, so that the granularity is maximum closer to the
IP (see Fig. 3.7 (a)). The first layer is the most precise one, being constituted by
strips as small as 0.003 x 0.1 in units of A® x An; it is responsible for providing a
precise position measurement along the first ~ 4 X, so that electrons and photons
can be better distinguished from e.g. pions. The second layer is made of square cells
with a granularity of 0.025 x 0.025; most of the shower energy from electrons and
photons is deposited inside this layer, thanks to its thickness of ~ 16 Xy. Finally,
the third section has a coarser structure, with towers of 0.025 x 0.05, and a thickness
varying between 2 and 12X, and plays an important role in discriminating between
electromagnetic and hadronic showers. In the end-cap region, the layers are only

two and have overall a coarser granularity.

The intrinsic energy resolution provided by the EMCal is, after noise subtraction,
o(E)/E = 0.1/vE @ 0.002, dominated by the stochastic term 0.1/vE.
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Figure 3.7: (a) Schematic view of a component of the electromagnetic calorimeter,
displaying its accordion shape and the sizes of the three samplings . (b) Cutaway of
the calorimeter system, showing the n coverage of the various subcomponents, and
the location of the services. Both figures are taken from Ref. [25].

Hadronic calorimeters

The hadronic calorimeters are different in the barrel and in the end-caps, to cope
with the strongly varying requirements and radiation environments found over the
large n range. The barrel hosts a tile calorimeter, made of iron and scintillating
plastic tiles. Together with the extended barrel components, it covers the region up
to |n| < 1.7. The tiles are 3 mm thick, arranged in a structure which is periodic
in z; the signal they produce is collected by wavelength shifting fibers and read
out into photomultipliers. In the end-caps, each hadronic calorimeter consists of
two independent wheels: the first wheel is equipped with 25 mm copper plates, the
second one, further from the IP, less precisely with 50 mm plates. Together, they
extend the coverage up to |n| < 3.5.

The outermost region, at a distance of 4.7 m from the IP, is covered by the FCal,
which is located on the beam axis, in the same cryostat of the EMCal and HCAL
end-cap calorimeters. This design allows an uniform coverage, but to cope with the
extreme radiation doses, the FCal front face is recessed of about 1.2 m with respect
to the EMCal, minimizing neutron albedo. In order to avoid shower leaks, the FCal
needs also to be highly dense. Such a compact and radiation-hard detector is in fact
accomplished by a threefold structure: one section in the front made of copper, two
sections in the back made of tungsten, all filled with LAr. The first is optimized for

detecting electromagnetic showers, the other two for hadronic showers.
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3.2.3 Muon spectrometer

After travelling through the ID and the calorimeter system, most visible particles
have been tracked, measured and absorbed, the only exception being muons (apart
from rare cases of punch-throughs from the calorimeters). A muon is a so-called
minimum tonizing particle, since it produces negligible bremsstrahlung radiation
due to its relatively large mass. In order to measure the momentum of muons with
energies in the range O(1 — 100) GeV, the muon spectrometer (MS) is equipped
with eight large superconducting air-core toroids in the barrel, surrounding radially
the beam axis, and two smaller toroids in the end-caps. They are 25 m long in
the barrel (5 m each in the end-caps), with a radial extension from 9 to 20 m
(1.6 — 11 m), and generate a magnetic field varying from 0.15 to 2.5 Tesla (0.2 — 3.5
Tesla), depending on the space point. Such a configuration ensures that the magnetic
field is mostly orthogonal to the muon trajectories, at the same time minimizing the
effect of multiple scattering thanks to the air-core structure.

The individual components of the muon spectrometer can be seen in Fig. 3.8.
Between and above the toroids, precision-tracking chambers are placed. In the barrel
region, they are organized in three concentrical layers (stations), each one containing
16 chambers (the 16-fold azimuthal symmetry reflects the 8-fold structure of the
magnets), at distances of 5, 7.5 and 10 m from the beam axis, while in the end-caps
they consist of four wheels (the small wheels located at |z| — 7.4 and 10.8 m, the
big wheel at |z| = 14 m, the outer wheel at |z| = 21.5 m).

ATLAS

Resistive plate chambers
MDT chambers

Barrel toroid

Figure 3.8: Frontal view of the ATLAS muon spectrometer, showing the arrangement
of the various components: RPCs, MDTs and toroids [25].

Momenta are measured by Monitored Drift Tube chambers (MDT) up to |n| < 2.7,
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except for the innermost layer in the forward region, where the counting rates and
radiation doses are outside the MDTs operational constraints, so they are substituted
by high-granularity Cathode Strip Chambers (CSC) (2.0 < |n| < 2.7). MDTs are
pressurized drift tubes, filled with a mixture of 97% Ar and 3% COs, with 30 mm
diameter and a single-wire resolution of ~ 80 pm. CSCs are multi-wire proportional
chambers, with good tracking capabilities and fast response. The coordinate of the
hit is measured through the charge induced on the cathode by the avalanche formed
on the anode wire. A small neutron sensitivity is achieved by the small gas volume
used and the absence of hydrogen.

The outermost region is covered by dedicated trigger chambers, consisting of
Resistive Plate Chambers (RPCs) in the barrel and Thin Gap Chambers (TGC)
in the end-caps, covering the region || < 2.4. Besides triggering, they provide a
measurement of the track multiplicity and a first momentum estimation, together
with bunch crossing identification. RPCs comprise two parallel resistive plates, with
a relative distance of 2 mm, filled with gas, which is ionized by incoming muons,
producing primary electrons that get multiplied and form an avalanche due to the
high electric field at the wire. Like MDTs, TGCs are multi-wire proportional cham-
bers, with the difference that the anode wire pitch is larger than the cathode-anode
distance; they are used to trigger and to determine the azimuthal coordinate of the

tracks, complementing the MDT radial information.

3.2.4 Trigger system

Given the extremely high interaction rate at the LHC, one major challenge for the
ATLAS experiment is the online selection of interesting events. Starting from an
interaction rate of ~ 109 Hz at a luminosity of 103*cm™2s7!, corresponding to a
bunch crossing of 40 MHz, the rate of selected events must be reduced to 200—300 Hz
for permanent storage. This is achieved by the trigger system, organized in three
levels [160], as shown in Fig. 3.9.
The first level, the level-1 (LVL1) trigger, which is hardware-based, performs an
initial selection using only the information from a reduced subset of detectors. High-
pr muons are identified using only their dedicated trigger chambers (see Section
3.2.3), while a coarse calorimeter granularity is used to tag high-pp electrons and
photons, jets, 7-leptons, missing and total transverse energies. Isolation cuts may
be applied, depending on the object, and generally trigger information is provided
for a number of pr thresholds. LVL1 defines the so-called regions of interest (ROIs),
providing a measurement of 7, ¢ and pr for the selected objects, besides uniquely
identifying the bunch crossing.

The second level, the level-2 (LVL2) trigger, which is software-based, focuses
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Figure 3.9: Scheme of the ATLAS trigger system [161]. Level-1, -2 and EF trigger
stages are shown, with an indication of the charateristic rates.

on the ROIs identified by the LVL1. This reduces the trigger rate from ~ 75 kHz
(upgradable to 100 kHz) entering LVL2 to the kHz range. LVL2 refines the LVL1
selection, adding pr requirements and isolation cuts; the full detector granularity is
exploited.

The final selection is performed by the Event Filter (EF), which applies up-to-
date calibrations, improved alignment and magnetic field maps by means of offline
algorithms, and selects the events which are finally written to mass storage for offline
analysis. The EF output rate is around 200 Hz, corresponding to 200 Mb/s. The
electron and muon triggers specific to the H — WW®) analysis are discussed in
Sections 3.3.3 and 3.3.4.

3.3 Performance

3.3.1 Track reconstruction

The detection of tracks is the starting point for reconstruction and identification of
charged particles [162]. It relies on the inner detector, whose coverage extends up
to |n| < 2.5 (see Section 3.2.1). Two algorithms are used: the inside-out algorithm,
which goes from the silicon detectors to the TRT, and the back-tracking algorithm,
in the opposite direction.

The inside-out algorithm is the main algorithm for tracking primary particles,
i.e. those directly produced in p-p interactions. It starts from 3-point seeds in the

pixel and SCT detectors and adds hits moving away from the IP, using a combina-
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torial Kalman filter. The reconstructed track is extended into the TRT, provided
that its transverse momentum is pr > 400 MeV. Finally, a fit using the whole ID
information is performed. Recovery of secondary tracks from conversions, material
interactions and long-lived particle decays is achieved, on the other hand, through
the back-tracking algorithm, which begins with TRT track segments and extends
them inwards to search for silicon hits.

Both tracking algorithms have been designed to minimize the impact of pile-
up. In fact, the increase of per-event detector occupancy(®) can result in resolution
and efficiency degradation, together with an increase in fake tracks from random
hit combinations. The impact of pile-up is kept under control by means of robust
requirements on the track quality, namely a reconstructed track needs to have at
least nine hits in the silicon detectors and exactly zero holes(®) in the pixels (for the

inside-out algorithm, similar requirements exist also for the back-tracking one).

3.3.2 Vertex reconstruction

The reconstruction of vertices happens in two steps [163]: first, the vertex finding
algorithm associates reconstructed tracks to the vertex candidates, then the vertex
adaptive fitting algorithm [164] computes the exact position of the vertex and refits
the tracks so that they originate from it. More in detail, preselection criteria are
applied to the reconstructed tracks originating from the interaction region, in order
to discard secondary particles; from these, a vertex seed is found, corresponding to
the global maximum of their z distribution, and tracks are associated with it by
means of a x? algorithm (tracks incompatible with the vertex by more than 7o are
used to seed a new vertex). The iterative process goes on until no unassociated
tracks are left in the event. Out of the many reconstructed vertices, each event
comprises one primary vertex, which is the supposed vertex of the hard interaction
process and has the largest Zp?p of the associated tracks.

Pile-up increases not only the number of near-by vertices to be reconstructed (see
Fig. 3.10 (a)), but also the number of fake tracks. The selection discussed above
reduces the amount of non-primary tracks (secondary and fake tracks) in primary
vertices by a factor of 2 — 5, while decreasing vertex reconstruction efficiency by no
more than 5%. It also improves the stability of track and vertex efficiencies against
pile-up up to () = 40.

The estimated vertex resolution in the transverse plane can be seen in Fig. 3.10

(b); for vertices with 70 associated tracks, it amounts to o(z) ~ 23 pum in 2012 data

®Occupancy is defined as the fraction of detector channels with a hit in a local area. Occupancy
increases in the ID going from the pixel detector (high granularity thus low occupancy), to the
SCT strips, to the TRT (smaller granularity, thus higher occupancy).

A hole is a non-existing but expected hit given a certain trajectory.
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Figure 3.10: (a) Average number of reconstructed primary vertices as a function
of the average number of p-p interactions per bunch crossing, measured in 2012
data. (b) Vertex position resolution in the transverse plane, for data (black) and
MC (blue), as function of the number of tracks in the vertex fit. Both figures are
taken from Ref. [165].

and o(z) ~ 30 pm in 2011 (o(z) ~ 40 pm and o(z) ~ 50 pm along the beam axis,
respectively) [165].

3.3.3 Electrons

Electron reconstruction exploits information from both the ID and the EMCal. In
order to distinguish real electrons, resulting from interesting physics processes, from
fakes (hadronic jets misidentified as electrons) or photon conversions, cuts on track
quality, isolation and transverse momentum are applied. In the following, the indi-
vidual steps for reconstructing and identifying electrons are briefly described, with

a focus on the requirements specific to the H — WW®) analysis.

Trigger

As described in Section 3.2.4 for the general case, the ATLAS trigger system com-
prises three levels [160], going from higher to smaller rates, and from coarser to
finer resolutions. For electrons, in particular, the LVLI1 trigger uses the so-called
calorimeter trigger towers, shown in Fig. 3.7 (a), with sizes of A® x An = 0.1 x 0.1.
A cut is applied on the transverse energy of the region (2 x 2 towers) centred around
the electromagnetic cluster, with a threshold specific to the chosen trigger. After-
wards, in LVL2, tracks are matched to clusters, both reconstructed with dedicated
algorithms, which are similar to the offline ones but satisfying looser criteria (for

cluster formation, e.g., only the second EMCal layer is used).



3.3. Performance

Three standard selections are defined, with increasing background rejection power:
loose, medium and tight. If tighter cuts on cluster and track variables are applied,
they are named loosel, medium1 and tightl, respectively. The label vh, on the other
hand, signals that two additional features are employed: an n-dependent optimiza-
tion on energy thresholds and a cut on hadronic leakage. Finally, the label ¢ indicates
that isolation criteria are used during online event selection (to be reinforced offline).

The H — WW® analysis of /s =7 TeV data, presented in Chapter 4, makes
use of the following single-electron triggers: EF €20 medium, EF €22 medium
and EF_e22vh_mediumI. The number after EF e refers to the pp threshold, which
is raised from 20 GeV to 22 GeV to cope with increasing istantaneous luminosity in
2011 data, together with the electron quality, going from medium to vh_mediumI.

In 2012, requirements have been tightened further: the nominal analysis uses
EF e24vhi_medium and EF e60 medium, taking an “or” of the two to recover
for losses in efficiency of high-pr electrons. For EF e2/vhi_medium, relative track

isolation is required to be Y pr/pr(e) < 0.1.

Reconstruction

In order for an object to be reconstructed as an electron, energy deposits (clusters)
in the central region of the EMCal (|n| < 2.47) have to be associated with tracks
from the ID.

Clusters are first searched with an iterative procedure, the sliding-window al-
gorithm [166|, which looks for energy deposits in towers of 3 x 5 cells from the
middle layer of the calorimeter (where each cell has a size of 0.025 x 0.025 in units of
A® x An, as described in Section 3.2.2). If the total transverse energy inside the win-
dow exceeds 2.5 GeV, the cluster is considered an electron or photon candidate. MC
simulations show that, for E7 > 15 GeV, such an algorithm has an efficiency close to
100%. In addition, electron candidates from the EMCal need to have an associated
track in the ID. Once matched, the cluster is rebuilt using a larger window (3x7
cells in the barrel, 5x5 cells in the end-caps). The cluster energy is then determined
by summing to the energy deposit of the cluster itself three more contributions: the
estimated energy deposits in the material in front of and beyond the EMCal, and
the estimated lateral leakage outside the cluster. The ¢ and 7 coordinates are taken
instead from the corresponding track parameters at the vertex.

Outside the central region, 2.5 < |n| < 4.9, only energy deposits in the FCal are
available, due to the absence of tracking detectors. For this reason, the reconstruc-
tion of forward electrons is based only on clusters. Forward electrons are not used
in the H — WW® analysis and are therefore not discussed further.

A critical issue for electron reconstruction is represented by radiative energy
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losses when traversing the substantial amount of material in the ID, which can give
rise to deviations from the original path, and hence to significant inefficiencies. These
issues have been addressed in 2012 through the implementation of an improved track
refitting procedure, the Gaussian Sum Filter (GSF) algorithm [167]|, a non-linear

generalization of the Kalman filter technique.

Identification
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Figure 3.11: Electron identification efficiency, as a function of the number of primary
vertices in the event, measured in 2011 data applying 2011 and re-optimised 2012
selections [168].

Electron identification relies on a cut-based method combining ID information with

shower shape characteristics. Real isolated electrons have to be distinguished from:

e background electrons originating from photon conversions, Dalitz decays or

light mesons decays,
e non isolated electrons which are part of a b- or c-quark jet,
e fake electrons which are hadronic jets misidentified as electrons.

Three sets of cuts are used in ATLAS to identify electrons: loose, medium and
tight [169], [166]. The loose selection uses only shower shapes charateristics from
the EM second layer and hadronic leakage variables, the medium selection adds to
these the information coming from the EM strip layer, track quality requirements
and track-cluster matching, while the tight selection exploits the full information
available in the detector, such as E/p requirements, particle identification in the
TRT and discrimination against photon conversions via a B-layer hit requirement.
The corresponding cuts have been optimized in bins of 1 and cluster Fp, according

to pile-up conditions.
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The background rejection power increases going from loose, to medium, to tight,
from 500, to 5000, to 50000, respectively, based on MC simulations. The signal

efficiency decreases accordingly, between ~ 97% for loose and ~ 80% for tight.

To cope with increasing pile-up in 2012 data, pile-up sensitive criteria have been
relaxed, such as the fraction of energy leaking in the hadronic calorimeter, while pile-
up robust ones have been tightened. In this way, the efficiency dependence on pile-up
is largely mitigated, but rejection power is not degradated. The improved categories
are named loose++, medium++ and tight++, the latter used by the H — WW®)
analysis, both in 2011 and 2012. As can be seen in Fig. 3.11, applying 2012 selection
to 2011 data, an identification efficiency above 95%, 88% and 79% is achieved for
the three categories, for (1) up to 20 [168].

Isolation

Isolation is a fundamental requirement for distinguishing real electrons from fakes
and strongly depends on the properties of the final state under consideration, there-
fore it is analysis-dependent and no default isolation criteria can be included in the
standard set of identification cuts discussed above. Two definitions of isolation vari-
ables can be used, track-based and calorimeter-based. Track-based isolation pertains
to charged particles only; one commonly used variable is the scalar sum of transverse
momenta of the tracks in a cone of radius AR around the electron candidate (tracks
< AR):

N (3.4)

tracks<AR

Only tracks are considered, that satisfy specific quality requirements, excluding the

electron candidate itself. A derived variable is the relative isolation, p§"¢/pr.

Calorimeter isolation, E5"¢, is sensitive to both charged and neutral particles,
which deposit their energy in cells around the electron cluster. Also in this case, the
sum is done inside a cone of radius AR, from which the electron candidate itself
is removed. Corrections to this quantity are pile-up dependent, since the presence
of candidates from subsequent events in neighbouring cells may bias the computed

isolation.

The typical value for the cone radius, both for track and calorimeter isolation,
is AR = 0.3, which is a compromise between robustness against pile-up and leakage
of the electron shower into the isolation cone — this is indeed the value used in the
H — WW® analysis.
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3.3.4 Muons

Unlike electrons, muons do not lose most of their energy when traversing the elec-
tromagnetic calorimeter. They are detected in the muon spectrometer, which has

also dedicated trigger chambers, as explained in Section 3.2.3.

Trigger

The LVL1 muon trigger uses dedicated trigger chambers, RPCs in the barrel (|n| < 1.05)
and TGCs in the end-caps (1.05 < |n| < 2.4), to search for a sequence of hits com-
patible with a muon track, and to roughly compute its 1 and ¢ coordinates, defining
a corresponding region of interest (ROI) [160]|. High-pr muons are expected to reach
the third RPC layer, while low-pr muons do not. At the following stage (LVL2), the
full MS granularity within the ROIs is exploited to refine the pr measurement. This
new estimation can be combined with the one coming from the ID, using a fast track
combination algorithm. Offline, at the EF stage, the muon candidates are accepted
or discarded; two main methods are used for this purpose, an inside-out method
going from the ID track to the MS and an outside-in algorithm in the opposite
direction, similar to those described for track reconstruction in Section 3.3.1.

In 2011, the H — WW®) analysis uses two single-muon triggers: EF _mul8_MG
(up to period I) and EF mul8 MG _medium, both with a 18 GeV pp threshold.
The suffix medium indicates that the corresponding L1 trigger has been tightened
from L1 MUI0 to L1 MU11, in order to cope with increasing instantaneous lumi-
nosity.

In 2012, the trigger menu moves to EF mu24:_tight and EF_mu86 _tight, where
the suffix ¢ indicates that isolation has been applied during online event selection,
and tight that LVL1 threshold has been increased to L1 MU1).

Reconstruction and identification

ATLAS analyses use three main strategies to reconstruct muons: stand-alone, com-
bined and segmented tagged muons [170].

Stand-alone muons rely only on information coming from the MS; the hits left
in the three stations are combined to form segments, which are then linked together
to form a track. Omnce the track is reconstructed, it is extrapolated back to the
IP, correcting for energy losses in the calorimeters. This strategy offers the widest
coverage (up to |n| < 2.7), with an efficiency close to 100%, removing the inefficient
regions around n = 0 and || ~ 1.2.

Combined muons use both MS and ID tracks, matched by means of a x? test. In

this case, the coverage is limited by the ID one (|n| < 2.5) but momenta have higher
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Figure 3.12: Muon reconstruction efficiencies for truth muons from a MC sample
of g9 — H(mpy = 125) — WW®) events, as a function of  (a) and pr (b). The
efficiency is around 70% on the plateau. Both figures are taken from Ref. [173].

resolution due to the combination of the two systems. 7 and ¢ coordinates for the
track are provided by the ID. The efficiency of this strategy has been measured in
Z — pTp~ events in data to be > 94%, again ignoring the inefficient regions.

Finally, segmented tagged muons are reconstructed by propagating ID tracks
above a certain momentum threshold to the first MS station and searching for nearby
segments; since it uses the first MS station only, this strategy is best suited to
reconstruct low-pr muons.

Two algorithm chains exist, that contain all these three strategies, STACO [171]
and MUID [172|. The baseline method for physics analyses in ATLAS is currently
the STACO combined one. Additional requirements are imposed in the H — WW®)
analysis: in 2011 data, tracks should have at least two hits in the pixel detector (one
of them in the first layer) and at least six hits in the SCT, no more than two holes
and no excessive amount of outlier hits in the TRT. Cuts are placed also on the
longitudinal and transverse impact parameters, |zo| < 1 mm and |dy/sig(dp)| < 3,
respectively, where all positions are computed with respect to the primary vertex.
These requirements have been loosened in 2012 data, to recover some small efficiency
losses.

Fig. 3.12 shows the reconstruction efficiency for STACO combined muons in a
MC Higgs boson signal sample, in bins of (a) n and (b) pp, after all selection cuts
have been applied, including the isolation ones discussed hereafter. The average

efficiency is around 70%.

Isolation

As discussed for electrons in Section 3.3.3, also for muons isolation criteria are based

on the fact that muons from signal processes are generally not accompanied by
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nearby particles, unlike those from heavy-quark or hadron decays.
Track-based isolation exploits the scalar sum of transverse momenta of tracks

in a AR cone around the muon candidate, excluding the muon itself, p7*"® =

Y tracks< AR P, and the corresponding relative isolation, p3"¢/pr. Calorimeter iso-
lation sums on cells in a AR cone around the muon cluster, removing the muon
itself, defining ES°"¢ and the relative quantity E$°"/pr.

The H — WW® analysis cuts on both relative tracking and calorimeter iso-
lations, namely p$*™¢/pr < 0.13 and E$*™/pr < 0.14. To account for data/MC
differences arising from these cuts and for pile-up corrections in the calorimeter,

isolation scale factors are applied, which are consistent with unity within 1%.

3.3.5 Jets

The most important ATLAS subdetector for jet reconstruction is the calorimeter.
Jets are observed as topologically connected energy deposits, associated with tracks
of charged particles in the ID. Real jets have to be distinguished from fakes, which
do not come from collision events, i.e. beam-gas events (where one proton of the
beam collides with the residual gas within the beam pipe), beam-halo events, cosmic
ray muons overlapping in-time with collision events and finally calorimeter noise.

Jet reconstruction is based on topological clusters [174], which are 3D structures
representing the shower evolution of a particle entering the calorimeter. The seeds
are cells with a signal-to-background ratio S/B > 4, to which all the directly neigh-
bouring cells are added if S/B > 2, and finally a ring of guard cells is merged into
the cluster regardless of any threshold.

Clusters are then formed into jets using dedicated algorithms [175,176]. A good
jet clustering algorithm needs to be both collinear- and infrared-safe, i.e. the pres-
ence of collinear or soft radiation close to the hard particle should not influence
the jet reconstruction; moreover, it is desireable to have jets with regular shape, to
facilitate their calibration, but not too soft-resilient, in order to be able to accomo-
date successive QCD branchings. Three algorithms satisfying these requirements
are the k; [177], anti-k; |[178] and Cambridge-Aachen [179] ones. The discriminating
criterium is, for all of them, the distance d;; between two objects 4 and j (particles

or pseudoclusters), defined as:

2

A2,
dij = min(k;?, k;?) Rg (3.5)

where A?j = (y; — y;)® + (¢; — ¢;)? is the distance in the y — ¢ coordinates and
ki is the transverse momentum. The choice p = 0 corresponds to the Cambridge-

Aachen algorithm, which does not depend on the particle momentum, p = 1 to the
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Figure 3.13: Parton level event generated with Herwig, together with random soft
radiation, and clustered with the k; (a) or anti-k; (b) algorithms. Shown is the
structure and the (¢,y) location of the resulting jets [178].

k: algorithm (which shares its properties with all the p > 0 cases) while p = —1
corresponds to the anti-k; algorithm, which is the one used by the H — WW®)

analysis.

Its behaviour can be understood considering an event with only one hard particle,
with momentum k;;, and many soft particles. The dy; distance between 1 and a soft
particle 7 is determined by the 1/ky; term, since it is 1/ky < 1/ky;. For the same
reason, dy; < d;p, i.e. the soft particle is closer to the hard one than to the beam B,
thus the anti-k; algorithm will merge all the soft particles 4, within a cone of radius
R, to the hard particle 1. If there is a second hard particle in the event, with a
relative distance R < Ajs < 2R, there will be two hard jets, but at least one will
not be perfectly conical; in particular, if &y > ki, jet 1 will be conical, while jet 2
will be deformed, since it will miss the overlapping region. Such a case is illustrated
in Fig. 3.13 by the two jets around (¢,y) = (5,2). The figure also shows that the
shapes produced by the anti-k; algorithm (b) are more regular than those produced
by, e.g., the k; one (a).

The H — WW®) analysis uses anti-k; jets, as noticed above; they are referred
to as “anti-k; EM+JES” jets, with AR = 0.4. The label “EM-+JES” refers to the
energy scale. Jets are reconstructed at the electromagnetic (EM) scale, which is
the signal scale of the calorimeters, established using test-beam measurements and
validated using the invariant mass of Z — e*e™ collision events. In order to calibrate
jet energies, the EM scale has to be translated into the hadronic one. This is
done via data-driven corrections and calibration constants derived from truth jets

in MC. Corrections due to pile-up and to non-compensation of the calorimeter are
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also applied. The uncertainties on the jet energy scale (JES) [180| and resolution
(JER) [181] are among the most important systematic uncertainties for many physics
analyses, as it is the case for H — WW®),

3.3.6 b-Jets

Jets originating from b-quarks are tagged by specific algorithms, that can be divided
into two main categories: vertex-based and impact parameter-based. All rely on
the observation that B-hadrons possess a relatively long lifetime (7 ~ 1.5 ps), and
hence are able to travel a significant path in the detector before decaying, on the
order of millimeters in the transverse plane. Therefore, the identification of primary
and secondary vertices, and the measurement of their distances with respect to the
interaction point, are fundamental in order to identify b-jets.

Two parameters are used to assess the performance of a b-tagging algorithm: the
tagging efficiency, in presence of real b-jets, and the mistag efficiency, for light jets
mistaken as b-jets.

The vertex-based algorithms [182] aim to reconstruct the whole decay chain of b-
quarks: starting from the tracks that constitute a selected jet (satisfying the criteria
AR < 04, pr > 20 GeV, |n| < 2.5), an iterative search is performed, building all
two-track pairs that form a good vertex, far enough from the IP. The selected two-
track vertices are then combined into a single inclusive vertex, using various quality
criteria. In particular, the JetFitter algorithm [183] employs a Kalman filter to find
a common path on which the primary and secondary vertices lie, and compute their
positions.

The impact parameter-based algorithms, on the other hand, combine the im-
pact parameter significances of all the tracks in the jet, with various approaches:
the IP3D algorithm, in particular, uses a multivariate method (the likelihood ratio
technique) to compare a set of input variables (transverse and longitudinal impact
parameters and their significances) to templates for b- and light jets, obtained from
MC simulations.

While the vertex-based algorithms are affected by inefficiencies in secondary
vertex finding, the impact parameter-based ones have a higher mistag rate, so that
combining the two classes offers many advantages. The combination of IP3D and
JetFitter is called JetFitterCombNN [182]| and uses a neural network to fully exploit
the correlation among input variables. The H — WW®) analysis uses this latter
algorithm, tuned to achieve a b-jet identification efficiency of 80% in top-quark pair
events, together with a light-jet mistag rate around 6% [182]. Fig. 3.14 (a) compares
the performance of the JetFitterCombNN algorithm with a few others, in terms of

light jet rejection versus b-jet efficiency, using simulated top-quark pair events at
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Figure 3.14: (a) Light-jet rejection as a function of the b-jet tagging efficiency for
various tagging algorithms, based on top-quark pair MC events [182]. (b) Scale
factors for the JetFitterCombNN algorithm at 80% efficiency. The dark green and
light green bands represent, respectively, the statistical and total uncertainties of
the combined scale factors [184].

Vs =T TeV.
The b-tag scale factors, provided in bins of jet-pr, are illustrated in Fig. 3.14
(b); they are consistent with unity within 10%.

3.3.7 Missing transverse energy

An excellent measurement of the missing transverse energy, E?iss, is essential for
many physics analyses, such as supersymmetry searches, and in particular for the
H — WW® — ¢uly channel, where the two charged leptons are accompanied
by two neutrinos, that escape detection. Due to momentum conservation in the
transverse plane, the E:,“?iss vector must balance the sum of transverse momenta
carried by visible particles, provided that fake sources of E}“iss have been identified
and corrected: limited detector coverage, presence of dead regions and noisy read-
out channels. All of these effects, together with the finite detector resolution, limit
the E:,“?iss resolution. Several algorithms have been developed to suppress the effect
of pile-up interactions [185].

E?iss reconstruction is based on energy depositions in calorimeter cells, after the
corresponding calibration has been carried out (at the EM scale for electromagnetic
objects, at the hadronic scale for jets), on low-pr tracks and on MS-matched tracks

for muons. In summary, the following terms are taken into account when including
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cells in the Eg}zifs computation, in this order:
ERsS = Ef + Bl + EXIF™ + EFS + BYY 4+ By O (3.6)

where the Eg;’/“ Out term refers to cells with no associated object (here, also soft
jets, i.e. with 7 GeV < pr < 20 GeV, are included). Coverage in pseudorapidity is
In| < 4.9 for all objects apart from muons, whose tracks are searched inside |n| < 2.7.

From the x and y components, the missing Er value is computed as:

Er}niss — \/(Egcniss)2 + (E;/niss)2 . (3.7)

The quality of the E}“iss reconstruction, i.e. its linearity and resolution, is assessed
through samples of leptonically decaying W and Z bosons, without accompanying
jets. The former provides a clean signature for linearity studies, since no hadronic
contribution is expected, while the latter should in principle contain no real E?iss,

thus is used to signal biasses in the reconstruction algorithm [185,186].

Systematic uncertainties on EX depend on the topology of the final state under
consideration, since they are evaluated propagating the systematic uncertainties of

the visible objects present in the event, such as leptons, hard and soft jets.
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Figure 3.15: Distributions of I (a) and my (b) (defined in Eq. 4.1) before and
after pile-up suppression with different algorithms in MC W — ev events. The true
distributions are also shown for comparison [186].

Fig. 3.15 shows the improvement in EX (a) and myp (b) (which is the transverse
mass of the W system, defined in Eq. 4.1), before and after pile-up suppression

with different algorithms, in MC W — ev events. The improvement in E{p“iss is
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substantial, especially using the STVF algorithm(”), while it is more moderate in
mp, due to the fact that the transverse mass computation depends both on the

modulus and direction of the missing transverse energy vector.

"The Soft Terms Vertex Fraction (STVF) algorithm is based on the fraction of soft tracks
associated to the primary vertex with respect to the total. It is analogous to the JVF algorithm
described in Section 4.4.6, but considers only the terms which do not satisty jet requirements.



Chapter 4

Search for the H — WW* Decay

Using a Multivariate Analysis

In this Chapter a multivariate analysis of the H — WW®) — fufy channel with
the /s = 7 TeV dataset, collected in 2011 with the ATLAS detector, is presented.
It uses boosted decision trees, which are meant to classify the candidate events(!)
as signal-like or background-like, through a series of binary decisions. They are
in this respect similar to rectangular cuts; however, whereas a standard cut-based
analysis is able to select only one hypercube out of the phase space, decision trees
are able to split the events into a larger number of hypercubes, allowing for a better
discrimination between the signal and the background. They are expected to take
advantage of the correlations among the variables, which may otherwise be broken
when applying rectangular cuts.

Sections 4.1 and 4.2 discuss the topologies of the different signal and background
components, respectively, while Section 4.3 summarizes the Monte Carlo samples
used to simulate them. Sections 4.4 and 4.5 present the object definition and the
event preselection, which are largely in common with those of the standard cut-
based analysis. In Section 4.6 the method and the usage of the boosted decision tree
technique are discussed, with particular emphasis on the choice of the settings and
of the input variables. Section 4.7 shows the resulting BD'T' responses in the signal
and control regions, in the different jet bins; the backgrounds are further discussed
in Sections 4.8 and 4.9, the latter concentrating on the systematic uncertainties.
Section 4.10 outlines the statistical method and the fit procedure used in this analysis,
and finally Section 4.11 contains the results for the full 2011 dataset, in terms of

CL; exclusion limits, fitted signal strengths and local pg-values, as a function of the

LA candidate event is defined as an event satisfying a specific set of cuts, most often the full
selection criteria.
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Higgs boson mass. The results are compared with those from the standard cut-based
analysis.

Additional details and cross-checks are given in the Appendices. In Appendix
A, the boosted decision tree is compared to other multivariate techniques, and in
particular with the Neural Network one, which has been developed in the context
of this thesis. Appendix B motivates the choice of the BDT input variables, whose
distributions are shown for the individual lepton flavours in Appendix C. Appendices
D and E show the performance of the BDT analysis when trained with a reduced set
of input variables, and when trained with the WW background as signal, respectively.
Appendices F and G focus on the correlation between the BDT and the cut-based
analyses: the former presents the topology of the candidate events in the signal-like
and in the background-like regions, defined through a cut on the BDT response, the
latter shows the BDT score for the cut-based candidates. Finally, Appendices H and
I give further details on the fit results.

The details specific to the cut-based analysis can be found in Ref. [28] and are not
repeated here. This analysis has been published as an ATLAS conference note [27].

The work documented in this thesis represents a leading contribution to the
development and the finalization of the H — WW®*) BDT analysis, in all its phases:
the optimization of the BDT parameters and of the input variables, the definition
of the selection for the signal and the control regions, the scrutiny of the output
variables, the assessment of the systematic uncertainties, the validation of the limit-
setting framework, the statistical results and their comparison with the cut-based
ones. Moreover, all the studies presented in the Appendices pertain to this work
and have been fundamental to validate the usage of the BDT algorithm, which had
not been used before in the context of the ATLAS Higgs working group.

4.1 Signal topology and analysis categories

The search for the decay of a SM Higgs boson into a pair of W bosous is performed
by the ATLAS collaboration in two main final states: purely leptonic ({Tvl~ D,
shortened as ¢vfv in the following) and hadronic-leptonic (¢vqq) [187]. Despite the
larger branching ratio for a W boson to decay into quarks (BR(W — ¢v) = 10.8%),
BR(W — hadrons) = 67.6%, [47]), and the possibility to fully reconstruct the Higgs
boson mass in this channel, the leptonic final state is experimentally cleaner due to
the presence of two isolated, high-pr leptons, and can be exploited over the mass
range 110 GeV < mpy < 600 GeV.

As discussed in Section 2.1.1, the main production mechanism of a Higgs boson

in the Standard Model is gluon-fusion, depicted in Fig. 4.1; in this case, jets can
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arise in the final state due to QCD bremsstrahlung. The Higgs boson production
via vector boson fusion, on the other hand, is characterized by two hard jets, which

are the remnants of the colliding partons, as depicted in Fig. 4.2.

+
g t W+ ¢
H Vy
t ,,,,,,,,,
t Ve
g W~ =

Figure 4.1: Feynman diagram at leading order for the production of a Higgs boson
via gluon-fusion (top-quark loop) and its subsequent decay into a WW pair, where
both W bosons decay leptonically.

W+t -
vy
Uy
W= Vs

Figure 4.2: Feynman diagram at leading order for the production of a Higgs boson
via vector boson fusion (V = W, Z) and its subsequent decay into a W pair, where
both W bosons decay leptonically.

The analysis is divided into nine categories, according to the number of jets in the
final state (H 4 0,1,> 2 jets, denoted as 0-jet, 1-jet and 2-jet, respectively) and
to the lepton flavours (etvee ve, ptv,u~v, and pv,ev., denoted as ee, pp and
ep, respectively). The term “same flavour” refers to the ee and pp channels, while
“opposite flavour” to eu. The case in which e or p arise from the decay of a 7-lepton
is also taken into account.

The topology of this channel has been described in detail in Section 2.3; in short,
due to the J” = 0% nature of the SM Higgs boson, the two charged leptons are
expected to be close to each other both in the azimuthal plane (small A¢y) and in
the polar direction (small Afy, hence small myy), which also induces a larger value
for the transverse momentum of the dilepton pair (large pr¢s). The two neutrinos
tend to be emitted in the opposite direction with respect to the charged leptons,
thus producing a sizeable missing transverse energy. The fvfv final state cannot be
fully reconstructed, since this would require 4 x 3 independent quantities, but only

2 x 3 are available from the charged leptons, plus two from the z,y components of
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the missing transverse energy, thus four degrees of freedom are missing. For this
reason, rather than the invariant mass of the system, the transverse mass is used;
multiple definitions of this quantity exist, all characterized by a broad peak around
the true Higgs boson mass, terminating in a narrow edge for mp > my and a longer
tail for mp < mp, while backgrounds do not show such a peak. This analysis uses

in particular the following definition [188]:

mr = \/E% oy = 1P, 00400]* = \/(ET, o0+ B2 — |+ PR (41)

The topology of the final state is contained into the four topological variables, myy,
mr, pree and A¢yg, which are used as inputs for the BDT training.

The properties discussed so far strictly apply to the case of a light Higgs boson
only, since for masses above ~ 200 GeV, the boost with which the W bosons are

produced, partly breaks the angular correlations among the final leptons.

4.2 Background topologies

Under the category of background, all processes are contained, which possess the
same topology as the signal, namely two isolated, high-pr leptons and missing trans-
verse energy, with or without jets. This signature can be either physical or induced by
detector effects, such as object misidentification, limited coverage, bremsstrahlung
or pile-up events. The most important background is the non-resonant W*W ™~ pro-
duction, which is said to be #rreducible since it contains two W bosons alike the
signal. Other backgrounds are V' + jets (V = W, Z/~4*), top-quark production (tt
and single top-quark channels), diboson production (ZZ,WZ,W+) and multi-jet
events. In the following, additional details are given on the background topologies,

comparing the distributions of the topological variables with those of the signal.

4.2.1 The W~ background

The continuous W W™ production, or WW in short, is mediated by quark-antiquark
annihilation, depicted in Fig. 4.3 (a) for the s-channel and (b) for the t-channel, us-
ing the language of the Mandelstam invariants. The contribution from gluon-fusion
production is subleading.

The ATLAS collaboration has measured the inclusive cross section for W+W
production to be 53.4 £ 2.1 (stat) £ 4.5 (sys) £ 2.1 (lumi) pb with an integrated
luminosity of 4.7 fb=!, at /s = 7 TeV, a value which is 10% higher than the
corresponding NLO prediction [189]. Multiplying the inclusive cross section with the
W leptonic branching ratio, a value of ¢qg/g — o(WTW ™ — (Tul~U) = 4.68 pb
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Figure 4.3: Feynman diagrams at leading order for the production of W+W ™ pairs
initiated by a quark-antiquark pair: (a) production in the s-channel, (b) production
in the ¢-channel.

is obtained, to be compared with 0.347 pb for the resonant Higgs boson production

via gluon-fusion, assuming mpy = 125 GeV (see Table 4.1).
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Figure 4.4: Normalized distributions after the preselection (see Section 4.5) compar-
ing the signal shape (ggF only, in red) with that of the continuous WW background
(in blue). The gluon-initiated processes are not considered, since subleading. Only
the ey final state is shown. (a) my, (b) pres, (¢) Ay, (d) mr.

The W system has access to three spin states (0,41,-1) when produced by a quark-
antiquark state, thus the (+1,-1) states modify the profile of the (0) case. This lack
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of correlation causes, as illustrated in Fig. 4.4 for the ep final state, both the Ay
and myy distributions to be larger for the WW background than for the signal. For
what concerns the transverse mass, its distribution extends up to 400 GeV and does

not exhibit a Jacobian peak, unlike the signal.

4.2.2 The top-quark backgrounds

Subleading in the 0-jet category, the top-quark backgrounds are the most important
processes when jets are present in the final state. As illustrated in Figs. 4.5 and
4.6, respectively, top-quarks can be produced either in pairs or singularly: in the
first case, mostly through gluon-gluon interaction (annihilation or scattering), with
the quark-antiquark initiated processes accounting for 10% of the total rate, in the
second case with contributions from the ¢- and s-channels and in association with a
W boson. The theoretical values for the cross sections are given in Table 4.1; this

analysis uses 167 pb for ¢ and 85 pb for single top-quark production as reference

g R g
W g >m<
g t g ooe——
(a) (b) (c)

Figure 4.5: Feynman diagrams at leading order for the production of ¢t pairs through
(a) gluon-gluon annihilation and (b) scattering, and through (c) quark-antiquark
annihilation.

q q q 7 g
w
b " q t b w
(a) (b) (c)
Figure 4.6: Feynman diagrams at leading order for the production of single top-

quarks, in (a) the ¢-channel, (b) the s-channel and (c¢) in association with a W
boson.

values.

=
~+I

The production of tf pairs proceeds via the strong interaction, while the single
top-quark production proceeds via the electroweak one; subsequently, the top-quark
decays into a Wb pair (decays into lighter quarks are suppressed by the corresponding
CKM elements), resulting in a final state with one or two W bosons, that can mimic
the signal signature in case they decay leptonically. The jets originate from b-quark

decays.
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Fig. 4.7 compares the topological variables for the signal and the top-quark
backgrounds, in the ep final state. The main difference resides in the dilepton
azimuthal angle, which tends to be larger and flatter for the top-quark backgrounds
than for the signal; also the invariant mass is found to be larger, while the transverse
mass does not show the charateristic Jacobian peak around the Higgs boson mass;

this holds for both the top- and single top-quark production modes.
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Figure 4.7: Normalized distributions after the preselection (see Section 4.5) compar-
ing the signal shape (ggF only, in red) with that of the top-quark backgrounds (in
blue). Both ¢t and single top-quark processes are considered. Ouly the ey final state

is shown. (a) my, (b) pree, (¢) A, (d) mr.

4.2.3 The Z + jets background

An important background, especially in the same-flavour channels, is the one where
a Z/~v* boson decays into two isolated, oppositely charged, high-pr leptons. As
shown in Fig. 4.8, the intermediate boson can be produced via ¢g annihilation as
well as gq, qg scattering. The cross section, multiplied by the leptonic branching

ratio, is about 10* times larger than the one predicted for the signal (cf. Table 4.1).
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Figure 4.8: Feynman diagrams at leading order for the production and the leptonic
decay of a Z/~* boson, via (a) ¢ or (b) gg. In the latter case, an associated jet is

also produced.
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Figure 4.9: Normalized distributions after the preselection (see Section 4.5) compar-
ing the signal shape (ggF only, in red) with that of the Z/~*+jets background (in
blue). Only the ey final state is shown. (a) myge, (b) pree, (¢) Agye, (d) mr.

Fig. 4.9 compares the topological variables for the signal and the Z+jets back-

grounds, in the ey final state. No true missing transverse energy is expected in

these events, unlike in the signal case, but a certain fraction can still be present,

due to mismeasured jets or leptons; moreover, the energy resolution gets worse with

increasing pile-up. Setting a lower threshold on the missing transverse energy, there-
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fore, helps reducing this background. Besides, in the same-flavour channels, the
dilepton invariant mass peaks around the Z boson mass, and the leptons tend to
be back-to-back in the azimuthal plane, resulting in a large A¢y, angle. Also the
opposite-flavour category can contain some Z/~* background, if the intermediate

+

boson decays into a 777~ pair which subsequently decays into e* .

4.2.4 The W + jets background

The production and decay of a W boson in association with jets, shown in Fig.
4.10, can be mistaken for a H — WW®) event if one of the jets is reconstructed
as a lepton (thus being called a fake lepton). The missing energy in this case is
provided by the neutrino resulting from the W leptonic decay. The estimation of
this background is particularly challenging because its size is comparable to that of
the signal(?) and also the shape of the charateristic variables after the selection is

similar, as shown in Fig. 4.11.

q+f\/\/\/\<£ q+f\/\/\/\<g
1% 14
q w q w

—<—0 00043 g 0000
(a) (b)
Figure 4.10: Feynman diagrams at leading order for the production and leptonic

decay of a W boson, via (a) ¢gg or (b) gg. In both cases, an associated jet is also
produced.

4.2.5 The diboson (WZ,ZZ,W~) backgrounds

Besides the WIW background, other diboson backgrounds in this channel are WZ, ZZ
and W~ with the gauge bosons decaying leptonically. These final states are ex-
pected to contain three or more leptons, so a veto on additional leptons is quite
effective in reducing them. As shown in Table 4.1, the cross sections range from
345 pb for W+ to 5.6 pb for ZZ; all of these backgrounds are found to be small
after the kinematical cuts, and are estimated directly from Monte Carlo simulations,

after validation in dedicated control regions.

2As a rough estimate, the inclusive cross section is a factor 10* larger than the signal, as for
Z/~* +jets, but the rate for jets to fake leptons is 107, yielding ~ 1 as a result.
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Figure 4.11: Normalized distributions after the preselection (see Section 4.5) com-
paring the signal shape (ggF only, in red) with that of the data-driven W-jets
background (in blue). (a) myg, (b) pre, (c) Adge, (d) my.

4.3 Monte Carlo samples

Several Monte Carlo generators are used to simulate the signal and background
processes; they are tuned according to the knowledge gained in 2011 on the ATLAS
detector performance, e.g. its alignment, pile-up, minimum bias conditions and
material distribution. Different MC generators take care of the hard scattering
process and of the following stage of showering and hadronization (cf. Section 1.4.3):
in particular, as summarized in Table 4.1, HERWIG |79] (in association with JIMMY
[84] for the simulation of the underlying event) is interfaced to MCONLO [190] and
GG2WW [191|, while PYTHIA |78] to the others.

Concerning the Higgs boson signal, besides the main gluon-fusion production
mode (denoted ggF in the following), also the vector boson fusion (VBF) and the
associated production (W H, ZH) modes are considered. The branching ratios into
the WW®) — ¢+10~7 final state are provided by the HDECAY [133] program. Several
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Process MC generator PDF sets | o- BR (pb)
gel (my = 125 GeV) POWHEG-+ PYTHIA 0.347
VBF (my = 125 GeV) POWHEG+ PYTHIA | MRSTMCal | 27 -1073
WH,ZH (my =125 GeV) PYTHIA 20 -1073
qq/g — WW MCONLO-+ HERWIG 4.68
g9 — WW GG2WW-+ HERWIG CT10 0.14
tt MCONLO-+ HERWIG 167
single top-quark tW
single top-quark t-channel AcerMC-+PYTHIA | MRSTMCal 85
single top-quark s-channel
W +jets ALPGEN - PYTHIA 32 -10°
Z]y*+jets ALPGEN-+ PYTHIA | CTEQS6LI 15 103
27 Sherpa 5.6
wZz MC@NLQO-+ HERWIG CT10 18.0
Wr ALPGEN 345
W* MadGraph CTEQGLL 6.5

Table 4.1: Monte Carlo generators and PDF sets used to simulate the different signal
processes for a Higgs boson with mpy = 125 GeV, and the background processes. Also
reported are the various cross sections as used in the analysis; the leptonic decay
modes (charged only for Z/+* production) are summed over, apart from ¢, single
top-quark, WZ and ZZ production, where the inclusive cross sections are quoted.
For the signal processes, the production cross sections include the branching ratios
into the fvlv final state. See the text for further details and references.

hypotheses for the Higgs boson mass are considered, ranging from 110 to 600 GeV,
in steps of 5 GeV for my < 200 GeV and of 20 GeV above.

The ggF hard process is simulated with the POWHEG generator [192,193]; its
cross section is computed to NNLO in QCD (NLO: [94, 194, 195], NNLO: [196—
198]) resumming soft gluons up to NNLL [199]. The Higgs boson pr spectrum is
reweighted in such a way that the one obtained with the POWHEG generator matches
the HqT [200] one. The VBF process is also simulated with POWHEG; its cross section
is calculated up to NLO [99,201,202], and includes the leading NNLO QCD terms
[100]. Finally, PYTHIA is used for the associated WH,ZH production; the cross
sections quoted in Table 4.1 are calculated up to NNLO [104,203]. In all cases, the
electroweak corrections, which are assumed to be factorized from the QCD ones, are
included up to NLO [109,204,205].

Concerning the backgrounds, WW and tt are simulated using MC@NLO (the gg —
WW process with GG2WW), while ALPGEN [206| has been chosen for the inclusive W
and Z/~* production(®) and for W+. In the latter case, kinematical filters have been
applied at generator level: the photon must have pr > 10 GeV and be separated
from the charged lepton (AR > 0.1). Kinematical criteria have been applied also

3For inclusive production of single gauge bosons in association with jets, the MLM matching
scheme [207] is used to combine MC samples with different jet multiplicities, up to five for W/Z +
jets and up to three for Wbb.
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in the generation of Z/v* events (myg > 10 GeV) and of W~* events (the leading
and subleading transverse momenta of the leptons from the v* decay must exceed 15
and 5 GeV, respectively). The latter process is simulated with MadGraph [208,209].
Moreover, ZZ employs Sherpa [210], W Z MCONLO, single top-quark AcerMC [211].
Finally, PYTHIA is used to model the multi-jet background, which, despite its large
cross section (4270 pb for bb production, requiring at least two leptons with pp >
10 GeV), is heavily suppressed by the quality criteria for lepton identification and
preselection cuts; for this reason, it is ignored in the following.

Concerning PDFs, as indicated in Table 4.1, the following sets are used: CT10
[71] for MC@NLO and all samples interfaced to HERWIG, CTEQ6L1 [212] for ALPGEN,
Sherpa and MadGraph, MRSTMCal 69| for AcerMC and the PYTHIA samples.

4.4 Object selection

4.4.1 Data-taking conditions

All MC events are corrected for detector effects going through the full chain of the
ATLAS simulation, provided by the GEANT4 package [85]. In particular, a realistic
treatment of the pile-up conditions in the 2011 run is included, overlaying simulated
minimum bias events to the hard one. The 2011 data-taking has been split into two

periods by a technical stop in September, in the following way:

| JLae| s )| (w
2.3 ‘ 15 | 6.3

March-August 2011

October-December 2011 2.4 1.0 11.6

where * characterizes the beam size (more specifically, it is the distance to the IP
where the beam width has doubled). Decreasing it from 1.5 to 1.0 metres, causes
the mean number of interactions per beam crossing, (i), to almost double. These
conditions are propagated to the MC events through a reweighting procedure, in

order to match them to the real data.

4.4.2 Event cleaning

Before applying the object selection, requirements are placed on the quality of the
event itself, to ensure that all ATLAS subdetectors have been fully efficient at the
time of data-taking (the data events must be flagged as “AllGood” [213], according
to the definition given in Section 3.1.1) and that an hard interaction is actually
present in the event. The latter condition is achieved through an “event cleaning”

algorithm [214], which suppresses non-collision backgrounds such as cosmic muons,
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noise in the calorimeters, beam-halo and beam-gas events. After the application of
the so-called “GoodRunList”, the integrated luminosity available for physics analyses
amounts to 4.7 fb~!, with an uncertainty of + 3.7% [215].

Subsequently, quality criteria are applied to the primary vertex of the event (de-

fined as in Section 3.3.2), requiring at least three associated tracks with pr > 400 MeV.

4.4.3 Trigger requirements

A preliminary selection of signal events is carried out requiring the presence of trig-
gering leptons. As explained in Sections 3.3.3 for electrons and 3.3.4 for muons, only
unprescaled, single-lepton triggers are used in this analysis, in order to maximize the
acceptance. In particular, the triggers named EF e20 medium, EF _e22 medium
and FF_e22vh_mediuml are applied for electrons, while EF mu18 MG and
EF mul8 MG_medium for muons, tightening the corresponding quality and pr
requirements as the pile-up level increases. In the case of the ey channel, an “or” of
electron and muon triggers is used.

Scale factors are applied to the MC events to simulate trigger inefficiencies. First,
per-lepton trigger efficiencies are computed (epyta,¢ and eyic ¢, for the data and MC
events, respectively), using the tag-and-probe method on Z — £/~ events, and are
found to be above 90% for all triggers. From these, per-lepton (SF;) and per-event

scale factors are derived as a (1, ¢) map :

1- 5Da,ta,,61 : €Data7£2 o 1-— (eMC,Zl : SFfl) : (6M07£2 : SFEQ)

Trigger SF
1 —emc,e - emc,en 1 —emc,e - eme,e,

event —

(4.2)
Out of the two selected leptons (according to the offline criteria outlined in the
following), at least one must be matched to a triggering lepton, within a AR < 0.15
cone (trigger-matching), otherwise the event is discarded. MC events passing the
trigger-matching get an additional luminosity weight, to ensure the correct time

exposure for the selected trigger.

4.4.4 FElectron definition

As explained in Section 3.3.3, electron candidates are identified starting from the

tight++ requirement and adding further cuts:

e cuts on the longitudinal and transverse impact parameters and their signifi-

cances, defined with respect to the primary vertex:

— |20 <1 mm,

— |do| < 10]a(do)l,
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e cuts on isolation (in a AR < 0.3 cone, see Eq. 3.4 for the definition of p§"¢):

— p§™/pr < 0.13,
— B /pp < 0.14.

Isolation scale factors, consistent with unity within 1%, are applied to correct the
small differences arising between the data and the MC expectation after the isolation
requirements. Electrons are reconstructed within the EMCal geometrical acceptance
(In] < 2.47, excluding the crack regions 1.37 < |n| < 1.52), provided that they have
pr > 15 GeV.

4.4.5 Muon definition

Muons are reconstructed in the active region of the muon spectrometer (|n| < 2.4),
with pr > 15 GeV. They are defined according to the STACO combined algorithm,

with some additional quality cuts:

e cuts on the longitudinal and transverse impact parameters and their signifi-

cances, defined with respect to the primary vertex:

— |20 < 1 mm,

= |do| < 3|o(do)l;
e cuts on isolation (in a AR < 0.3 cone):

— p§P"®/pr < 0.13,
— S /pp < 0.14.

e cuts on the track quality (see Section 3.3.4 for details).

4.4.6 Jet definition

Jets are defined according to the “anti-k; EM+JES” algorithm, with AR = 0.4, as
anticipated in Section 3.3.5. The geometrical acceptance requires |n| < 4.5 and
pr > 25 GeV (pr > 30 GeV in the transition regions 2.75 < |n| < 3.25). To reduce
the contribution of pile-up jets, a cut is placed on the jet vertex fraction (JVF) —
which is the fraction of tracks in the jet pointing to the primary vertex of the event
— requiring it to be above 75%. The performance of the JVF algorithm does not
depend on the number of reconstructed primary vertices, therefore no correction is
applied.

Moreover, b-jets are tagged with the help of the JetFitterCombNN algorithm

(see Section 3.3.6), for which different working points can be chosen; this analysis,
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in particular, requires 80% efficiency for b-jets identification. Vetoing b-jets gives a

substantial handle in rejecting the top-quark backgrounds.

4.5 Event preselection

In the following, the preselection criteria for the H — WW® multivariate analysis
are discussed. They are applied after the GoodRunList, primary vertex and event
cleaning criteria, in order to reduce the backgrounds which are easier to reject, since
localized in phase space; the BDT technique is then used to train and classify the
surviving topologies. These criteria are mostly in common with the preselection
of the standard cut-based analysis — differences are stressed in the following. The
number of signal and background events at various stages of the preselection is shown
in Table 4.2, together with the number of observed events in data. Scale factors are
applied for all backgrounds which are normalized in dedicated control regions, as

discussed in Section 4.7.

1. Opposite-sign leptons, pr threshold, third lepton veto: exactly two
opposite-sign leptons must be present in the event, and at least one has to
be trigger-matched. The threshold for the leading lepton pr is increased to
25 GeV with respect to the identification requirement of 15 GeV, while the
subleading one stays at 15 GeV. An overlap removal routine is applied, in the
following way: a muon (jet) candidate is discarded if found inside a AR < 0.1
(0.3) cone centered around the direction of the electron candidate; no overlap
removal between muons and jets is applied, since its effect would be negligible.
At this point, the background is dominated by the Z/~*+jets background
(accounting for 90% of the total), while the S/B ratio is 6 - 1072,

2. Cut on the dilepton invariant mass: my > 10,12 GeV. The invariant
mass of the dilepton system is required to be above 10 or 12 GeV, in the
opposite- and same-flavour channels, respectively. This suppresses mainly the
leptons coming from the v* and T resonances, and has a negligible impact on

the overall number of events.

3. Z veto: to reduce the Z-jets background, events with an invariant mass
closer than 15 GeV to the Z boson mass are rejected. This cut applies only
to the same-flavour channels, and is quite efficient, since it rejects 90% of the
Z/~v* events and only 1% of the signal, lowering the S/B ratio to 6 - 107%.

4. Cut on the missing transverse energy: E}“’ifgl > 25,45 GeV. In order to

further suppress the Z+jets background, a cut on E%ifgl, a derived quantity
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of the missing transverse energy, is employed. E?ifgl is identical to E}“iss if

there is no object (candidate lepton or jet) within A¢ > 7/2 from the pss
vector, otherwise E}“’irsgl gets projected on the direction of the object itself (the
nearest in case there are several):

EPSs = EP™ sinA¢  if  A¢ < 7/2. (4.3)
Thanks to this procedure, the events with mismeasured jets or leptons, and
therefore fake missing Er close to the object, get a lower value of E%irsgl, thus
can be efficiently rejected by a cut on this quantity. The threshold value is
45 GeV for same-flavour channels, while 25 GeV is enough for ey, where the
pollution from the Z-+jets events, due only to Z — 77 pairs, is less severe.
After this cut, the S/B ratio goes down to 7 - 1073, with only 0.5% of the
Z+jets events surviving; all background components are reduced by this cut
(around 50% of events surviving for WW, t¢ and single top-quark events, 41%
for W+ jets, 32% for diboson processes), and also the signal is reduced to half
of its previous size, with around 91 events expected for my = 125 GeV in

4.7 fb~! of integrated luminosity.

Fig. 4.12 shows the E%isgl (left) and my, (right) logarithmic distributions, for the
data and the MC expectation, before the Z veto cut, broken down into lepton
flavours. All backgrounds are normalized to their MC expectations, apart from
W +jets which is data-driven (cf. Section 4.8.3). The lower part of each plot shows
the ratio between the data and the background expectation, with the yellow band
indicating the total normalization uncertainty (i.e. the shape uncertainties(*) are
not included). The data appear to be well modelled by the MC simulation, with an
agreement well below the 10% level for both the my, and the E%irsgl distributions.

Table 4.2 gives, at each stage of the preselection, the expected numbers of events
in 4.7 fb~! of integrated luminosity. The two rightmost columns show the observed
numbers of events in data and the data/MC ratio; the latter is compatible with
unity for all cuts. In the bottom part, the predictions after the preselection are split
into the lepton channels; it can be seen that, for all channels, the S/B ratios are
around 0.7%.

“In the following, the name shape uncertainty refers to an uncertainty which does not affect the
normalization of a variable, but only its shape. The shape uncertainties are never shown in the
plots.
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Figure 4.12: Distributions of the relative missing transverse energy E%ifgl (left) and

of the dilepton invariant mass my, (right), in logarithmic scale, for the individual
lepton channels, before the Z veto: (a,b) ee, (c,d) uu, (e,f) en. The lower part of
each plot shows the data/MC ratio, with the yellow band indicating all uncertainties
apart from the shape ones. All backgrounds are normalized as in Table 4.2. The
final bin includes the overflow.



Signal [125 GeV] WW  WZ/ZZ/Wgamma tthar single top Z-+jets W-tjets (d-d) Total Bkg. (d-d) | Observed || Data/MC (d-d)
lepton pr 180.87 £ 0.40 3871.06 + 9.55 3213.65 £ 20.73 16332.68 + 27.65 1753.31 £ 11.35 2800788.09 £ 1309.25 3159.63 &+ 37.12 2829118.43 + 1310.32 2823123 1.00 £ 0.00
OS leptons 178.43 £ 0.39 3856.00 + 9.53 2733.59 £ 15.79 16240.28 + 27.57 1734.85 £ 11.30 2793617.99 £ 1307.64 2373.89 & 36.19 2820556.60 + 1308.61 2816240 1.00 £ 0.00
myp > 12,10 GeV 175.14 + 0.39 3848.08 + 9.52 2716.34 + 15.68 16211.72 4+ 27.55 1731.84 4+ 11.29 2790757.50 + 1307.32 2194.45 + 35.91 2817459.92 + 1308.28 2806551 1.00 £ 0.00
Z veto (for ee, pup) 173.11 + 0.39 3421.39 + 8.97 559.69 + 8.00 14456.35 + 26.02 1542.36 + 10.66 278756.95 + 404.20 1403.39 + 20.67 300140.13 + 405.88 298691 1.00 £ 0.00
EFile > 45,25 GeV 90.82 + 0.28 1828.61 + 113.91 177.88 £ 4.82  7322.28 +£497.99  839.24 + 57.60 1523.00 + 33.78 341.94 £+ 5.92 12032.95 + 688.35 12231 1.02 £+ 0.06
ee: Bp5 > 45 GeV 10.24 + 0.10 208.11 + 13.14 26.70 £+ 1.88 929.80 + 63.55 107.98 £+ 7.89 289.44 + 1491 56.34 + 1.10 1618.38 + 91.86 1652 1.02 + 0.06
Lo Ej'l“iﬁgl > 45 GeV 22.31 £ 0.14 389.62 + 24.42 26.72 + 0.84 1536.65 £ 104.78 173.20 £+ 12.31 698.71 + 23.59 24.67 + 2.87 2849.57 + 154.06 2854 1.00 + 0.06
ep s B > 25 GeV 58.28 + 0.23 1230.87 + 76.74 124.45 £ 4.35 4855.83 £ 330.36  558.06 + 38.49 534.85 + 13.88 260.93 + 5.05 7565.00 + 445.09 7725 1.02 £+ 0.06

Table 4.2: The expected numbers of signal (in the

hypothesis my = 125 GeV) and background events after the preselection require-
ments listed in the first column, as well as the observed numbers of events in data. The rightmost column shows the ratio between
the data and the MC estimation. The W +jets background is estimated entirely from data, whereas MC predictions normalized to
data in the control regions (before the final fit) are used for the WW, Z/y*-+jets, tt, and tW/tb/tqb processes. Contributions from
other background sources are taken directly from the MC predictions. The total uncertainties (statistical, normalization systematic
uncertainties, shape systematic uncertainties) are also given. The bottom part of the table lists the number of expected and observed
events for each lepton channel after the preselection.
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Fig. 4.13 shows the jet multiplicity distributions after the preselection, for all lepton
channels combined as well as for the individual ones. It appears evident that the
background composition depends strongly on the number of jets in the final state.
In particular the background is dominated by WW and Z/~* events when no jets
are present, and by the top- and single top-quark backgrounds when at least one
jet is identified. As for the signal, in the 0-jet channel the main production mode is
gluon-fusion, while in the 1- and 2-jet channels a larger fraction of events is produced
via VBF.
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Figure 4.13: Distributions of the jet multiplicities after the preselection, for the
combined case and the individual lepton channels: (a) ¢/, (b) ee, (c) uu, (d) en. The
lower part of each plot shows the data/MC ratio, with the yellow band indicating
all uncertainties apart from the shape ones. All backgrounds are normalized as in
Table 4.2.
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As a consequence, after the preselection, additional selection criteria are applied ac-
cording to the jet multiplicity. As noticed above, leptons arising from a heavy Higgs
boson would not be characterized by a small opening angle; for this reason, the anal-
ysis is also split according to the signal mass hypothesis: the multivariate analysis
uses a low-mass and a high-mass selection (below and above 200 GeV, respectively),
while the cut-based analysis uses three (low-mass below 200 GeV, intermediate-mass
between 200 GeV and 300 GeV, high-mass above 300 GeV).

Due to the lower number of signal events expected in 4.7 fb~! of integrated
luminosity, no multivariate analysis has been developed for the 2-jet channel. On
the other hand, in 2012, with increased integrated luminosity and energy in the
centre-of-mass, a BD'T analysis has been developed for the 2-jet channel, starting

from the analysis presented in this thesis.

4.6 The Boosted Decision Tree technique

After the preselection, the overwhelming Z/v*+jets background has been reduced,
so that its contribution is comparable with those of the WW and top-quark compo-
nents; the total S/B ratio is 2% and 0.8% in the 0- and 1-jet channels, respectively.
At this point, a boosted decision tree technique is employed, to classify the events
as signal-like or background-like, both in the MC simulation and in the data, and
then the BDT response (or output) is fitted to extract the final exclusion limits.

Root
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xi > cl xi<cl

o

bl bt

xj>c2 xj<c2 Xj>c3 xj<e3
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£\

xk>cd xk <cd
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Figure 4.14: Schematic view of a decision tree [216]. In this example, three levels of
splittings are performed: the first uses the variable z; to divide the training events
in two nodes, the second uses x; on each node, the third uses xp. These variables
are chosen because they give the best separation between signal and background
when being cut on. At the end of the procedure, leaves are defined as signal- or
background-like, depending on the majority of the events they contain.

A decision tree can be represented as in Fig. 4.14. It is based on a set of input vari-

ables, whose shapes discriminate between signal and background events. A training
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procedure is performed on (a subset of) MC samples, consisting in a series of subse-
quent splittings: at each step, the algorithm finds the most discriminating variable
and the optimal cut on it, in order to achieve the best separation between the signal

and the background. The separation is defined as [216]:

o 1 [ fsly) = fe)]
=5 [ TR (44

where fg and fp are the signal and background PDFs, respectively. The separation
is (S?) = 0 for identical distributions and (S?) = 1 if there is no overlap, hence the
algorithm maximes (S2).

At each step, the events are split between the signal-leaf and the background-leaf,
until the maximum number of allowed splittings (the depth of the tree) is reached;
at this point, an event is correctly identified if it is a signal (background) event
and is located into a signal-leaf (background-leaf). Events which have been wrongly
identified, on the other hand, receive an increased weight (or boost) with respect to
the others, such that a second tree can focus on them. This procedure is repeated
multiple times, until a forest is grown. The idea of building a whole forest, rather
than a single tree, is meant as a protection against statistical fluctuations in the
input samples. At the end, a weighted average (with the weight given by the boost)
is taken across all trees, to form the BDT response. Moreover, boosting the trees

also improves the algorithm performance [216].

The training information is contained inside an zrml file, which consists, for each
event, in a mapping between the N input variables and the 1-d BDT response. In

the subsequent classification step, this mapping is applied to all events.

The BDT response is distributed between 0 and 1, where, by definition, signal-
like (background-like) events tend to have values close to 1 (0), as can be seen e.g.
in Fig. 4.19. The more they are separated from each other, the better the BDT
performance. Once the final discriminant is built, one can either cut on it, selecting
only the events above the cut, which are expected to have the best S/B ratio, or fit
the whole shape, using the leftmost part, which is signal-depleted, to constrain the

backgrounds. This analysis employs the second technique.

An optimization has been carried out both on input variables (see Appendix B)
and on tree parameters. Concerning the latter, some changes with respect to the
default TMVA settings [216] have been applied, in order to minimize the effect of the
statistical fluctuations. More details are given in Section 4.6.1. Moreover, Appendix
A contains a comparison of the BDT and the Neural Network performances, in
several configurations. Here, only the final results for the chosen configuration are

discussed.
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4.6.1 BDT settings

The BDT training is performed in steps of 5 GeV at low mass (110 GeV < mpy <
200 GeV) and of 20 GeV at high-mass (200 GeV < my < 600 GeV), for a total of 39
mass points. From the technical point of view, training and classification are done
through the TMVA v4.1.2 software [216], which is part of the ROOT v5.30.02 release.
Several implementations of the boosting technique can be found; this analysis uses

the bagged gradient boosting one.

When estimating a function F(z) through boosting, one can expand it as a

weighted sum of parametrised base functions, in the following way [216]:

M

F(x;P) = B f(w;am) (4.5)

m=0

where the base functions f(z;a,,) correspond to the decision trees, and there are
M parameters P € (fy,;am). The distance between the “true” function y, obtained
from the training, and the model F'(z), can be estimated by means of a loss function,

which, in case of gradient boosting, is a binomial log-likelihood:
L(F,y) =In (1 4 ?F W) . (4.6)

Decision trees are grown by the algorithm in a way that the loss function is minimised.
Gradient boosting is typically resilient against overtraining, a charateristic that can
be enhanced by reducing the learning rate through the shrinkage parameter, which
controls the weight of the individual trees: the smaller the shrinkage, the more trees
will be grown, slowing down the convergence but improving the accuracy of the

prediction. The value chosen by this analysis, 0.1, is indeed small.

The usage of the option UseBaggedGrad = True means that stochastic gradient
boosting is enabled: random subsets of the training samples are chosen to grow
the trees; the fraction of events at each iteration is controlled by the parameter
GradBaggingFraction, 0.5 in this case. The stochastic re-sampling allows for addi-

tional stability of the algorithm.

The above mentioned BDT settings, together with the others which have been
changed with respect to the default, are listed in Table 4.3. The choice of MaxDepth —
2 indicates that only two levels of splitting are allowed for each tree. The parameter
nEventsMin corresponds to the stopping criterion of the tree growing: the splitting
ends when an additional step would bring the number of events in each leaf below
1% of raw MC signal events. The parameter IgnoreNegWeightsInTraining = True

means that, if a MC event has an associated negative weight (as it is the case for
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MCONLO samples), the negative sign is ignored, and the weight is taken to be positive.
This choice is due to the fact that no proper way of treating negative-weighted events
has been implemented in TMVA yet; ignoring their weights does not bias the result,
since they have the same topology of positive-weighted events, and hence can be
safely added to the latter.

BDT setting ‘ Value
BoostType Gradient
MaxDepth 2

NTrees 1000
nEventsMin 1% of signal events
IgnoreNegWeightsInTraining True
UseBaggedGrad True
GradBaggingFraction 0.5
Shrinkage 0.1

Table 4.3: BDT settings used in the 2011 analysis, which have been changed with
respect to the default.

4.6.2 BDT input variables

The input variables are the same in all cases (0- and 1-jet analyses, low- and high-

mass), namely the four topological variables defined in Section 4.2:

e the dilepton azimuthal opening angle Ay
e the dilepton invariant mass myy
e the dilepton transverse momentum pr g

e the transverse mass of the total system mq .

Their choice resides in two aspects. On one hand, they are used also in the cut-based
analysis to cut on, implying that they have been extensively studied and validated for
that purpose, also for what concerns the impact of systematic uncertainties. On the
other hand, given the limited number of MC events available after the preselection,
especially for the signal samples, the BDT performance is found to be saturated
when using four variables: adding more variables does not add discrimination. As
shown in Appendix B, since no other set of four variables significantly outperforms
the topological ones, they result to be the most convenient choice. As a side note,
it should be mentioned that many multivariate techniques have been tested before
choosing the boosted decision tree one, using the four cut-based variables as common

inputs, as documented in Appendix A.
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Training in the 0-jet channel

In the 0-jet channel, the training is performed after the preselection, with an ad-
ditional cut on pr g for all lepton flavours: pr g > 30 GeV. This cut is used also
in the cut-based analysis, but only after an additional cut on myg (mg < 50 GeV).
The cut on pr g is meant to strongly reduce the Z/v*+jets background; in general,
whereas a rectangular cut is efficient in rejecting a particular background, it is useful
to apply it before the training, to avoid loading the BDT algorithm with topologies
which are anyway very easy to distinguish. It should be noticed that the cut on pr 4
is similar to the one applied in the preselection on %ifg'l, due to the fact that, in

the 0-jet channel, the Elfliss and pr e vectors should balance each other.
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Figure 4.15: Distributions of the four input variables, after the pr g requirement,
as used for the BDT training, in the 0-jet channel: (a) my, (b) pree, (€) A, (d)
mp. Ounly combined distributions are shown, the individual lepton channels can be
found in Appendix C. The shaded bands indicate the total normalization systematic
uncertainty. The final bin includes the overflow. All backgrounds are normalized as
in Table 4.2.
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The distributions of the four input variables, after the pr ¢ requirement, are shown
in Fig. 4.15 for the combined lepton flavours, and in Appendix C for the individual
ones. No significant deviation between the data and the MC expectation is observed,
and the data points lay mostly inside the shaded band provided by the total MC
normalization uncertainty.

Given the similarities of the ee and ppu channels, they are trained together in
order to increase the number of MC events, while the ep channel is trained separately.
Nevertheless, the final fit is done individually for each channel. Not all events are
used for training: each sample is split into two halves, according to the event number,
and one half is used for training, the other half for classification. This is done in
order to avoid biasing the BDT learning procedure, otherwise the MC events would
be used twice.

The MC samples with a very low number of events are excluded from the training;:
this is the case for the v*-+jets (Z/v* events with mys < 40 GeV) and the W~ samples.
Also W + jets events are not used, since they are obtained through a data-driven
technique, as discussed in Section 4.8.3, and no information from real data should
enter the learning step of the BDT algorithm. All other MC samples are used for
the training, each one weighted by the corresponding cross section.

At the end of the training, each input variable is ranked according to its discrim-
ination power, counting how many times that variable has been chosen for splitting
a node, weighted by the number of events in the leaf and the gain in S/B separation.

The ranking order is:
o m7, Adp, mye and pr e for the same-flavour channels,
o Ay, mr, my; and pr e for the opposite-flavour channels.

Fig. 4.16 shows the linear correlation coefficients among the four input variables,
for the signal (a,c) and the background (b,d) samples, for the same-flavour (a,b)
and the opposite-flavour (¢,d) channels. The largest correlations, either positive or
negative, are found to be between mys, A¢g and pr g for the signal, as expected,

and between myy and mp for the background.

Training in the 1-jet channel

In the 1-jet channel, the training is performed immediately after the preselection,
without additional cuts. At this stage, as noticed above and as can be seen in Table
4.5, the background is dominated by the top-quark contributions, which account for
70% of the total. The same four variables are used as inputs, despite the presence of

a jet in the final state, since optimization studies have shown that adding jet-related



102 4.6. The Boosted Decision Tree technique
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Figure 4.16: Linear correlation coefficients among the four input variables, in the
0-jet channel, for the signal (a,c) and the total background (b,d), in the same-flavour
channels (a,b) and in the opposite-flavour channels (c,d).

variables (e.g. jet pr) does not improve significantly the separation between the
signal and the background.

The distributions of the discriminating variables are shown, at the end of the selec-
tion (but before the last my, cut), in Fig. 4.17 for the combined lepton channels,
and in Appendix C for the individual lepton flavours. Also in this case, the agreee-
ment between the data and the MC simulation is satisfying; the shaded band is
larger where there is a residual Z/4* contribution, given the uncertainty on the

mismeasurement of E7"°,
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Figure 4.17: Distributions of the four input variables in the 1-jet signal region (be-
fore the mygp cut, cf. Section 4.7.4): (a) mys, (b) pree, (¢) A, (d) mp. Only
combined distributions are shown, those for the individual lepton channels can be
found in Appendix C. The shaded bands indicate the total normalization systematic
uncertainty. The final bin includes the overflow. All backgrounds are normalized as
in Table 4.2.

The same training details given for the 0-jet channel hold here. Concerning the
variable ranking, for the same-flavour channels it stays the same as for 0-jets (mr,
Aoyg, mye and pr ge), while for e it is Agye, mye, mp and pr ge. The linear correlation
coefficients among the four input variables are shown in Fig. 4.18, for the signal
(a,c) and the background (b,d) samples, for the same-flavour (a,b) and the opposite-
flavour (c,d) channels. Again, the largest correlations, either positive or negative,
are found between mys, Agy, and pr g for the signal and between my, and my for

the background.
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4.7. BDT response
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Figure 4.18: Linear correlation coefficients among the four input variables, in the
1-jet channel, for the signal (a,c) and the background (b,d), in the same-flavour
channels (a,b) and in the opposite-flavour channels (c,d).

4.7 BDT response

4.7.1 Signal region for the cut-based analysis

To ease the comparison with the cut-based analysis, its selection criteria are summa-
rized in Table 4.4. They are mostly simular to those of the BDT analysis, commented
in the following.

For completeness, also the details of the 2-jet analysis are given in the Table; they
target the VBF topology for the signal, aiming to distinguish it, in particular, from
the ¢t background. The two jets with highest pr are labelled as tagging jets, and the
following cuts refer to them. They must be reconstructed in opposite hemispheres

in 7, and have a separation from each other An;; > 3.8. The presence of additional
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central jets is vetoed (in order to distinguish the VBF topology from the QCD one,
cf. Section 2.1.2), while the two tagging jets cannot be identified as originating from
the decay of a b or c-quark. Afterwards, cuts on the dijet invariant mass and on
the total transverse momentum of the system are imposed, and the Z — 77 veto is
applied, as explained in Section 4.7.4 for the 1-jet channel. Finally the topological
selection is applied, with cuts on myg and Adyy.

At the end of the selection, a fit on the whole shape of the mp variable is
performed. In the so-called cut-and-count analysis, on the other hand, a cut on my
is performed, depending on the mass of the Higgs boson signal, 0.75 myg < mp < mpg,
and then the number of MC events in the mass window is computed and compared

with the corresponding number in the data.

e 10 identified jets

0-jet channel ° pffl > 45 GeV for the same-flavour channels

° pgfl > 30 GeV for the opposite-flavour channels
e one identified jet

1-jet channel e b-jet veto for the identified jet

o [5EOY| = |Pr, o, + Pr, e, + Prjet + Dr,miss| < 30 GeV
e Z — 77 veto (cf. Section 4.7.4)

e at least two identified jets

° A77jct,l X AnjctA,Q <0

e no additional jets with pp > 25 GeV (pr > 30 GeV)
2-jet channel inside |n] < 2.5 (2.5 < |n] < 3.2)

o An;; > 3.8

o mj; > 500 GeV

o [T = |1, 01 + Pr, e + PTjer,1 + T jet,2 + P, miss| < 30 GeV
e 7 — 77 veto (cf. Section 4.7.4)

o myy < 50 GeV if my < 200 GeV in the 0- and 1-jet channels

o myy < 80 GeV if my < 200 GeV in the 2-jet channel

e my; < 150 GeV if 200 GeV < mpy < 300 GeV

o Ay < 1.8 1if my < 200 GeV

Topological cuts

Table 4.4: Selection criteria of the cut-based analysis [28]. See the text for further
details.

4.7.2 Overtraining checks

The TMVA software provides a tool to check for overtraining, which automatically
compares the BDT response shape of the trained and classified samples. When the
BDT performance is affected by overtraining, the cause resides in a low number of
MC events, for which reason the tree growth has been based on statistical fluctua-
tions: applying the learned function to the second half of events (the odd-numbered
ones), results in a different shape of the BDT response. This can be checked per-
forming a Kolmogorov-Smirnov (KS) compatibility test between the response shape
of the even- and odd-numbered events. A KS value of xxg indicates that the prob-

ability of two distributions to come from the same parent distribution is P > xkg;
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the compatibility is considered acceptable if xxg > 5%.
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Figure 4.19: Distributions of the BDT response from the training (dots) and testing
(full areas) samples, for the signal (blue) and the background (red) components. A
Kolmogorov-Smirnov (KS) test has been perfomed, in order to assess their compat-
ibility, and the results are given in the plots. Shown are: (a) ee, uu 0-jet, (b) ee, pu
1-jet, (c) ep O-jet, (d) ep 1-jet.

Examples of these distributions can be seen in Fig. 4.19, for (a) ee, up 0-jet, (b)
ee, pp 1-jet, (c) ew O-jet and (d) ep 1-jet. The training and testing distributions are
compared: in most cases, the KS values are above 5%, and no large fluctuations are

observed, so the chosen training configuration can be considered satisfying.

4.7.3 Signal region in 0-jet

As explained above, loose cuts are applied to MC events before the training. Af-
terwards, in the classification step, the so-obtained BDT response is applied to the
odd-numbered events of all signal and background samples, and to the real data.
In this phase, more stringent cuts are performed, in order to define a signal region,
where the S/B ratio is maximal, and a set of control regions, in order to correctly as-

sess the normalization of the most important background components. The expected
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number of signal and background events, at each stage of the selection, is given in

Table 4.5, where, for completeness, also the 2-jet cut-based analysis is shown. Also

shown is the number of observed data events.

H + 0-jet Signal [125 GeV] ww WZ|ZZ|W~ tt tW/tb/tgb  Z/v* + jets W +jets Total Bkg. Obs.
Jet Veto 56.7+0.2 1273+ 79 97+4 174 +12 95+7 1039+ 28 21744 2893+ 115 | 2849
p{lf cut 47.7+0.2 1041+66 77+3 151+10 8446 4548 146 +3 1543+76 | 1559
myy < 80 GeV 474+0.2 557436 5143 604 40+3 377 98 £ 2 844439 862

H + 1-jet Signal [125 GeV] ww WZ|ZZ]W~ tt tW/th/tqb  Z/~* + jets W + jets Total Bkg. Obs.
1 jet 22.7+£0.1 343+54  56+3 1438+60 436+19 357 +17 85+3 2715+ 142 | 2706
b-jet veto 20.9+0.1 319450  52+3 412+18  139+7 332+ 16 76+£3 1330 £84 | 1369
|p&9t\ < 30 GeV 14.0+0.1 226 + 35 3442 181+£8 8044 108 £8 3742 666 £ 51 684
Z — TT veto 14.0+0.1 220+34  34+£2 173 +£8 TT+4 85+7 37+2 627 £+ 50 644
my < 80 GeV 13.9+0.1 110£17 22+£2 TT+3 40+£2 79+6 27+1 355 £28 374

H + 2-jet Signal [125 GeV] ww WZ|ZZ]W~ tt tW/tb/tgb  Z/v* +jets W +jets Total Bkg. Obs.
opp. hemispheres 42401 46+ 1 T+£1 149+3 21+1 32+3 9+1 264+5 269
|Ans| > 3.8 1.84+0.1 84404 0.9+£0.2 23.2+1.0 22+04 58+1.7 1.7£04 422421 40
mj; > 500 GeV 1.3+0.1 394+03 04+£0.1 104406 1.0+0.3 0.7+£04 0.9+0.3 17.3+£0.9 13
mee < 80 GeV 09+0.1 1.1+02 0.1+0.1 14402 04+0.1 02+0.2 0.2+0.2 32+04 2
Ay < 1.8 0.8+0.1 08+£0.1 0.1+£0.1 0.9+£0.2 0.1£0.1 negl. negl. 1.84+0.3 1

Control Regions || Signal [125 GeV] ww WZ|ZZ|W~ tt tW/th/tgb  Z/v* +jets W + jets Total Bkg. Obs.
WW 0-jet 0.28+0.03 47143 26+ 1 8742 4242 T2 4942 682+5 697
WW 1-jet 0.12+0.02 128 +£2 12+1 8942 34+2 9+2 11+1 28244 270
Top 1-jet 1.16+0.03 20+1 1.94+0.5 434+4 169+4 T2 4+1 635+6 676

Table 4.5: The expected numbers of signal and background events after the low-mass
requirements listed in the first column, as well as the observed numbers of events
in the data. The W+jets background is estimated entirely from the data, whereas
scale factors from control regions are used for the WW, Z/v*+jets and top-quark
processes. The contributions from the other backgrounds are taken directly from the
MC predictions. Only statistical uncertainties are shown. The same is also shown
in the control regions, but here no scale factors are applied.

In the 0-jet channel, the signal region (SR) is defined in the following way, after the

jet veto:
® pre > 45 GeV for ee, pu, pr e > 30 for ep,
o myy < 80 GeV if mpy < 200 GeV.

Cutting on prp g strongly reduces the Z/v* background, bringing the S/B ratio to
3%, where 2/3 of the total background are now constituted by WW. In the same-
flavour case, the cut is reinforced with respect to the one used for training. The
last cut is different for the BD'T and the cut-based low-mass analyses: whereas the
former cuts on myy < 80 GeV, the latter applies a tighter cut, my, < 50 GeV, and
afterwards an additional cut on A¢yy (cf. Table 4.4). At the end of the selection, the
S/B ratio is 5.6%, with the WW background still accounting for 66% of the total,
with respect to the beginning of the selection, 26% of the signal events survived,

while 99.97% of the background was rejected. 47 signal events are expected for a
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mp = 125 GeV Higgs boson, 3/4 of which come from the ey channel, which is
also driving the S/B ratio, as can be seen in Table 4.6. A total of B = 844 + 39
background events are expected, compatible with the observed number of events in
data (862), so that exclusion limits on the presence of a Higgs boson signal can be
set, with a fit to the BDT response shape. Fig. 4.20 shows the distributions of the
BDT response in the signal region for the 0-jet channel, for the individual lepton
flavours and their combination. Shown are the various background components, the

signal expectation for my = 125 GeV and the events found in the data.

Lepton Channels || 0-jet ee 0-jet pup 0-jet ep 1-jet ee 1-jet pp 1-jet ep

Total bkg. 106 £8 19016 549422 507 85+9 218 £17
Signal 44401 102+0.1 329402 1.60£0.04 3.294+0.05 9.0£0.1
Observed 95 220 547 51 88 235

Table 4.6: Expected and observed numbers of events, for each lepton channel, in the
signal region, before the final fit. Uncertainties on MC predictions are given by the
total normalization error.

The data appear to follow the shape of the predicted background-only shape, with
the first bin (-1.0,-0.8), i.e. the most background-like, being the most populated.
In this bin, the data show a slight overfluctuation over the MC prediction, partly
covered by the shaded uncertainty band: the fit can accomodate this excess floating
the background normalization. An overfluctuation can also be seen in the signal-
like region for the pp channel, compensated by a downward fluctuation in the ee
channel. As shown in the figure, the BDT response is divided into ten bins, of
which the rightmost one (0.8,1.0) is empty; in fact, it could be populated only
by events that got classified as signal-like in almost 100% of the tree splittings.
The WW background is evenly distributed across the ten bins, while the top-quark
backgrounds are classified mostly into the first bin, which means that their topologies
are easier to recognize for the BDT. The small fraction of Z/v*+jets events which
survives the selection is classified as signal-like; these events are, however, almost
absent in the ey channel, the most sensitive. This, on the other hand, is polluted by
a significant contribution of W-jets events, which are particularly tricky to handle
since their BD'T response has almost the same shape as the signal one, and a yield
which is double in size. Only a few signal events have got a low BDT response
(BDT < —0.2).

What has been described up to now, holds for low-mass signal hypotheses; since
for each mass point a dedicated training is performed, the BDT response changes

as a function of the mass, as illustrated in Fig. 4.21 for a few examples (mpy =



Search for the H — WW® Decay Using a Multivariate Analysis 109

N ] N 3
s ATLAS Internal ~ + oan 2w s osay | s 9 ATLAS Internal < oma s s |
L2500 A B ww [ wZzzwy ] 2 g0 A I ww [ wzzziwy B
S V=7 TeV,IL dt=4.71 Ol Ddsngetop ] S V=7 TeV,IL dt=4.716 Ol Ddsngetop 7
> . ) B Z+ets [ Wets ] > 70 o ) B Z+ets [ Wets B
'-”400 H - WW'' - Iviv +0 jet © CiH [125]x10 i w H - WW' - evev +0 jet © CiH [125]x10 B
] 60 =

300 3 50 E

] 40, E

200888 . ] 30 =

Y N q 3

4 2 . —

100 I 0 . :

] 10 E

0 o B ] m_____________; __________ || —— 3
-1 -08 -06 -04-02 0 02 04 06 08 1 -1 -08 -06 -04-02 0 02 04 06 08 1
BDT Output BDT Output

(a) (b)

~ — T T T ~ R N R o
S160 ATLAS Internal - Data £ZSM (s T 9300 ATLAS Internal < Data #£SM(ys Do)
2 | ww [l WwZ/zzwy 1 2 W ww Bl wzizziwy ]
£140 Vs=7 TeV,IL dt=4.71b" O DEsSngetop ] S \5=7 TeV,IL dt=4.7 fo" O  DISngetop ]
s . B Z+jets [0 Wets ] 2250 . B Z+jets [0 Wets 1
w H - ww - pvpy + 0 jet CTiH[125)x10 ] w H - ww” . evpy + 0 jet T SH[125)x10 E
E 200 -

E 150 E

E 100 E

E 50 P .-

EEEE I=EEE ;  E—— R [T T, o s AT T O B ]
-1 -08 -06 -04 -02 0 02 04 06 08 1 ql -0.8 -06 -04 -02 0 02 04 06 08 1
BDT Output BDT Output

(c) (d)

Figure 4.20: Distributions of the BDT response in the data and in the MC simulation,
after all selection cuts, in the 0-jet channel. The plots show (a) ¢, (b) ee, (c) ppu,
(d) ew. The signal contribution for my = 125 GeV has been multiplied by a factor
of ten for better visibility. All backgrounds are normalized as in Table 4.5.

125, 400, 600 GeV). In these plots, the distributions are shown in five bins and the
leftmost bin has been scaled down by 0.1 for better visibility, while for masses other
than 125 GeV, the signal has been multiplied by ten, to cope with its decreasing rate.
It can be recognized that, as the mass increases, it gets more and more difficult for
the BDT to discriminate between the signal and the background hypotheses, since
the boost of the WW system breaks the spin correlations between the leptons; for

this reason, more and more signal events get classified as background-like.

4.7.4 Signal region in 1-jet

In the 1-jet channel, after the requirement for one identified jet, additional cuts are

applied:

e b-jet veto: the identified jet cannot be b-tagged, i.e. its b-tag weight cannot
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Figure 4.21: Distributions of the BDT response in real data and in MC simulation,
in the signal region after all selection cuts, in the 0-jet channel, for three mass
hypotheses: (a) myg = 125 GeV, (b) my = 400 GeV, (¢) my = 600 GeV. In the
second and third cases, the signal contribution has been multiplied by a factor of
ten for better visibility, while in all cases the first bin has been scaled down by 0.1.

The difference in the background shape is caused by the fact that each mass point
is trained independently.

exceed -1.25 (corresponding to a working point of 80% efficiency for b-jets
identification in MC, see Section 4.4.6),

o prror < 30 GeV,
e 7 — 77 veto: the event is discarded if |m,, — mz| < 25 GeV,
o myy < 80 GeV if myg < 200 GeV.

All cuts are in common with the cut-based selection, apart from the my, threshold
(cf. Table 4.4). The corresponding number of signal and background events can be
seen in Table 4.5, at each stage of the selection, together with the number of the
observed events in data. As expected, the b-tag veto rejects most of the top-quark

backgrounds (namely 70%), thus halving the total background. Then, a cut on the
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total transverse momentum of the event is applied, defined as:

DT, TOT = DT, ¢, + DT, 0, + DT, jet + DT, miss

in order to veto the presence of additional soft jets, which may be present in the event
but fail the jet identification criteria. Basically all backgrounds are reduced by this
requirement, halving again the total yield; also the signal is affected. Afterwards,
in order to explicitily remove the remaining Z/v*+jets events, which at this point
are mostly given by Z — 77 decays, a Z — 77 veto is applied, requiring the mass
of the hypothetical 77 system not to be within 25 GeV from the mz mass. Under
the hypotheses that the two leptons are 7 decay products, that the two neutrinos
are collinear with the leptons (collinear approximation [217|) and that there is no
other source of missing transverse energy, the 77 invariant mass is computed as
Mrr = Mg/ \/Z1x2, where x1 2 are the energy fractions carried by the visible decay
products of the two 7 leptons, and are given by x12 = pyis 1,2/ (Pvis,1 + Dvis,2) [218].
These energy fractions have to be in the range (0,1) for the veto to apply. This cut
rejects around 20% of the Z/v* background. Finally, the same cut on the dilepton

invariant mass as in the 0-jet analysis is applied.

At the end of the selection, the S/B ratio is 3.9%, while it used to be 0.8% after
the 1-jet requirement; 14 signal events are expected for mpy = 125 GeV, together with
355 events for the total background; the relative uncertainty on the total background
is £8%, larger than in the 0-jet case (where it is £4.6%). 374 events are observed
in the data. As noticed already for the 0-jet result, most of the candidates belong
to the eu category, as can be seen in Table 4.6. Fig. 4.22 shows the distributions of
the BDT response in the signal region for the 1-jet channel, for the individual lepton
flavours and their combination. Shown are the various background components, the
signal expectation for mg = 125 GeV and the events found in the data. Five bins
are used here, as done in the fit. The data and the MC predictions appear to be
in good agreement. Contrarily to the 0-jet case, here the leftmost bin is found to
have a ratio between the data and the MC prediction close to unity; on the other
hand, a similar situation arises for the signal-like region, showing slight fluctuations,

downwards for ee and upwards for pu.

Fig. 4.23 shows how the BDT response changes in shape when going to higher
Higgs boson masses. As in the 0-jet case, increasing my causes the classified events

to shift to the left side, with a worsening of the S/B discrimination.
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Figure 4.22: Distributions of the BDT response in the data and in the MC simulation,
after all selection cuts, in the 1-jet channel. The plots show (a) ¢, (b) ee, (c) uu,
(d) eu. The signal contribution for my = 125 GeV has been multiplied by a factor
of ten for better visibility. All backgrounds are normalized as in Table 4.5.

4.7.5 WIW control region in 0-jet

In the 0-jet channel, the normalization of the WW background is fixed to the data
by means of a dedicated control region. This is defined applying all cuts up to the
last myy requirement and inverting it(®) (mg > 80 GeV).

As can be seen again in Table 4.5, the WW background dominates in its CR
as expected, with some contributions from the top-quark backgrounds. The nor-
malization factor, ayw, is estimated as the ratio between WWgaia and WWhyc,

where the latter is simply the MC prediction, while the former is obtained sub-

5In the cut-based analysis, where it holds mg, < 50 GeV for the signal region and mys > 80 GeV
for the WW control region, the two regions are not adjacent, requiring a careful investigation of
the theoretical uncertainties on the extrapolation factors. In this analysis, on the other hand, since
cuts are relaxed (no A¢y, and no mr cuts are used in the signal region), the two regions are defined
as adjacent and no extrapolation uncertainty is considered.
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Figure 4.23: Distributions of the BDT response in real data and in MC simulation,
in the 1-jet signal region after all selection cuts, for three mass hypotheses: (a) myg =
125 GeV, (b) mg = 400 GeV, (c) my = 600 GeV. In the second and third cases, the
signal contribution has been multiplied by a factor of ten for better visibility, while in
all cases the first bin has been scaled down by 0.1. The difference in the background
shape is caused by the fact that each mass point is trained independently.

tracting from the data the sum of all backgrounds except WW itself: the result is
aww = 1.03 £ 0.06, in agreement with the cut-based value of a%}’W = 1.05 + 0.06.

The normalization obtained in the fit to the BDT response, which can be found in
Table I.1, is 1.01 4 0.04.

Even if the BDT response is actually fed into the limit setting machinery as a
single bin, it is instructive to look at the shape of the BDT response also in the
control regions, as shown in Fig. 4.24 for the individual lepton flavours and their
combination. All events are squeezed to the leftmost bins, with no event beyond
-0.8. This can be interpreted as a good performance of the BDT algorithm, which is
able to correctly identify all events as very background-like, given their orthogonal
topology with respect to the signal. For what concerns the high-mass analysis, as
already explained, no signal-free control region can be identified, thus the WW

contribution is taken directly from the MC prediction.
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Figure 4.24: Distributions of the BDT response in the data and in the MC simulation,
in the 0-jet WW control region. The plots show (a) ¢/, (b) ee, (¢) pp, (d) ep. The
signal contribution for my = 125 GeV has been multiplied by a factor of ten for
better visibility. All backgrounds are normalized as in Table 4.5, except the WW
one, which corresponds to the pure MC prediction.

4.7.6 WIW control region in 1-jet

Similarly to the 0-jet channel, also in the 1-jet channel the WW background is
normalized to the data by means of a dedicated control region, which is obtained by
inverting the last myy requirement. The pollution from the top-quark backgrounds
is more severe in this case, such that the WW events account for less than half of the
total (see Table 4.5). The WW contributions observed in the data and predicted by
the MC simulation appear to be in very good agreement with each other (127 and 128
events, respectively), so that the « factor is compatible with 1 (apw = 0.99£0.15),
while the cut-based analysis finds Oé%/iPW = 0.95 £ 0.14. The normalization obtained
in the fit to the BDT response, which can be found in Table 1.1, is 1.19 4+ 0.22. As
for the 0-jet case, the BDT response, shown in Fig. 4.25, is squeezed to the left; the
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large shaded bands reflect the non negligible size of the total uncertainties. Finally,

also in 1-jet no WW CR is used for the high-mass analysis.
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Figure 4.25: Distributions of the BDT response in the data and in the MC simulation,
in the 1-jet WW control region. The plots show (a) ¢/, (b) ee, (¢) pp, (d) en. The
signal contribution for my = 125 GeV has been multiplied by a factor of ten for
better visibility. All backgrounds are normalized as in Table 4.5, except the WW
one, which corresponds to the pure MC prediction.

4.7.7 Top-quark control region in 1-jet

For the 1-jet channel only, where it is most abundant, the top-quark background is
normalized by means of a dedicated control region. All cuts are applied as for the
signal region, apart from the b-tag veto which is reversed, i.e. the identified jet must
be a b-jet; moreover, the final my, cut, specific to the signal topology, is not applied.
As shown in Table 4.5, a high purity is reached for this region; the contributions
estimated in the data and in the MC agree closely with each other (603 and 602

events, respectively); the normalization obtained in the fit to the BDT response,
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which can be found in Table 1.1, is 1.03 % 0.06.

Fig. 4.26 shows the distributions of the BDT response in this region, in five
bins and with the first bin scaled down by 0.1. Even if, in this case, the events are
distributed across the whole range and not squeezed to the left as for the WW control
region, the good agreement between the data and the MC expectation indicates that

the background-like data events are being correctly classified by the algorithm.
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Figure 4.26: Distributions of the BDT response in the data and in the MC simulation,
in the 1-jet top-quark control region. The plots show (a) ¢, (b) ee, (c¢) pu, (d) epu.
The signal contribution for mpy = 125 GeV has been multiplied by a factor of ten
for better visibility. All backgrounds are normalized as in Table 4.5, except the
top-quark backgrounds, which correspond to the pure MC prediction.
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4.8 Background estimation

Whereas a dedicated control region is not present, the background estimation is a
mixture of MC predictions and data-driven samples, following mostly the cut-based
approach. In the following, the backgrounds for which a data-driven or pseudo data-

driven technique is employed are described; the others rely on pure MC predictions.

4.8.1 Top-quark backgrounds in 0-jet

While in 1-jet the top-quark background is estimated in its control region, as dis-
cussed in Section 4.7.7, in 0-jet it is not possible to define a background-enriched
region, since there is no identified jet to tag as b-jet. In fact, the residual top-quark
background comnsists mostly of events whose b-jets have either failed to be recon-
structed as such, or have not passed the pp threshold. To correct the pure MC
prediction, then, the estimation of the jet veto efficiency is needed. This is done

iss

55 requirement (background-subtracted

scaling the number of ¢ events after the Er
data) to their number in the 0-jet signal region. This scale factor is taken to be
the square of the efficiency for one top-quark decay to satisfy the jet veto, efficiency
which is estimated from another top-quark control sample enriched in b-jets, and
which is corrected for the subleading contribution of single top-quark decays.
Top-quark events have to be rescaled through this jet veto efficiency by about 4%,
the data-driven scale factor being ozg(;j;t = 1.04+0.07 (stat) = 0.17 (sys), combining
the lepton channels together. This estimation is taken directly from the cut-based

analysis [28| (the approximation is good enough given its uncertainty).

4.8.2 Z/v*+jets background

The Z/~*-+jets background is estimated, both in the 0- and 1-jet channels, correcting

miss

the MC prediction by means of an E7"* mismodelling factor, accounting for the fact
that this background can pollute the signal region only because of fake E{F“iss. The
mismodelling factors are obtained comparing the data and the MC prediction in a
two-dimensional plane (1, E%ifgl), where myy is inside or outside a 10 GeV window
from my, for each lepton flavour separately. This method is similar but less complex

than the ABCD method employed by the cut-based analysis [28].

4.8.3 W+jets background

The W-jets contribution in the signal region derives from misidentification of jets
as leptons, with the other lepton being the real one from the W decay. The misiden-

tification rate needs to be estimated in data; to this extent, a data-driven technique



118 4.8. Background estimation

has been developed in the context of the cut-based analysis, as described in the

following. The number of W-+jets events in the SR is given by:

. . \SR . \CR . \CR identified leptons 49"
(W-tjets)>™ = (Wjets) ™ x fake factor = (W-jets)™~ x

anti-identified leptons

where (W-+jets)“® is computed in a data control sample, while the fake factor uses
an inclusive dijet sample. For the former, the control sample is defined as having
one identified lepton, as in the main analysis, and one anti-identified lepton which
satisfies only a loosened set of criteria, but fails the standard ones (as defined in
Sections 4.4.4 and 4.4.5), as normally happens for a jet faking a lepton. The loosened

criteria are:
e for electrons:

— standard pr and 7 requirements,

— standard cut on the longitudinal impact parameter, |zg| < 1 mm,
— no cut on the transverse impact parameter significance, |dy/o(dp)],
— standard track isolation p$"¢/pr < 0.13,

— loosened calorimeter isolation E$"¢/pr < 0.3,
e for muons:

— standard pr, n and track quality requirements,

— standard cut on the longitudinal impact parameter, |z9| < 1 mm,
— no cut on the transverse impact parameter significance, |dy/o(dp)],
— no cut on track isolation,

— loosened calorimeter isolation ES"¢/pr < 0.3.

Afterwards, the same selection criteria as in the cut-based signal region are applied
(the BDT analysis relies on the cut-based estimation, whose uncertainty is large
enough to cope with possible differences [28]).

The fake factor, on the other hand, is estimated using an inclusive dijet sample;
it is given by the ratio between the number of fully identified and anti-identified
lepton candidates, in bins of pr of the anti-identified lepton. From the dijet sample,
the contamination from W and Z decays is removed imposing specific cuts, while
that from W~ and W~* is subtracted using the MC prediction.

Table 4.7 shows the number of W+jets in the signal region and in the control
sample, for the individual lepton channels and jet numbers. It can be seen that

the electron and muon fake factors, on average 0.01 and 0.1, respectively, differ
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significantly; this is due, on one hand, to the different rate of jets to fake electrons
and muons, on the other hand to the different probability for the jet to pass the

anti-identification criteria for electrons and for muons.

Region H ee el o
H + 0 jet

W+jets control | 86.049.8(stat) 219 +15.6(stat) 5.74 £ 2.65(stat)

Signal 0.87 4 0.10(stat)£0.10(sys)  2.81 & 0.43(stat)£1.22(sys) 1.0 = 0.45(stat)£0.45(sys)
H + 1 jet

Wtjets control || 15.10 £ 4.24(stat) 54.80 + 8.00(stat) 0.70 £ 1.00(stat)

Signal 0.12 4 0.04(stat)£0.05(sys)  0.51 & 0.21(stat)£0.17(sys)  0.15 = 0.20(stat)£0.02(sys)

Table 4.7: Number of W+jets events predicted in the W-+jets control sample and
in the cut-based signal region, for the individual lepton channels and jet bins [28].
The control sample is defined reverting the quality criteria for one of the leptons
(anti-identification) as explained in the text.

This data-driven estimation also includes implicitely contributions from the multi-
jet background, for which both leptons are faked by jets. For this reason, and since
the isolation and quality criteria on the lepton identification make this background

negligible, as noted above, this contribution is ignored in the signal region.

4.9 Systematic uncertainties

In general, the systematic uncertainties, both from experimental and theoretical
sources, are taken into account in the analysis computing the relative change in
the number of selected events that they induce; the change in normalization can be

expressed as:

‘Nnom - Nsys up’ S o |Nnom - Nsys down|
N ) down — N,
nom nom

5up = (47)
where the label “nom” refers to the nominal yield, while “sys up” and “down” are the
variations which are typically obtained shifting the systematic upwards and down-
wards of 1o, respectively. For each variation, the BDT classification is performed
again, using the nominal training. The normalization uncertainties are used as nui-

sance parameters in the limit extraction procedure.

A few systematic uncertainties induce also a substantial change in shape in the
BDT response; for these, the shape variation is taken into account besides the nor-

malization one.
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4.9.1 Experimental uncertainties

Systematic uncertainties are associated with every step of the lepton reconstruction
and identification, with the missing Fp measurement, with the jet calibration and
tagging procedures, with the trigger and the luminosity estimation.

The efficiency-related systematic uncertainties, such as b-tagging efficiency, in-
duce only a change in the MC event weight; in this case, the nominal BDT response
is reweighted up and down, without reclassifying the events, and the corresponding
systematic is treated as a shape uncertainty.

Table 4.10 summarizes the treatment of experimental systematic uncertainties,
indicating also if a shape component is present. Additional details on jet-, lepton-
and missing Ep-related systematic uncertainties are given in the following. The
names in parentheses correspond to the names of the nuisance parameters as pre-
sented in Table 4.10.

Moreover, an uncertainty of +3.9% is assigned to the integrated luminosity
(£3.9% is the standard value for ATLAS analyses before the publication of the
final recommendation for the /s = 7 TeV dataset, which is £3.7% [215]).

Jet systematic uncertainties

The main experimental systematic uncertainty is the jet energy scale (JES) one. As
briefly discussed in Section 3.3.5, jets are reconstructed at the EM scale, as measured
by the calorimeters. The EM scale energy does not account for calorimeter non-
compensation, leakage, dead material, inefficiencies. The goal of the JES calibration
[180] is to correct the jet energies and momenta, using as a reference the kinematics
of the corresponding Monte Carlo truth jets, in bins of pr and 7. Uncertainties on,
e.g., the dead material budget, the noise description and the beam spot position form
the corresponding JES uncertainty, which varies from +14% to +2% as a function
of jet transverse momenta and pseudorapidities, for jets with pr > 25 GeV and
In| < 4.5. In particular, it is at most £4% for central jets. Pile-up effects have to
be taken into account separately; their contribution is less than +5% in all bins.

Also the uncertainty on the jet energy resolution (JER), o(pr)/pr, has to be
taken into account; it is obtained via in-situ techniques and is found to vary between
+5% and +2% [181].

Finally, a shape systematic is added on the b-tagging procedure [219], with vari-
ations with respect to the nominal case ranging between +5% and +14%. Besides
the b-tagging efficiency (B_EFF), the same algorithm provides also uncertainties
for c-tagging (C_EFF) and for misidentification of light jets (L _EFF); both are

treated as shape systematic uncertainties.
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Figure 4.27: Variations in the BDT response shape due to the jet-related systematic
uncertainties (JES, JER, b-tagging efficiency). The samples shown are: (a) the Higgs
boson signal (gluon-fusion production mode) in 0-jet, (b) the WW background in
0-jet, (c) the top-quark backgrounds in 1-jet. In the latter two cases, the first bin is
scaled down by a factor 0.1 for better visibility. In each plot, the top frame shows
the overlay of the nominal shape with the systematic variations, while the bottom
frame shows the ratio with respect to the nominal.

Fig. 4.27 shows the impact on the BDT response of the various jet systematic un-
certainties, for the ggF Higgs boson signal and the W W and top-quark backgrounds.
For the other backgrounds, given the limited number of MC events, variations are
not significant. For the signal and the WW background, plots are shown in the 0-jet
channel, while for the top-quark backgrounds in the 1-jet channel; in all cases, the
lepton flavours have been combined. It can be seen that the largest variations with

respect to the nominal shape are due to JES, especially for the top-quark samples.

Lepton systematic uncertainties

The lepton systematic uncertainties are related to the uncertainties on their selection
efficiency, energy scale and resolution.

For electrons, the selection efficiency includes multiple effects, as discussed in
Section 3.3.3. Contributions from identification, reconstruction and isolation are
added in quadrature [220,221]; the identification has an uncertainty up to £8% in
the low-pr range, but within +1% for pr > 30 GeV, while the reconstruction and
isolation uncertainties are less than £1% for pr > 15 GeV. All together, including
also a trigger uncertainty of about £1%, the electron efficiency uncertainty (E_EFF)



122 4.9. Systematic uncertainties

ranges between +2% and +5%, as a function of py and 7. The electron energy scale
(E_SCALE) and resolution (E_RES) systematic uncertainties are negligible, being
smaller than +1% each.
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Figure 4.28: Variations in the BDT response shape due to the electron-related
systematic uncertainties (efficiency, energy scale, energy resolution). The samples
shown are: (a) the Higgs boson signal (gluon-fusion production mode) in 0-jet, (b)
the WW background in 0-jet, (¢) the top-quark backgrounds in 1-jet. In the latter
two cases, the first bin is scaled down by a factor 0.1 for better visibility. In each
plot, the top frame shows the overlay of the nominal shape with the systematic
variations, while the bottom frame shows the ratio with respect to the nominal.

For muons [222,223|, the same considerations bring to a selection efficiency system-
atic (M__EFF) within £1% on the whole pr and 7 ranges, and to a momentum scale
(M_SCALE) and resolution systematic uncertainties also smaller than £1%. Con-
cerning resolution, two independent effects have been implemented, one accounting
for track resolution in the Inner Detector (ID RES), the other in the Muon Spec-
trometer (MS_RES).

Figs. 4.28 and 4.29 show the impact on the BDT response of the various electron
and muon systematic uncertainties, respectively, for the Higgs boson signal (in 0-jet)
and the WW (in 0-jet) and top-quark (in 1-jet) backgrounds, with the lepton flavours
combined. It can be seen that the induced distortion of the BDT shape is very small
for the signal sample and the WW background, and inside 10% for the top-quark

backgrounds.



Search for the H — WW® Decay Using a Multivariate Analysis 123

Syst variation wrt nominal for Ojet Syst variation wrt nominal for Ojet w/ bin1 x 0.1 Syst variation wrt nominal for 1jet w/ bin1 x 0.1
2 2 2
g § 1001 g
& 5] & & 40
I
—
Muon syst 50 4 Muon syst Muon syst —_—
109 - ID (down) ~4-{ID (up) -¥- ID (down) ~4 1D (up) 20 -¥- ID (down) ~4 1D (up)

-¥- MS (dow: MS (up) ¥ MS (down) - MS (up ¥ MS (down) — MS (up)
Eff (down) —4 Eff (up) Eff (down) —4 Eff (up) Eff (down) —4 Eff (up)
ale (up, -k Scale (up) -4 Scale (up)

K] B B
£ £ £
£ € €
211 211 2 11
s H H
o o o
g 1 o *#* g 1 g1 fi‘f
A — " e —
0.9 0.9 0.9 e =
-1 05 0 0.5 1 -1 05 0 0.5 1 -1 05 0 0.5 1
BDT output BDT output BDT output
(a) Higgs ggF (b) WwW (c) top-quark

Figure 4.29: Variations in the BDT response shape due to muon-related systematic
uncertainties (efficiency, energy scale, ID resolution, MS resolution). The samples
shown are: (a) the Higgs boson signal (gluon-fusion production mode) in 0-jet, (b)
the WW background in 0-jet, (c) the top-quark backgrounds in 1-jet. In the latter
two cases, the first bin is scaled down by a factor 0.1 for better visibility. In each
plot, the top frame shows the overlay of the nominal shape with the systematic
variations, while the bottom frame shows the ratio with respect to the nominal.

Missing Er systematic uncertainties

The main systematic uncertainties on the missing transverse energy (the CLUSTER
term) include the propagation of the lepton and jet energy scale uncertainties, and
the effects of sub-threshold jets and of soft calorimeter depositions not associated
with reconstructed physics objects [224]. The variation induced on the total back-
ground yield goes from +1% to £8%. Pile-up effects on missing Ep are taken into
account separately (PILEUP), varying the pile-up modelling; the impact on the
background yield ranges in this case between +£1% and +5%.

Fig. 4.30 shows the effect on the BDT response of the missing Er systematic
uncertainties, for the Higgs boson signal (in 0-jet) and the WW (in 0-jet) and top-
quark (in 1-jet) backgrounds, with the lepton flavours combined. As before, the
induced distortions of the BDT shape are very small for the signal sample and the

WW background, larger for the top-quark backgrounds.

4.9.2 Theoretical uncertainties

The main sources of theoretical systematic uncertainties include underlying event
(UE) modelling, initial and final state radiation (ISR/FSR), renormalization and
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Figure 4.30: Variations in the BDT response shape due to the missing Er-related
systematic uncertainties (the cluster and pile-up terms). The samples shown are:
(a) the Higgs boson signal (gluon-fusion production mode) in 0-jet, (b) the WW
background in 0-jet, (c) the top-quark backgrounds in 1-jet. In the latter two cases,
the first bin is scaled down by a factor 0.1 for better visibility. In each plot, the top
frame shows the overlay of the nominal shape with the systematic variations, while
the bottom frame shows the ratio with respect to the nominal.

factorization scales, MC modelling and PDFs. They are listed in Table 4.10 after
the experimental ones.

For what concerns the uncertainties on the signal production cross section, they
are determined following the prescriptions in Refs. [87,225]. The main contribution
is obtained varying the QCD renormalization and factorization scales up and down
by a factor of two (g, ur = mp/2,2mp). Independent results are obtained for the
uncertainty on the ggF cross section with 0, > 1 or > 2 jets in the final state: as
summarized in Table 4.8, for the 0-jet channel uncertainties range from +25% at low
and intermediate masses, to £47% at high masses. For the 2-jet cut-based analysis,
the impact of the QCD scale variations is computed also on the VBF cross section,
resulting in an additional 5% term over the whole mass range; this also includes
the impact of the uncertainty on the third jet veto requirement.

For masses above 300 GeV, where the width of the Higgs boson starts to be larger
than 10 GeV, the uncertainty on the description of the Higgs boson lineshape, as im-
plemented in the POWHEG generator, is also taken into account. It is added in quadra-
ture for both the ggF and VBF processes, and amounts to 150% x (my /1 TeV)3.

The profile of the Higgs boson pr spectrum is reweighted from the POWHEG pre-
diction to the HqT one, which includes a NLO fixed order calculation and NNLL
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H mpg = 125 GeV, mpg = 240 GeV | myg = 600 GeV

QCD scales up, ip

0-jet analysis +25% +47%
1-jet analysis +37% +43%
2-jet analysis (ggF) +25% +25%
2-jet analysis (VBF) +5% +6%
Higgs boson lineshape 150% x (mg/1 TeV)?

PDF uncertainties

ggF +8% +8%
VBF +2% +4%

Table 4.8: Theoretical relative uncertainties on the MC yields for the ggF and VBF
signal processes, at low, intermediate and high Higgs boson masses [28].

resummation. The reweighting needs to be taken into account because it is expected
to change the lepton kinematics and the number of jets.

The PDF uncertainties are estimated by the variation associated with their error
sets, added to the variation across different sets, independently for the gluon-gluon,
gluon-quark and quark-quark initiated processes; the relative uncertainty for the
ggF term amounts to £8%, while for VBF no extra term is required.

For what concerns the MC modelling, the accuracy of the signal prediction is
checked comparing the baseline generator, POWHEG, to an alternative one, namely
MCONLO; the corresponding systematic uncertainty is labelled as “UEPS” (see Table
4.10) since it includes the effects of different models for the underlying event (UE)
and the parton shower (PS). Also the uncertainty on the modelling of the background
processes is estimated by alternative generators: ALPGEN for the WW production,
POWHEG for t¢, PYTHIA for the Z/v* + 2 jets process. All uncertainties for ¢t are

assumed to be the same also for the subleading single top-quark component.

4.9.3 Uncertainties from data-driven methods and control regions

Some additional systematic uncertainties arise from the usage of data-driven meth-
ods, pseudo data-driven methods and control regions. They affect, respectively, the
Wtjets, Z/v*+jets, WW and tt backgrounds.

The uncertainty on the data-driven estimation of the W-jets background is
rather consistent, accounting for £50% in the signal region. Its components include
the difference in jet composition between the dijet sample used to estimate the fake

factor and the actual W +jets background, the impact of the limited number of events
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in the data sample used to define the corresponding control region ((W-+jets)“®, see
Section 4.8.3) and the contamination in real leptons from W and Z decays. A pair
of systematic ntuples is obtained shifting the fake rate upwards and downwards (of a
quantity which has the loose meaning of “10”); after running the BDT classification,
their difference to the nominal sample is used as a shape uncertainty on the BDT
response (Fake Rate). The size of this systematic uncertainty limits the accuracy
of the whole analysis, especially given the fact that, at the end of the selection, the
W +jets yield is double the signal yield (see Table 4.5), with a very similar shape.

Concerning the Z/v*+jets background, only a statistical uncertainty is assigned
on the extraction of the mismodelling scale factors (Z_SCALEF), for each channel
independently (see Appendix I).

The WW and tt backgrounds are obtained from control regions (for WW, only
if my < 200 GeV), as explained in Section 4.7; the theoretical error on the Qi
factors has to be evaluated, while the experimental one is negligible. For WW |
some of the diagrams and off-shell spin correlations are missing from the MCONLO
implementation, while they are included in the MCFM one. Small differences between
the two computations result in different lepton kinematics (mygy in particular), thus
in differences in aypw, yielding a(MCONLO)/(MCFM) = 0.980 £ 0.015, with the error
being purely statistical; a conservative estimate of +3.5% is used in the analysis.
Further uncertainties on « are obtained using different PDF sets and varying the
QCD scales, both for the main gq, qg initiated processes and the gg component; the
results are summarized in Table 4.9.

The total pre-fit(%) uncertainties on the WW background in the signal region
amount to £9% in 0-jets, dominated by the statistical term, and to £22% in 1-jet,
dominated by the contamination of ¢f events in the WWW CR.

Finally, the total uncertainties on the ¢¢ background in the signal region are
larger, being +23% and +40% in the 1- and 2-jets channels, respectively. They
are driven by the uncertainty on the b-tagging efficiency, used to define both the
signal and the control region. For the 0-jet bin, a +22% error is assigned to the t¢

estimation.

4.10 Statistical model and fit procedure

At the end of the selection, as detailed in Section 4.7, the number of events in real
data has to be compared with the sum of the signal and background events, in order

to establish limits on opeas/0sn (M), namely the measured cross section for the

SHere and in the following, “pre-fit” refers to values computed before performing the fit, while
“post-fit” to the final results, taking into account all systematic uncertainties.



Search for the H — WW® Decay Using a Multivariate Analysis 127

QCD scales | PDFs | Modelling
9,49, a%w 2.5% | 3.7% 3.5%
49,99, i 4% | 2.9% | 3.5%
99, Wy 6% | 4.4% -
99, iy 9% | 4.6% -

Table 4.9: Uncertainties on apw from various sources: QCD scales (ug,purp =
m/2,2myr), different PDF prescriptions and MC modelling. The relative uncer-
tainties are reported for both the main gq, ¢g initiated processes and the gg compo-
nent.

production of a Higgs boson of mass my, in units of the corresponding theoretical
SM cross section.

To exploit the full power of the BDT technique, the limit extraction takes ad-
vantage of the classification into signal-like and background-like events, through a
shape fit to the BDT response. As anticipated in the previous Sections, in the low-
mass case shapes are binned into ten and five bins, for the 0- and 1-jet channels,
respectively, while for high-mass 20 bins are used and a remapping is performed, as
discussed in Section 4.10.1. For comparison, the cut-based analysis uses five, three
and one bin, for 0-, 1- and 2-jet channels, respectively. Normalizations from control
regions are always estimated via a single-bin fit.

All systematic uncertainties — due to the limited number of MC events, to the
experimental effects and to the theoretical approximations — are taken into account
in the form of nuisance parameters. The fit is performed into 18 categories: three
lepton flavours (ee, upu, ep), three jet channels (0, 1, 2 or more jets), two data-taking
periods (BK, LM). The 2-jet likelihood function is taken from the cut-based analysis
and multiplied to the 0-jet and 1-jet BDT ones to get the final combined result. The
likelihood is built using the HistFactory framework [226], implemented in ROOT,
and the final results are extracted by means of the common RooStats and RooFit
tools [227].

4.10.1 Remapping

Since, as shown later, the likelihood function is built as a product on independent
bins, the latter can be resorted without any bias to the final result. It is useful to

remap the BDT response, in a way that empty bins are removed, in order to improve



128 4.10. Statistical model and fit procedure

the stability of the fit convergence. In particular, the low number of MC events can

generate a troublesome bin looking like:
S#0,B =0, data # 0

which would induce a spuriously large result for the likelihood. Too pronounced bin-
to-bin fluctuations, moreover, can cause the fit to be highly unstable. A solution to
instabilities resides in dynamically changing the bin size in such a way that the total
background is uniformly distributed across the bins. This reduces the impact of the
MC statistical fluctuations, without losing the signal shape information. However,
this is done in the cut-based analysis, but not in the BDT analysis. As shown
already, at low-mass the BDT response is distributed between -1 and ~ 0.8, without
discontinuities (on the contrary, mp, the variable fitted in the cut-based analysis,
peaks close to my and then tapers off in the tails), so there are no severe fluctuation
problems to cure. Moreover, given the fact that the BDT algorithm classifies events
as signal-like or background-like, and one is interested in the shapes of both the
signal and the background, remapping the background to be flat means losing this
essential information. For these reasons, the final version of the BDT analysis for
Vs = 7 TeV data does not use remapping at low-mass. Fig. 4.31 shows a few
typical examples of the BDT response, in various channels and jet categories, with
(a,b) and without (¢,d) the remapping applied. The corresponding improvement in
the CL; limit on opyeas/0sy (see Section 4.10.4) is on average between 10% and 20%
for increasing mp, when dropping the remapping procedure.

In the high-mass range, on the other hand, the BDT response shrinks more and more
to the left side as myy increases; this can create a tail on the right side, giving rise to
a similar situation to the one described for mz. In particular, a discontuinity in the
expected exclusion limit is found for mpy = 380 GeV, as a result of MC statistical
fluctuations. To avoid this, a remapping is performed for my > 200 GeV, such that
the first, leftmost bin contains exactly half of the total background events, while
the remaining half is evenly distributed across 19 bins, up to BDT = 1. The signal
events and the real data, on the other hand, are left free to adjust themselves on
the so obtained bin pattern. The effect of this procedure can be seen in Fig. 4.32
where the BDT response for the eu 1-jet channel (the source of the above mentioned
discontinuity) is shown before and after remapping. Having 20 remapped bins in
the high-mass signal region, gives to the analysis stability and improved sensitivity

at the same time.
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Figure 4.31: Distributions of the BDT response, in various lepton channels and jet
numbers, before (a,b) and after (c,d) dropping the remapping procedure. The latter
is designed in a way that the total background is evenly distributed across the bins,
while the signal and the data are left free to adjust themselves on the so-obtained
bin pattern. While, with the remapping applied, the signal is constrained to cover
only a few bins, after dropping it, the signal spans a wider range and its shape can
be fully exploited.
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Figure 4.32: Distributions of the BDT response in the ey 1-jet channel (period LM
only), before (a) and after (b) the high-mass remapping strategy described in Section
4.10.1.
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4.10.2 Construction of the likelihood function

The likelihood function is the basic building block of any statistical analysis, since

it contains all analysis details in a compact form. Its basic form is the following:
L(p) = P(N | pS + B) (4.8)

where N is the observed number of events, while S and B are the expected numbers
of signal and background events, respectively. The signal strength is given by p,
which is the parameter of interest (POI), to be fitted in a way that g = (N — B)/S
(the hat on a variable indicates its best fit value). The case ;1 = 0 corresponds to
the null hypothesis, while ¢ = 1 to the nominal signal hypothesis. In this simple
model, the likelihood is just given by the Poisson probability as a function of u.

Often, as in the case of the H — WW®) analysis, additional measurements are
provided on the various background components, namely as control regions which
help constraining their normalizations. The likelihood incorporates this information
multiplying the Poissonian term for the SR with a Poissonian term for the CR
[228,229]:

£(1,0) = P(N| uS + 6B) P(Ncr | 6Ber) - (4.9)

Here the nuisance parameter (NP) 6 has been introduced, which serves to fit the
target background in its dedicated control region (§ = Nor/Bcr), and to relate the
corresponding measurements between SR and CR. On the contrary, all the informa-
tion concerning p is contained in the first Poissonian term. The a factors mentioned
previously for the CR normalizations, e.g. aypw, are defined as & = B/Bcr. The
auxiliary constraint can be written compactly as F (é, ), with 0 being an auxiliary

measurement; in this analysis, it is taken to be either a unit Gaussian or a Poissonian.

Since the true values of the POI and the NPs are unknown, they are approxi-
mated as the values they take in correspondance with the maximum of the likelihood

(mazimum likelihood estimator, MLE).

In this analysis, many single-likelihood terms as in Eq. 4.9 are multiplied to-
gether: one for each bin ¢ of the BDT distribution, one for each jet category j, one

for each lepton flavour k£ and one for each data-taking period [, resulting in [228,229|:

Niets Npins kag

Ny
£(M70) = H H H H P ijkl ’,Uszykl + Z Bzyklb X H F(émyem)
m=1

I=BK,LM k=ee,ep,pup j=0 i=1
(4.10)

The sum of the Bjj; terms includes all background components; to better disen-

tangle the contribution of control regions, the likelihood in braces can be factorized
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as L%, 0) x [T P(NF®|u, ), where the product runs over all control regions, each

having its own Poissonian term.

4.10.3 Normalization, shape and statistical uncertainties

The predictions for the numbers of signal and background events are functions of
the nuisance parameters in a factorized way, i.e. for the signal (and similarly for the
background) S = Sy x v(6), where Sy is the nominal expected rate, and the form of
v(0) depends on the systematic uncertainty. As mentioned already throughout the
text, three kinds of systematic uncertainties are used in the analysis: normalization,

shape and statistical uncertainties [228,229].

e Normalization uncertainties are flat, since they change only the overall yield

of a distribution. The constraint on 6 is a unit Gaussian.

e Shape systematic uncertainties on a distribution affect the content of each
bin individually. If they have a normalization component, by construction
this is treated separately, so that the shape component does not have any
effect on the overall rate; the two components, however, share the same 6, i.e.
Unorm (0) and Vghape(f). The associated nuisance parameter is distributed as
v(0) = 1+ €6, with a constraint such that v(6) > 0, 6 being distributed as a

truncated Gaussian.

e The statistical uncertainty, due to the limited number of MC events, is de-
scribed by the Poissonian term P(6|0)\) = (OA\)Pe%/(6!), where O is the
expected number of events. This uncertainty concerns also data-driven sam-

ples.

As explained in Section 4.9.1, all efficiency-related systematic uncertainties are as-
sociated with a shape uncertainty (however, they are neglected if the variation they
induce is < 1% in all bins). The other systematic uncertainties have been checked
for the presence of shape deviations on the samples with a substantial number of
MC events (the ggF signal and the WW and top-quark backgrounds, the latter in
the 1-jet channel only) but, as shown in Figs. 4.27, 4.28, 4.29 and 4.30, no significant
shape deviation has been found. In fact, most systematic uncertainties do induce
a shape variation, but on the total background rather than on its components. Ta-
ble 4.10 summarizes names and definitions of the nuisance parameters used in the
analysis, indicating also if a shape component is present.

For what concerns the normalization systematic uncertainties, they are neglected
if smaller than +0.5%, to improve the speed and the convergence stability of the fit.

The MC statistical uncertainties are applied to the total background in each bin.
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An additional case, on top of the three discussed above, applies to the back-
grounds normalized in dedicated control regions; the constraint is also a Poissonian,
with A substituted by A(f). The latter is the expected number of events in the CR,
and is given by A(0) = S + 0Bgarger + Y B;, where the sum runs on the back-
grounds not targetted by the CR. The strength parameter 6 is used in any region

where Biarget appears.

The BDT analysis does not use any nuisance parameters specific to the data-
taking period (BK or LM), unlike the standard analysis, where the Z/y*-jets es-
timation gives rise to statistical uncertainties which are period-related. For this

reason, all BDT nuisance parameters are fully correlated among the periods.

4.10.4 Test statistic and CL; procedure

In order to distinguish between the null hypothesis (B) and the alternative one
(S+B), a test statistic @ has to be defined. Following the standard LHC prescription

[230,231], this analysis uses the alternate profile likelihood ratio (PLR) A(u):

L(p,0) "
W=y g a1
L(0,6(0)) 7 =
where the signal strength p is bounded to be physical. The Neyman-Pearson lemma
[232] motivates the choice of the likelihood ratio, stating that, among all data func-
tions, this is the one with the highest statistical power, defined as the probability
to reject the null hypothesis if false. The profile likelihood test statistic (PLTS) is

constructed from the PLR, under the requirement for p to be physical:

- —2In A <
quz{ . (1) p=H (4.12)
=y

In case f1 is larger than the tested p, i.e. in case of an overfluctuation of the signal-
like events in data, this expression for the test statistic ensures that no evidence

against the signal can be extracted.

The distribution of @ = ¢, is labelled as f(Q|B) in the null hypothesis, f(Q|S +
B) in the alternate; they are schematically represented in Fig. 4.33. The solid
vertical line corresponds to the observed value. The p-value of the S+ B hypothesis,
corresponding to the blue filled area, is defined as the probability of finding a @

value equally or less compatible with the S + B model than the one measured in
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Parameter Name Description Type Shape Variation
SigXsecOverSM Omeas/TSM Parameter of Interest —
sampleNorm_ ggf125 Normalization uncertainty for the ggF signal sample Statistical —
sampleNorm _ vbf125 Normalization uncertainty for the VBF signal sample Statistical —
sampleNorm _ wh125 Normalization uncertainty for the W H signal sample Statistical =
sampleNorm_ zh125 Normalization uncertainty for the ZH signal sample Statistical -
sampleNorm _ttbar Normalization uncertainty for the ¢f sample Statistical —
sampleNorm_ st Normalization uncertainty for the single top-quark sample Statistical -
sampleNorm  ww Normalization uncertainty for the WW sample Statistical -
sampleNorm _ wzzz Normalization uncertainty for the diboson sample Statistical —
sampleNorm_ zjets Normalization uncertainty for the Z/y*+jets sample Statistical —
sampleNorm _ wjets Normalization uncertainty for the W jets sample Statistical —

norm_ WWO0j

WW normalization in 0-jet

Control Region

norm_ WW1j

WW normalization in 1-jet

Control Region

norm_ toplj

Top-quark backgrounds normalization in 1-jet

Control Region

B_EFF B-tagging efficiency Experimental v
C_EFF C-tagging efficiency Experimental v
L_EFF Mis-tagging efficiency Experimental v
JES Jet energy scale Experimental =
JER Jet energy resolution Experimental —
E_EFF Electron selection efficiency Experimental v
M_EFF Muon selection efficiency Experimental v
E_SCALE Electron energy scale Experimental —
M_SCALE Muon energy scale Experimental
E_RES Electron energy resolution Experimental —
ID_RES Muon ID track resolution Experimental —
MS_RES Muon Spectrometer track resolution Experimental —
TRIGGER_SF Trigger efficiency uncertainty Experimental v
CLUSTER MET uncertainty Experimental -
PILEUP MET uncertainty due to pile-up Experimental -
LUMI Luminosity uncertainty Experimental -
Fake Rate Uncertainty on the W jets fake rate Data-driven v
TOP_SCALEF _0j Theoretical uncertainty on 0-jet top-quark estimate Data-driven (th) —
TOP_SCALEF_0j_hpt Statistical uncertainty on 0-jet top-quark estimate Data-driven (stat) -
7_SCALEF Statistical uncertainty on the data-driven Z+jets estimate Data-driven (stat) -
QCDscale_V qq — V scale uncertainty Theory -
QCDscale_ VV qq — V'V scale uncertainty Theory -
QCDscale_ VV_ACCEPT qq — V'V scale uncertainty on acceptance Theory -
QCDscale ggH g9 — H scale uncertainty Theory -
QCDscale_ggHlin g9 — H scale uncertainty (for > 1 jet) Theory -
QCDscale_ggH_ACCEPT g9 — H scale uncertainty on acceptance Theory —
QCDscale_qqH qq — qqH scale uncertainty Theory -
QCDscale_qqH_ACCEPT qq — qqH scale uncertainty on acceptance Theory
QCDscale_ttbar Uncertainty on inclusive ¢f cross section Theory -
UEPS Uncertainty on ggF signal shape from POWHEG/MCONLO comparison Theory v
pdf_gg gg PDF uncertainty Theory —
pdf _qgbar qq PDF uncertainty Theory —
pdf_qgbar_ ACCEPT qq PDF acceptance uncertainty Theory —
pdf_qgbar qq PDF uncertainty Theory —

Table 4.10: Naming scheme for the nuisance parameters used in this analysis, from
experimental and theoretical sources, limited number of MC events, control regions
and data-driven methods. The rightmost column indicates if a shape component is
present in addition to the normalization one.

data, assuming S + B to be true:

psin=P(Q > QunslS + B) = /Q F(QIS + B)dQ.
obs

(4.13)

Folllowing the CLgy;, approach, the signal hypothesis is considered as excluded with

a confidence level of 1 — « if pg1p < a. A 20 exclusion corresponds to the choice

o = 0.05.
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In the same way, the p-value of the null hypothesis, corresponding to the red filled
area in Fig. 4.33, is defined as the integral to the left-side on the background-only

distribution:

Qobs
P = P(Q < Qone| B) = / £(QIB)dQ. (4.14)

—00
In the CL44p approach outlined above, if S < B (thus S + B ~ B so that the
distributions of the two hypotheses largely overlap with each other), a pathological
situation can arise. In this case, a fluctuation in the data can lead to exclude S even

without exclusion power. This bias can be cured defining the CL4 criterium:

CL, = 255 ¢ (4.15)
1 —ppB

in such a way that the p-value in Eq. 4.13 gets a penalty of 1—pp, which is negligible
in case the two distributions are well sepatated, but becomes more consistent the
more they overlap, reducing substantially in this case the rejection power of the
analysis. The requirement CLs; < « is more conservative than the previous CLgyy
criterium, since CLs; > pgsyp. The CLg technique, also known as the modified
frequentist method, is employed in this analysis to extract limits on the observed

Higgs boson cross section.

f(Q) f(Qlb)

f(Q|s+b)

P(s+b)

Q

Figure 4.33: Schematic representation of the f(Q|S + B) and f(Q|B) distributions
and definition of pp and pg4p, labelled as P(b) and P(s 4+ b) in the figure, respec-
tively).

4.11 Results

This Section presents an overview of the final results for the BD'T analysis with the
full 2011 luminosity. CLs exclusion limits are shown and compared to the cut-based
results, both for a shape fit of my and a cut-and-count analysis. Moreover, results
for the fitted signal strength fi(mg) and the pg significance for the background-only
expectation are presented. Only the main plots are given here; a larger collection,

broken down into lepton flavours, jet bins and data-taking periods, can be found in
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Appendix H.

4.11.1 CL; exclusion limits

After the application of all selection criteria, the number of events in the data, signal
and background samples is shown in Table 4.11, where a sum over lepton flavours
has been carried out. These numbers are the same shown in Table 4.5, but with the
addition of the total pre-fit uncertainties, including the constraints from the control
regions. The 2-jet bin is shown for completeness. All numbers larger than 1 are
rounded to the closest integer. Comparing the total uncertainties with the statistical
ones in Table 4.5, the effect of the systematic uncertainties can be appreciated: it
is substantial for all processes (apart from Z/v*+jets, due to its limited number of

MC events), and in particular for W-jets it is close to £50% as already noticed.

Signal wWw WZ|ZZ|W~ tt tW/th/tgb Z/y* +jets W +jets Total Bkg. Obs.
0-jet || 47+£12 557+£53 51+10 60+13 40+13 3T+7 98 +51 844 £ 78 862
1 jet 1445 110 £33 22+4 TTET 40+ 15 79 + 28 27+ 13 355160 374
2-jet || 0.8+0.2 0.8+0.6 0.1+£0.1 0.9+0.4 negl. negl. negl. 1.8+1.1 1

Table 4.11: Expected numbers of signal (my = 125 GeV) and background events
at the end of the selection, as well as the observed numbers of events in the data,
summed over the lepton flavours. The total pre-fit uncertainties are shown, taking
into account the constraints from the control regions.

The number of candidates in the data and in the MC expectation, as well as the fit
to the BDT response, show no evidence of a SM Higgs boson, so limits on oyeas/osm
can be set, as a function of my, following the modified frequentist method outlined
in Section 4.10.4. Fig. 4.34 shows the individual results for the 0- and 1-jet bins,
in the full range (110 < my < 600 GeV) (a,b) and zoomed below 300 GeV (c,d)
and 150 GeV (e,f). Fig. 4.35 shows the combined result for all jet bins, with the
2-jet result taken from the cut-based analysis. The impact of the individual lepton
flavours can be seen in Fig. 4.36, in the intermediate mass range.

Comparing Figs. 4.34, 4.35 and 4.36, it appears evident that the sensitivity of
the combined result is driven by that of the ey channel in the 0-jet bin, and the
performance in 1-jet is in general weaker than in 0-jet. While in the e 0-jet channel
the observation agrees with the background-only expectation, in the pp 0-jet and
ep 1-jet channels a moderate overfluctuation is observed in the data, at low-mass,
with a ~ 20 significance (see also Table 4.6), while the ee 0-jet channel presents
an underfluctuation in the same range. Overall, as shown in Fig. 4.34, in the 1-jet
channel the observation is 20 apart from the background-only hypothesis.

Combining all channels and jet bins, a SM Higgs boson is expected to be excluded
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in the range:
127 GeV < mpy < 254 GeV at 95% CL (BDT expected).
The observed excluded range, with 4.7 fb~! of integrated luminosity, is:
130 GeV < mpy <281 GeV at 95% CL (BDT observed) .
The corresponding cut-based results are:

127 GeV < mpy <233 GeV at 95% CL (cut-based expected)
133 GeV < mpy < 258 GeV at 95% CL (cut-based observed) .

The comparison between the BDT and the cut-based results can be visualized in
Fig. 4.37, for 0-jet, 1-jet and combined limits (the actual values are given in Table
4.12 for the combined case, and in Appendix H for 0- and 1-jet). A ratio smaller
than 1 indicates that the BDT analysis is improving with respect to the cut-based
one. The improvement is substantial in the high-mass range, namely > 20% for
mpy 2 250 GeV; for smaller masses, however, it is less significant, and negligible
for mpg < 145 GeV, where the BDT analysis confirms the cut-based results. This

behaviour can be related mainly to two facts:

e the small number of signal candidates at low-mass (for my = 125 GeV, there
are < 20 expected Higgs boson events in the ep 0-jet channel, which is the one

leading the sensitivity,

e the improvement gained by the cut-based analysis when moving from a cut-

and-count experiment to a shape fit of mqp.

Comparing the BDT limits with the standard cut-and-count ones (with a cut on the
transverse mass, 0.75mg < mp < my), shows a larger improvement at low-mass
for the multivariate result, as can be seen in Fig. 4.38 for the combined channels
(the actual values are given in Table 4.13). In this case, the improvement increases
monotonically for my < 300 GeV (up to 52% at mpy = 340 GeV), and then starts
to decrease, as the shape of the BDT response shrinks going to larger masses. For
observed limits, on the other hand, the improvement is more stable: around 30%
for intermediate masses and above 40% for high masses, while the low-mass range

is dominated by statistical fluctuations in the data.
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Figure 4.34: Expected (dashed) and observed (solid) 95% CL upper limits on the
Higgs boson production cross section, normalized to the SM cross section, as a
function of mp, obtained using a shape fit to the BDT response on 4.7 fb~! of
integrated luminosity. The green and yellow bands show the 1o and 20 expected

uncertainty ranges.

The left and right columns contain the limits for the 0- and

1-jet channels, respectively; in (a,b) the full mass range (110 < mpy < 600 GeV) is
shown, in (c,d) the range 110 GeV < mpy < 300 GeV is selected, in (e,f) the range
110 GeV < mpy < 150 GeV.
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Figure 4.35: Expected (dashed) and observed (solid) 95% CL upper limits on the
Higgs boson production cross section, normalized to the SM cross section, as a
function of my, (a) in the full mass range, (b) zoomed up to 300 GeV, (¢) zoomed
up to 150 GeV, obtained using a shape fit to the BDT response on 4.7 fb~! of
integrated luminosity. The green and yellow bands show the 1o and 20 expected
uncertainty ranges.
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Figure 4.36: Expected (dashed) and observed (solid) 95% CL upper limits on the
Higgs boson production cross-section, normalized to the SM cross-section, in the
intermediate-mass region (110 GeV < mpy < 300 GeV). The left and right columns
contain the limits for the 0- and 1-jet channels, respectively; the lepton flavours
shown are (a,b) ee, (c,d) pu, (e,f) eu.
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Figure 4.37: Comparison of expected limits between the BDT and the cut-based
analyses, broken down into jet bins: (a) 0-jet, (b) 1-jet, (¢) combined. The bottom
pads contain the ratio of the correspoding two curves. The yellow and green bands
refer to the 1o and 20 envelopes of the cut-based limit.
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Figure 4.38: Comparison of (a) expected and (b) observed limits between the BDT
and the cut-based analyses (the latter using a cut on the transverse mass, 0.75 mpg <
mrp < mp), with all three jet multiplicities combined. The bottom pads contain the
ratio of the corresponding two curves. The yellow and green bands refer to the lo
and 20 envelopes of the cut-based expected limit.
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mp (GeV) BDT Cut-based Ratio of expected limits
mp shape fit (BDT /cut-based)
Observed Expected | Observed Expected

110 9.03 7.48 10.15 8.08 0.93
115 4.61 3.48 4.68 3.67 0.95
120 2.38 1.87 2.63 1.96 0.95
125 1.41 1.12 1.69 1.18 0.95
130 0.99 0.77 1.14 0.78 0.98
135 0.66 0.58 0.87 0.57 1.01
140 0.58 0.44 0.66 0.45 0.99
145 0.47 0.35 0.52 0.36 0.96
150 0.40 0.28 0.41 0.31 0.91
155 0.23 0.22 0.31 0.25 0.90
160 0.20 0.16 0.21 0.19 0.87
165 0.15 0.16 0.17 0.18 0.88
170 0.18 0.18 0.19 0.2 0.89
175 0.22 0.21 0.21 0.23 0.92
180 0.24 0.25 0.24 0.27 0.90
185 0.31 0.32 0.31 0.36 0.87
190 0.37 0.39 0.39 0.46 0.85
195 0.38 0.45 0.45 0.57 0.78
200 0.53 0.53 0.65 0.68 0.78
220 0.52 0.76 0.77 0.9 0.84
240 0.58 0.91 0.86 1.07 0.85
260 0.72 1.04 1.03 1.31 0.79
280 0.99 1.14 1.21 1.54 0.74
300 1.29 1.14 1.28 1.67 0.68
320 1.66 1.14 1.34 1.55 0.73
340 1.30 1.08 1.3 1.46 0.74
360 1.23 1.02 1.21 1.34 0.76
380 1.23 1.10 1.34 1.44 0.76
400 1.23 1.19 1.44 1.59 0.75
420 1.25 1.37 1.69 1.85 0.74
440 1.30 1.50 1.91 2.14 0.70
460 1.43 1.74 2.3 2.51 0.69
480 - - - - -

500 1.83 2.31 3.02 3.48 0.66
520 2.07 2.62 3.64 4.06 0.65
040 2.73 3.04 4.32 4.81 0.63
560 2.48 3.53 5.07 5.77 0.61
580 3.13 4.22 6.27 6.93 0.61
600 2.85 4.81 7.1 7.97 0.60

Table 4.12: Comparison of observed and expected limits from the BDT analysis with
those from the cut-based my fit analysis, with all jet multiplicities combined. The
last column contains the ratio of the expected limits.
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mpg (GGV)

BDT

Cut-based
cut-and-count

Ratio of expected limits
(BDT /cut-based)

Observed Expected

Observed Expected

110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600

9.03
4.61
2.38
1.41
0.99
0.66
0.58
0.47
0.40
0.23
0.20
0.15
0.18
0.22
0.24
0.31
0.37
0.38
0.53
0.52
0.58
0.72
0.99
1.29
1.66
1.30
1.23
1.23
1.23
1.25
1.30
1.43

1.83
2.07
2.73
2.48
3.13
2.85

7.48
3.48
1.87
1.12
0.77
0.58
0.44
0.35
0.28
0.22
0.16
0.16
0.18
0.21
0.25
0.32
0.39
0.45
0.53
0.76
0.91
1.04
1.14
1.14
1.14
1.08
1.02
1.10
1.19
1.37
1.50
1.74

2.31
2.62
3.04
3.53
4.22
4.81

10.67 8.93
4.52 3.87
2.32 2.06
1.46 1.24
1.19 0.84
1.03 0.63
0.74 0.51
0.49 0.37
0.45 0.31
0.35 0.25
0.3 0.2
0.23 0.2
0.19 0.21
0.2 0.24
0.2 0.29
0.26 0.38
0.39 0.49
0.57 0.61
0.67 0.73
0.7 0.96
0.84 1.17
1.02 1.49
1.5 1.89
1.65 2.03
1.84 2.13
1.95 2.08
1.86 1.9
2.04 2
2.17 2.15
2.04 2.24
2.6 2.52
2.7 2.56
3.35 3.31
3.9 3.99
4.68 4.21
4.61 4.78
4.89 5.43
4.6 5.66

0.84
0.90
0.91
0.91
0.92
0.92
0.87
0.95
0.89
0.88
0.83
0.80
0.84
0.88
0.87
0.83
0.81
0.74
0.73
0.79
0.78
0.70
0.60
0.56
0.53
0.52
0.54
0.55
0.95
0.61
0.99
0.68

0.70
0.66
0.72
0.74
0.78
0.85

Table 4.13: Comparison of observed and expected limits from the BDT analysis
with those from the cut-based analysis (the latter using a cut on the transverse
mass, 0.75my < mp < mpg), with all jet multiplicities combined. The last column
contains the ratio of the expected limits. Some of the numbers are missing due to

fit failures.
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4.11.2 Fitted signal strength
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Figure 4.39: The fitted signal strength as a function of mg, for my < 300 GeV: (a)
0-jet, (b) 1-jet, (¢) combined. The solid line shows the observed result, the shaded
cyan band encloses the systematic area —21In(u) < 1. For two points (mpy = 180 GeV
for 1-jet, my = 130 GeV for combined) the result should not be considered due to
fit failures.

Fig. 4.39 shows the fitted values for the signal strength p as a function of mp, for
mp < 300 GeV. The shaded cyan band encloses the systematic area —21In(u) < 1.
The results for /i, in units of the SM cross section, at my = 125 GeV, are summarized
in Table 4.14, where they are compared with corresponding values for the cut-based
analysis.

The values are compatible inside the uncertainties for 0- and 1-jet bins, and in
very good agreeement for the combination. The corresponding combined result for
the cut-and-count standard analysis is (125 GeV) = 0.1715:7), in units of the SM
cross section, which is also compatible. It should be noticed that, since both the

BDT and the cut-based analyses find no evidence of a SM Higgs boson at low-mass,
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H 0-jet ‘ 1-jet ‘Combined

BDT 0.351982 | 1.67197 | 0.53798
Cut-based | —0.0470:82 | 2.901299 | 0.497072

Table 4.14: Results for Higgs boson the signal strenght, in units of the SM cross
section, as fitted by the BDT analysis and by the standard cut-based analysis. The
results are shown for the individual 0- and 1-jet bins, and for the combination, which
includes, both for the BDT and the cut-based cases, the cut-based 2-jet channel.

given their respective sensitivities, the fitted signal strength is compatible with 0 for
both of them; in 1-jet, the central values are larger, but in this channel the expected
CL;s limit is above the SM expectation, so no conclusion can be reached on the

presence of a signal, as also shown by the large errors.

4.11.3 Local py-values

As defined in Eq. 4.14, the po (alternatively, pp) value for the background-only
hypothesis quantifies the probability of finding a value of the test statistic at least
equal to the one observed in data, assuming the null hypothesis to be true. The
results are shown in Fig. 4.40 for the individual jet bins and their combination,
while Fig. 4.41 shows the individual lepton flavours.

As already noticed in Section 4.11.1, in the 1-jet channel an excess of events is
observed with respect to the background-only hypothesis, and this can be confirmed
looking at the pg plots presented here: in the 1-jet bin, the local(”) significance of
the excess is around 20, and compatible with the presence of a signal in a broad
range 130 GeV < mpy < 145 GeV. Breaking the result down into lepton flavours, the
excess appears localized in the ep 1-jet channel, where 235 data events are found, to
be compared with 218 background and 9 signal events expected from the simulation
(see Table 4.6). In the rest of the mass range, up to my = 600 GeV, the local
po-values are below 1o, as can be seen in Appendix H, apart from some statistical

fluctuations in the ep 0-jet channel.

"To estimate the correct significance, the look-elsewhere effect should be taken into account,
normalizing the significance found for a specific my hypothesis to the full range where the Higgs
boson is searched for.
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Figure 4.40: Local pp-values as a function of mp, in the low-mass range: (a) 0-jet,
(b) 1-jet, (c) combined. The observed probability for the background-only scenario
is shown as a solid line, while the dashed line corresponds to the expectation for the
signal-+background hypothesis at the given value of my.
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observed probability for the background-only scenario is shown as a solid line, while
the dashed line corresponds to the expectation for the signal+background hypothesis
at the given value of my. The left and right columns contain the results for the
0- and 1-jet channels, respectively; the lepton flavours shown are (a,b) ee, (c,d) upu,

(e,f) ep



Chapter 5

Study of the Spin of the Higgs
Boson in the H — WW™ Channel

In this Chapter a multivariate study of the spin of the Higgs boson, with the full
dataset collected in 2012 with the ATLAS detector, at /s = 8 TeV, is presented.
Starting from the knowledge acquired with the /s = 7 TeV analysis performed in
2011 and documented in Chapter 4, a BDT analysis has been developed, to explore
the spin and parity(!) quantum numbers of the boson discovered by the ATLAS and
the CMS collaborations at a mass close to 125 GeV [119,233]|. In particular, the
Standard Model hypothesis, J¥ = 0T, is tested against the alternative 17,17, 27
hypotheses, which have been described in Chapter 2. The JP = 2% model is the
minimal one for Kaluza-Klein-like gravitons, as discussed in Section 2.3.3, while
JP = 1% follows Section 2.3.2, for decays into two massive vector bosons. The
JP = 1% models are considered even if the Landau-Yang theorem forbids the decay
of such a boson into two on-shell photons [37,38], and thus the evidence of the
decay in the H — 7y channel [39] seems to contradict this hypothesis. The latter is,
however, still worthwhile to be tested, given the fact that there could be two distinct
resonances, close in mass, decaying into photons and vector bosons, respectively.
The J¥ = 0~ model has not been investigated so far, given the low discrimination
expected in the H — WW™ channel for this hypothesis, in particular compared to
the H — ZZ* — 40 one. The J¥ = 2~ model is also not covered here, since such a
model is not uniquely defined from the theoretical point of view.

The spin analysis follows the analysis of the Higgs boson rate (in the following
referred to simply as “rate analysis”) described in Refs. [32,234] for what concerns

object definition, event selection, background estimation and systematic uncertain-

'For brevity, spin and parity are referred to only as spin in the following, unless explicitely
needed.
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ties, with the following differences: only the H — WW?™* — evur channel is used,
with no accompanying jets, and the selection has been loosened, in order to enlarge
the acceptance for different spin hypotheses. Moreover, whereas the rate analysis is

a standard cut-based one, the spin analysis exploits the BDT technique.

The analysis has been first developed for the J© = 2% hypothesis, and then
extended to the J = 1% case: for this reason, most details and cross-checks are
given for J¥ = 2%, but also hold for J© = 17F.

For what concerns the J© = 2% hypothesis, since the production mechanism is
expected to affect the angular and mass distributions of the final state particles, as
anticipated in Section 2.3.3, the analysis is performed for various couplings of the
Higgs-like boson to gg and ¢g, in five fractions f,; = 0.00,0.25,0.50,0.75,1.00; the
five analyses follow the same strategy, so in the main text results are mostly shown

for one of them (namely f,5 = 0.25).

Sections 5.1, 5.2 and 5.3 describe, respectively, the Monte Carlo generators used
to simulate the signal and background samples, the object definition and the event
preselection. Section 5.4 is dedicated to the input variables and the technical settings
used in the BDT training, while Section 5.5 shows the resulting BDT responses in
the signal and control regions. Section 5.6 concentrates on systematic uncertainties,
with emphasis on the shape uncertainty assigned to the WW background, which
is peculiar to the spin analysis. Section 5.7 discusses the statistical model and
the fit procedure. Results are given in Sections 5.8 and 5.9, for J© = 2+ and
JP = 1% analyses, respectively. Finally, Section 5.10 presents an overview of the
spin combination, perfomed by the ATLAS collaboration, based on this analysis and
the corresponding H — vy and H — ZZ* — 4¢ ones: the different channels are
briefly discussed and the final results are presented.

Additional details and cross-checks are given in the Appendices. In Appendix J,
the choice of the training configuration is justified. Appendices K and L are both
dedicated to the theoretical uncertainty on the WW shape (the UEPS systematic),
given its impact on the final result: the former details its baseline treatment, the
latter shows additional studies on the subject, describing an alternative treatment
and its drawbacks. Appendix M, similarly to Appendix E for the 2011 analysis,
shows the BDT performance when trained with one of the leading backgrounds as
signal (WW, tt and Z/v*+jets). Appendix N compares the chosen test statistic
with the profile likelihood ratio, discussing their differences. Finally, Appendix O
gives the results for all J” = 27F fractions.

This analysis has been first published as an ATLAS conference note [40], and
later as part of the combination among the bosonic channels performed by the AT-
LAS collaboration [41,235]. Most of the fundamental aspects of the H — WW*
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spin analysis have been developed in the context of this thesis, in particular: the
choice of the input variables, the optimization of the BDT settings, the definition of
the signal and the control regions, the scrutiny of the output variables, the choice
of the fit model and of the statistical prescription, the assessment of the systematic
uncertainties (with a particular dedication to the most important uncertainty, the
one related to the shape of the WW background) and the statistical results. More-
over, all the studies presented in the Appendices pertain to this work. This also
applies to the additional cross-checks which have been performed to harmonize the
H — WW? results with those of the other bosonic channels, in order to allow for

their combination.

5.1 Monte Carlo samples

The choice of Monte Carlo generators in 2012 follows closely the description given

in Section 4.3 for the 2011 analysis, with a few differences:

e PYTHIAS8 |236] substitutes PYTHIA6 [78| in a few cases,

qq/g — WW uses POWHEG rather than MCGONLO,

for single top-quark production, AcerMC [211] is used only for the t-channel,
while the s-channel and ¢t use ALPGEN [206],

for ZZ production, Sherpa [210] is substituted by POWHEG [192,193],

W~* and WZ™) are generated together, in order to account for intereferences,
with the boundary given by the invariant mass: my < 7 GeV (MadGraph+PYTHIA6
[208]) and my > 7 GeV (POWHEG-PYTHIAS).

In addition, a few filters are applied in the generation: for W+ events, the photon
must have pr > 8 GeV and be separated from the charged lepton by AR > 0.25;
for W~* events, at least two leptons with pr > 5 GeV are required in the event,
with |n| < 3 (|n| < 5) for ee, uu (for 77), while in the WZ®) case the cut on lepton
pseudorapidities is |n| < 2.7 for all flavours. Moreover, Z*) Z(*) — 4¢ events are
generated with myy > 4 GeV for the leading lepton pair. Details are summarized
in Table 5.1, which also includes the cross sections at /s = 8 TeV. For these, the
leptonic decays of the W and Z bosouns are assumed for all processes, and lepton
flavours are summed over, with the exception of top-quark production, for which
the inclusive cross section is quoted.

Concerning PDFs, the following sets are used: CT10 |71] for MCONLO and POWHEG
samples, CTEQG6L1 [212] for ALPGEN, MadGraph and PYTHIA6/8 samples.
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5.1. Monte Carlo samples

Process MC generator o- BR (pb)
ggF (mpy =125 GeV) POWHEG-+PYTHIAS 0.441
99,7 — H(J® # 0T (my = 125 GeV) || JHU 2.0.2|PYTHIAS 0.441
qq/g — WW POWHEG+ PYTHIA6 5.68
g9 — WW GG2WW | HERWIG 0.16
tt MCONLO-+HERWIG 238
single top-quark tW,tb MC@NLO-+HERWIG 28
single top-quark tgb AcerMC+PYTHIA6 88
W +jets ALPGEN-+HERWIG 37 -103
Z[y*+jets ALPGEN + HERWIG 16 -10°
Z7 POWHEG -+ PYTHIAS 0.73
W (Z/v*)(mz > 7GeV) POWHEG -+ PYTHIAS 0.83
W (Z/v")(mz/y < TGeV) MadGraph+PYTHIA6 11
Wy ALPGEN | HERWIG 369

Table 5.1: Monte Carlo generators used to simulate the different components of the
signal (mg = 125 GeV) and the background processes and their corresponding cross
sections as used in the analysis. The quoted values assume the leptonic decays of
the W and Z bosons for all processes, and lepton flavours are summed over, with the
exception of top-quark production, for which the inclusive cross section is reported.
For the signal processes, the production cross sections include the branching ratios
into the fvfv final state. See the text for further details and references.

POWHEG, the baseline generator for the Higgs boson production, is not able to simulate
alternative spin configurations, thus it is replaced by the JHU generator [35,36] for this
purpose. Only the ggF production mechanism is considered, for all spin hypotheses,
given the fact that V H and ttH are negligible, and, since considering only events in
the 0-jet category, also VBF is.

Moreover, since no predictions for the J = 1% or J¥ = 27 cross sections exist,
all spin hypotheses are normalized to the SM J¥ = 07 cross section, in both tables

and plots.
The nominal JHU sample for the process gg — H(J' = 2t) - WW* —

lvly corresponds to the production fraction f,; = 0.25, which is taken as arbitrary
default value. After distinguishing, at generation level, the ¢g events from the gg
ones, all MC weights are reweighted in order to generate the other fractions (f,q =
0.00,0.50,0.75,1.00) and the events are then processed with the fast simulation of
the ATLAS detector, ATLFAST [86].

A comparison has been performed between POWHEG and JHU on a sample of SM
Higgs boson events, at generation level and before the preselection, in order to vali-
date the angular and kinematical distributions produced by the JHU generator inter-
faced with ATLFAST. The variables compared are the five Cabibbo-Maksymowicz
variables defined in Section 2.3.1; in all cases, no significant deviation between the

two generators has been found.
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Furthermore, thanks to an update in the POWHEG generator, the latter can now
reproduce the Higgs boson pr spectrum provided by the HqT generator [200] within
a 5% accuracy; for this reason, no reweighting is needed for the POWHEG events in
the 2012 analysis, unlike in the 2011 one (cf. Section 4.3).

5.2 Object selection

5.2.1 Data-taking conditions

Alike 2011 data, 2012 data can be divided into periods, according to the data-taking
conditions, for a total of 20.7fb~! of integrated luminosity; in this case, however, no
period-dependent splitting is performed in the likelihood. The number of interac-
tions per bunch-crossing in Monte Carlo simulation is reweighted to the one found
in data, in order to get a better agreement on the minimum bias vertex multiplicity
between the PYTHIA8 tuning in MC and data. This rescaling is associated with a
systematic uncertainty on the minimum bias modelling, obtained by varying the
scale factor in a range from 0.80 to 1.00.

Before the trigger requirements, events not satisfying the “AllGood” criterium
[213] are discarded, in order to ensure that all ATLAS subdetectors have been fully
efficient at the time of data-taking (cf. Sections 3.1.1 and 4.4.2).

5.2.2 Trigger requirements

As anticipated in Section 3.3.3 for electrons and in Section 3.3.4 for muons, the

following triggers are used, with a logical “or” in each case:

e trigger ‘ EF e24vhi medium or EF _e60 medium
ptrigger ‘ EF mu24i tight or EF_mu36 _tight

The corresponding efficiencies are determined with the tag-and-probe method on
Z — ee, up events, in bins of pr, n and data-taking period, and are found to be
around 90% for electrons and 90% (70%) for muons in the end-caps (barrel). As
in 2011 (see Section 4.4.3), at least one of the two selected leptons must be trigger-

matched, otherwise the event is discarded.

5.2.3 Electron definition

Electron identification is improved with respect to the 2011 analysis thanks to the use
of the GSF algorithm (cf. Section 3.3.3), which recovers for bremsstrahlung losses,
thus allowing for tighter isolation criteria, both on track (now pr-dependent) and

calorimeter quantitites. Similarly, tighter requirements are placed on the transverse
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and longitudinal impact parameters. Starting from the tight++ menu, the following

requirements are added:

e cuts on longitudinal and transverse impact parameters and their significances,

defined with respect to the primary vertex:

— |20sinf| < 0.4 mm,

= |do| < 3|o(do)l;
e cuts on isolation (in a AR < 0.3 cone):

— p§"¢/pr < 0.12 (0.16) for 15 GeV < pr < 25 GeV (pr > 25 GeV),
— B /pr < 0.16.

The corresponding criteria for the 2011 analysis can be found in Section 4.4.4. The
requirement on the geometrical acceptance is unchanged (|n| < 2.47, excluding the
crack regions 1.37 < |n| < 1.52, and pr > 15 GeV). Small differences between the
data and the MC prediction, after the application of all identification criteria, are

recovered by scale factors which are consistent with unity within £2%.

5.2.4 Muon definition

Muons are reconstructed according to the STACO combined algorithm, as for the
2011 analysis, within a geometrical acceptance which is extended in |n| up to 2.5.
Quality criteria are tightened with respect to those discussed in Section 4.4.5 for the

2011 analysis, similarly to what just described for electrons:

e cuts on the longitudinal and transverse impact parameters and their signifi-
cances, defined with respect to the primary vertex:
— |2psinf| < 1 mm,

— |do| < 3lo(do)l,
e cuts on isolation (in a AR < 0.3 cone):

— P /pr < 0.01pr — 0.105 and p§®/pr < 0.15,
- E%one/pT < 0.014pr — 0.15 and E%One/pT < 0.20.

The projection of the longitudinal impact parameter is introduced in order to ac-
count for larger uncertainties at high values of 7. Isolation requirements are further
enhanced rejecting muon candidates in case they are closer than AR < 0.3 from
a reconstructed jet. Scale factors, computed using a Z — puTp~ tag-and-probe

sample, are found to be consistent with unity within +1%.
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5.2.5 Jet definition

The same jet definition and acceptance criteria defined for the 2011 analysis (cf. Sec-
tion 3.3.5), are used in the 2012 analysis (“anti-k; EM+JES”, in a cone of AR < 0.4,
requiring || < 4.5). Two main differences arise: an n-dependent pr threshold and
a tighter JVF criterium, both aiming to reduce the impact of pile-up jets. The JVF
algorithm is fully efficient only inside the tracking volume of the ATLAS detector
(In| < 2.4): in this region, jets must satisfy the condition JVF > 50%), if their trans-
verse momentum is 30 GeV < mpy < 50 GeV (no cut on JVF for pr > 50 GeV),
while outside this region a lower pr threshold of 25 GeV is applied. This selection
is found to be robust against pile-up, based on studies of the jet multiplicity as a
function of the number of reconstructed vertices, in Z/~*-+jets events: while no de-
pendence is found after the application of the JVF requirement, a significant slope
can be observed without it [32]. The uncertainty on the JVF efficiency is around
+1%, considerably smaller than the other uncertainties on bin migration, so it is
not considered in the statistical analysis.

b-jets are tagged with the help of the MV1 algorithm [184], which is a derivation
of the JetFitterCombNN algorithm (see Section 3.3.6), combined with primary ver-
tex and impact parameter information, via a Neural Network technique. It requires
85% efficiency for the identification of b-jets. No additional details are given here
since the spin analysis, contrarily to the rate analysis, uses only events with exactly

zero jets, and therefore does not need to veto for the presence of b-jets.

5.3 Event preselection

After applying the GoodRunList, primary vertex and event cleaning criteria de-
scribed above, the preselection and selection cuts are applied, as summarized in
Table 5.2. The cuts are in common with both the rate and the 2011 BDT analyses,
apart from some changes in the actual values (cf. Section 4.5). Specifically, the

following cuts are applied:

1. Opposite-sign, opposite-flavour leptons, pr threshold, third lepton
veto: exactly two opposite-sign, opposite-flavour leptons must be present in
the event, and at least one has to be trigger-matched. The pp thresholds for
the leading and subleading leptons are set to 25 GeV and 15 GeV, respectively.

2. myy > 10 GeV: the invariant mass of the dilepton system is required to be
above 10 GeV.

3. E.'ﬁile GeV: the cut on E:,‘]El’iss aims mostly to suppress the Z/y*+jets back-

rel
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ground, which is reduced by about 80%. Before this cut, the tf and Z/v*+jets
contributions dominate the background composition, while afterwards Z/~*+jets
becomes comparable to WW. The Ejrffirsgl requirement halves the total back-

ground and has an impact also on the signal, leaving the S/B ratio almost
unchanged (from 0.4% to 0.6%).

The cut on E{ﬁtifgl is looser than the corresponding one used in the rate analysis,
namely 20 GeV rather than 25: this is motivated by the comparison in Fig. 5.1 (a),
which shows the E}“’irsgl distribution for the J© = 07 and J¥ = 2% signals, after
the dilepton requirement. The flat behaviour of J© = 2% at low missing transverse
energy values, Ejrffirsgl < 40 GeV, suggests to loosen the cut on this quantity as much
as possible, in order to preserve the J = 2% signal; the choice of 20 GeV is a com-
promise between this attempt, the recommendations of the ATLAS working groups
on the “combined performance” and the need to suppress the Z — 77 background.
The same motivation leads to loosen the cuts on pr e, Aggy and my, later in the
selection (cf. Section 5.5.1).

0.17‘ | 0.08:7”” TTTT[TT T T [TT T T[T TTT[TTITT HH‘HH‘HH‘H\%
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Figure 5.1: Distributions, normalized to unity, of (a) E%fifgl and (b) pr g, for the SM

Higgs boson (red) and the J¥ = 2% f,; = 0.25 hypothesis (blue). The distributions
are drawn after requiring two opposite-sign leptons.

After the EITIfirsgl cut, the requirement for exactly zero jets is applied, due to two
reasons: on one hand, most of the sensitivity comes from the 0-jet channel, as
discussed in Chapter 4 for the 2011 analysis, on the other hand the VBF production
for alternative spin hypotheses is not implemented in the JHU generator (see Section
5.1). For what concerns the choice of restricting the analysis to the opposite-flavour
channels, it can be understood looking at the jet multiplicity distribution for the

same-flavour channels in Fig. 5.2 (b), which is drawn after the preselection defined



07 [125 GeV] 27 [125 GeV] ww WZ|ZZ]W~ tt Single Top Z[~v*+jets Wt jets Total Bkg. | Observed  Data/MC
lepton pp 422,44 4+ 2.32 391.87 £ 1.59 10153.22 £ 25.16 3208.09 + 41.84 51021.44 £+ 79.41 5239.91 &+ 30.30 29338.73 £ 112.84 2504.04 &+ 19.69 101465.43 £ 150.76 107737 1.06 £ 0.00
OS leptons 421.98 £+ 2.32  391.39 + 1.59 10128.22 £ 25.13 1580.12 £ 28.66 50899.97 £+ 79.32 5197.84 £ 30.17 28821.87 £ 104.61 2504.04 £ 19.69 99132.06 + 141.37 103713  1.05 £ 0.00
mgp > 10 GeV 418.34 £ 2.31  390.30 = 1.59 10117.76 £ 25.11 1549.43 £ 28.43 50859.54 £ 79.28 5193.20 £ 30.15 28810.90 £ 104.61 2496.51 £ 19.67  99027.34 & 141.29 103579  1.05 £ 0.00
Scale factors NF = 1.08 NF = 1.05 NF = 1.05 NF = 0.91
E%fifjl > 20 GeV 307.82 £1.99 235.78 + 1.23  7710.95 + 22.79  912.39 £ 23.24 34206.27 + 66.55 3725.61 + 26.13 5795.38 £ 45.93  1039.31 + 11.49 53389.91 + 91.72 53865 1.01 + 0.00
Scale factors NF = 1.08 NF = 1.07 NF = 1.07 NF = 0.92
jet veto 175.63 £ 1.50 130.85 £ 0.91 5078.77 £ 18.57  421.01 + 13.53 539.63 + 8.28 329.57 £ 7.63 4181.31 + 41.36 580.96 + 8.39 11131.25 + 49.35 11493 1.03 £+ 0.01
pr.ee >20 GeV 170.14 £+ 1.48 118.86 £+ 0.87  4622.63 + 17.71  378.38 £ 12.63 514.89 + 8.09 314.47 £ 7.46 667.02 £+ 24.02 455.53 £+ 6.58 6952.93 + 34.85 7261 1.04 £+ 0.01
myp < 80 GeV 169.60 = 1.48 116.92 + 0.86  2212.68 + 12.23 230.67 £+ 8.78 178.35 + 5.00 123.66 + 4.63 610.19 + 22.83 303.64 £ 5.62 3659.18 £ 28.73 3964 1.08 + 0.02
Agpp < 2.8 168.16 + 1.47 113.38 £+ 0.85 2190.39 + 12.17 226.91 + 8.76 176.12 + 4.97 122.15 + 4.61 291.05 + 14.99 276.67 £ 4.62 3283.28 £ 22.73 3615 1.10 4 0.02
Z — 717 control region 3.60 £ 0.21 9.13 +£ 0.24 95.31 + 2.42 11.73 £ 1.22 5.09 £ 0.80 2.72 £ 0.69 3532.67 + 37.48 94.57 £ 5.13 3742.09 + 37.94 3474 0.93 £+ 0.02
WW: control region 0.54 £ 0.09 1.95 £ 0.11 222592 + 11.83 147.71 + 9.08 336.54 + 6.36 190.82 + 5.84 56.83 + 7.49 151.89 + 3.43 3109.71 £+ 19.10 3297  1.06 £+ 0.02

Table 5.2: The

first column, as
MC (background-only) estimation. Both signal hypotheses are normalized to the SM Higgs boson cross section, for mpy = 125 GeV.

expected numbers

of JP = 0F, JI = 2 fqqg = 0.25 and background events after the requirements listed in the
well as the observed numbers of events in data. The rightmost column shows the ratio between the data and the

The backgrounds are estimated from their MC predictions, apart from the W-jets background, which is data-driven, and the WIW
and Z/~v*+jets backgrounds, whose MC predictions are normalized to the data in their respective control regions (which can be
seen, before such normalization, in the lower part of the Table). The normalizations factors (NFs) are obtained before the fit. Only

statistical uncertainties are shown.
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for the rate analysis (the same as discussed before for the spin analysis, with an
additional cut E%irsgl > 45 GeV). Even after such a tight cut on the missing transverse
energy (which would actually be too tight for the spin analysis, heavily reducing the
JP = 2% and J¥ = 1% signal yields), the background in the 0-jet bin is dominated
by Z/~*+jets events, due to the increased pile-up in the 2012 data. The rate analysis
employs also the same-flavour channels thanks to the development of a dedicated
technique (the PacMan method [234]), which is tailored on the J© = 0% signal
region, and therefore cannot be applied to a generic spin hypothesis. For all these
reasons, the spin analysis presented here uses the eu 0-jet channel only.

After the jet veto requirement, the total background, whose main components
are WW and Z/v*+jets at this stage, is reduced by about 80%, while the J© = 0%
signal is only reduced by 50%. The resulting S/B ratio is 1.6%.

—_— @ —_—
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Figure 5.2: Distributions of the jet multiplicities at the end of the preselection
defined for the rate analysis, in (a) the opposite-flavour channels and and (b) the
same-flavour channels. At this stage, the SM Higgs boson signal is too small to be
seen. The shaded areas represent the total normalization uncertainties [234].

5.4 BDT training

Details on the BDT technique can be found in Section 4.6 and in Ref. [216]; the
spin analysis follows mostly what developed for the 2011 BDT analysis presented in
Chapter 4, so only the differences are discussed in the following.

The choice of the training configuration has undergone a detailed optimization.
At first, a standard J© = 01 versus background BDT was trained, adding a few
kinematical variables to the four used in 2011 (as shown in Appendix B, with the
available number of MC events a saturation in BDT performance is reached already
with four variables, so it is not useful to add many others). Using spin-dependent

variables, however, could introduce an a-priori asymmetry towards one of the two
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hypotheses, if only J* = 0% is used for training. To avoid this, several alternative
training configurations have been tried, removing one or more of the spin-dependent
dilepton variables (A¢y, myee, pree) from the inputs, and then fitting one of these
latter variables to compute the final significances, after a cut on the BDT response.
As documented in Appendix J, all alternative training configurations explored could
not reach the expected (i.e. MC only) sensitivities for discriminating J* = 07 from
JP = 2% as the standard four variables. The cut on the BDT output, needed to
reject the backgrounds, in general reduces the discrimination power of the variable
to be fitted. Given these observations, the standard four variables have been chosen

again, but now two independent trainings are performed:

1. the SM Higgs boson signal sample is trained against the total background,
obtaining the “BDT(” response,

2. in the same way, the alternative signal sample is trained against the total

background, obtaining the “BDT2” response(?).

With this procedure, both spin hypotheses are treated at the same level, without
any bias towards one of the two.

The BDT responses are then fitted in their 2-dimensional plane, as discussed later.
The various background components are expected to get classified as background-
like in both trainings, thus obtaining low values for both BDT responses, while
the two signal hypotheses are expected to get larger values, possibly with some
shape difference in the 2D plane, which allows for their discrimination, as shown

schematically in Fig. 5.6.

5.4.1 Input variables

Out of the four variables, Ay, my and pr g, are expected to discriminate at the
same time between the different signal hypotheses and between the signals and the
background, while m7 has a stronger background rejection power but weaker spin
discrimination. Their shapes are shown in Fig. 5.3, which compares the J* = 0%
hypothesis with the alternative ones after the jet veto cut has been applied, and in
Fig. 5.4, which compares the J& = 07 and JZ = 2% f,; = 0.25 signals with the
main background components, after the jet veto and pr ¢ requirements.

After the preselection and jet veto requirements, two additional cuts are applied

before the training:

® proe > 20 GeV,

2In this case, the label “2” does not refer to the J© = 2% model only, but rather is a generic
indication of the alternative spin hypothesis. Occasionally, the name BDT1 is used, referring
specifically to the J© = 1% analyses.
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Figure 5.4: Distributions, normalized to unity, of (a) A, (b) mye, (¢) pr.ee and (d)
m7, comparing the SM Higgs boson (dashed red line) to the J¥ = 2% f,; = 0.25
hypothesis (dashed blue line) and to the main background components (dibosons
including WW, Wtjets, Z/v*+jets). The distributions are shown after the jet veto
and pr ¢ requirements.

e myy < 100 GeV.

The cut on the dilepton transverse momentum is looser than the one applied in both
the 2011 BDT and 2012 rate analyses (30 GeV), for the reasons discussed in Section
5.3. The 100 GeV threshold on myy, moreover, is set in order to restrict the BDT
training to the phase space where the signals are present (cf. Fig. 5.4 (b)).

The linear correlation coefficients among the input variables are shown in Fig.
5.5, for the J© = 0%, JP = 2% and background cases. The pattern is very similar
for J¥ = 0%, JP = 2% and also J© = 1% (the latter is not shown here), with large
positive correlations between Ay and myy.

The ranking order of input variables is:
o My, Agy, mr and pr g for the JE = 0% training,
o Ay, mp, my and pr g for the J& = 27 training.

As a side note, the ranking for the J© = 2% training is the same as found in 2011

for the ey channel (see Section 4.6.2).
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Figure 5.5: Linear correlation coefficients among the BDT input variables for (a)
JE =0%, (b) JP =2% f,; =0.25 and (c) background events.

5.4.2 BDT settings

Table 5.3 summarizes the BDT settings which have been changed with respect to
the TMVA defaults; most are in common with the 2011 analysis (cf. Table 4.3).
The various choices are motivated by the dual need of optimizing and stabilizing the
performance of the BDT algorithm, reducing the impact of statistical fluctuations.
From the technical point of view, training and classification use the latest TMVA
version (v4.1.3), which is part of the ROOT v5.34 release.

In particular, given the limited number of signal events for the JHU samples, the
number of trees is decreased to 400 (from 1000 as in 2011), while the minimum
number of events in each leaf is increased to 2% of signal events (rather than 1%),

corresponding to about 2000 events.

All background samples are used in the training, including the Wjets data-
driven events, contrarily to what done for the 2011 analysis (cf. Section 4.6.2); no
overtraining is observed. In all cases, only the even-numbered events are used for the

training, while the odd-numbered ones are used for the classification and to extract
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A
I‘: sp!n-two,
o spin-one
m
spin-zero BDT setting ‘ Value
BoostType Gradient
MaxDepth 3
NTrees 400
Background nEventsMin 2% of signal events
IgnoreNegWeightsInTraining True
- UseBaggedGrad True
GradBaggingFraction 0.5
BDTO Shrinkage 0.1

Figure 5.6: Sketch illustrating ~ Table 5.3: BDT settings used in the
the 2D fit concept, with the ex-  spin analysis.

pected localizations of the to-

tal background and of the var-

ious signal hypotheses.

the final results.

5.5 BDT Output

5.5.1 BDT output in the signal region

After the preselection cuts described in Section 5.3 and the jet veto, the signal region

is defined by adding the following requirements:
® proe > 20 GeV,
e my < 80 GeV,
o Ay < 2.8.

Table 5.2 shows the expected numbers of signal and background events after the
preselection, as well as the observed numbers of events in data. All these cuts have
been loosened with respect to the rate analysis, as discussed in Section 5.3; the
actual comparison in shown in Table 5.4.

The cut on the dilepton transverse momentum targets the Z/v*+jets background,
removing more than 80% of it, thus halving the total background. Subsequently, the
cut on myy is tightened with respect to the one used in training (100 GeV), in order
to remove 50% of WW and sizeable amounts of all other backgrounds. Also in this
case, the total background is reduced by a factor two. Finally, a loose cut on Agyy
allows to remove more than half of the remaining Z/~*-+jets events, due to the fact
that, for this background, leptons are emitted preferentially back-to-back (see e.g.
Section 4.2.3).
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At the end of the selection, 168 events are expected for J© = 07 and 113 for J© =
2% f,q = 0.25: despite the facts that the two samples have been normalized initially
to the same cross section, and the selection has been loosened, the acceptance for
JP = 2% events is smaller than for J© = 07 events, namely 67%. This fact, however,
has no consequences on the fit, since both signal normalizations are floated.

Most of the background is constituted by WW events, with minor contributions
from Z/v*+jets, W-jets and other components. In total, 3283 background events
are expected (3% of the initial yield, with a S/B ratio of 5%) while 3615 candidates
are observed in data, yielding a data/MC (background-only) ratio of 1.10 £ 0.02
(stat).

Fig. 5.7 shows the distributions of the input variables in the signal region, with
the SM J© = 0% signal stacked on top of the total background. Looking in particular
at pr e and mp, it can be seen how the predicted SM rate is not enough to account
for the excess in data, thus anticipating an observed signal strength f larger than
one. In Appendix O, the distributions of the input variables are compared between
the J& = 0% and J¥ = 2% f,; = 0.25 hypotheses (Figs. 0.2 and 0.3), while Fig.
0.1 shows the shapes of the input variables for all spin-2 fractions. Already visually,
a SM Higgs boson seems easier to reconcile with the excess found in data than the

alternative J© = 2% hypotheses.

Variable H Spin Analysis ‘ Rate Measurement

Erta > 20 GeV > 25 GeV

Niets 0 jets 0,1,> 2 jet selections
Dree > 20 GeV > 30 GeV

My < 80 GeV < 50 GeV

Ay <28 <1.8

Table 5.4: List of selection cuts applied for the spin (left) and rate (right) analyses,
after the common preselection.

Spin-2 analysis

Fig. 5.8 shows the BDT responses in the signal region, with the J© = 0 and
JP =2t fqq = 0.25 hypotheses alternatively superimposed to the total background.
Both signals are normalized to the expected SM cross section.

BDTO0 exhibits the best discrimination between the two signal hypotheses, while
BDT?2 helps to disentangle both signals from the background. This can be seen ex-
plicitely in Fig. 5.9, where the shapes of the two signals and of the total background
are compared: BDTO is much flatter for J© = 2% than for J© = 0%, while BDT2
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Figure 5.7: Distributions of the four input variables in the signal region: (a) myy,
(b) pree, (¢) Agee, (d) mg. The SM Higgs boson (mpy = 125 GeV) is shown on
top of the total background. All backgrounds are normalized as in Table 5.2. The
shaded bands indicate the total normalization systematic uncertainty. In the lower
part of the figures, the ratio between the data and the sum of signal (with p = 1)
and background events is shown.

shows similar shapes. Hence, the 2-dimensional fit exploits more information than
the simple 1-dimensional fit to BDTO0.

The shapes of the BDT responses for all fractions are compared in Fig. 5.10; the
distribution of BDTO gets flatter when increasing f,q, thus more different with re-
spect to the J& = 07 case, and also the BDT2 shape changes substantially according
to the production mode.

Fig. 5.11 shows the 2-dimensional correlation between BDT0 and BDT2 in the
signal region, for the two signals, the total background and the data. As expected

(cf. Fig. 5.6), a substantial part of the background events gets a low response in
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Figure 5.8: Distributions of the BDT responses for the J = 2% analysis, with
fqg = 0.25, in the signal region. The upper row shows the BDTO distribution
with (a) the J¥ = 0% signal or (b) the J© = 2% signal superimposed to the total
background, while the lower row shows the BDT2 distribution with (c) the J* = 0%
signal or (d) the J© = 2% signal superimposed. Both signals are scaled to the
expected SM cross section. All backgrounds are normalized as in Table 5.2. The
shaded areas represent the total normalization uncertainties on the sum of the signal
and background yields; the “SM” label in the ratio boxes refers to the sum as well.

both BDTO and BDT2, and the same holds for the data, while the two signals get
larger respounses, with some differences that allow for discriminating one from the
other.

Spin-1 analysis

The same distributions shown for the J* = 27F case, are given here for the J© = 1*

analyses: the BDT responses in the signal region for the J© = 17 analysis in Fig.
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Figure 5.10: Shape distributions, normalized to unity, for the output variables, (a)

BDTO and (b) BDT2, comparing the five J© = 2% fractions.

5.12 and for the JX =

17 analysis in Fig. 5.13, while Fig. 5.14 contains the 2-

dimensional correlations for J¥ = 11. The same comments as made in the J¥ = 2+

case mostly hold for J¥ =

1% as expected from the input distributions shown in

Fig. 5.3, the shapes of the BDT responses look more similar between the J© = 0%
and J¥ = 1% signals, than between the J© = 0% and J = 2% signals.

5.5.2 WW control region

The normalization of the WW background is obtained through the fit in a dedicated

control region, defined inverting the cut on mys and removing that on Adggy:

® proe > 20 GeV,

e my > 80 GeV.
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BDT,

Figure 5.11: 2-dimensional distributions in the (BDT0, BDT2) plane for the J©' = 2+
fqg = 0.25 analysis, in the signal region. The upper row shows the signals ((a)
JP = 0%, (b) J¥ = 27), the bottom row shows the total background (c) and the
data candidates (d).

This is different from what done in the rate analysis, where, given the signal region
requirement of my, < 50 GeV, the cut 50 GeV < my, < 100 GeV is applied in the
WW control region.

A good data/MC agreement is found, as can be seen in Figs. 5.15 and 5.16 for
the JP = 2+ and J = 1% analyses, respectively; the BDT responses are found to
be squeezed to the left side in all cases, signaling a good capability of the algorithm
to distinguish between signal- and background-like topologies. The corresponding
number of events in MC and in data is shown in Table 5.2: the WW background
dominates as expected, with some contributions from the top-quark backgrounds,

while the signal yield is negligible. As explained in Section 4.7.5, a normalization
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Figure 5.12: Distributions of the BDT response for the J” = 17 analysis, in the
signal region. The upper row shows the BDTO distribution with the (a) J© = 0%
signal or (b) the J¥ = 17 signal superimposed to the total background, while the
lower row shows the BDT2 distribution with (c) the J¥ = 0% signal or (d) the
JP = 17 signal superimposed. Both signals are scaled to the expected SM cross
section. All backgrounds are normalized as in Table 5.2. The shaded areas represent
the total normalization uncertainties on the sum of signal and background yields;
the “SM” label in the ratio boxes refers to the sum as well.

factor, apww, is extracted from the ratio between WWyata and W Wy, where the
former is obtained by subtracting from the data the sum of all backgrounds which
are not WW itself: the result is apy = 1.09 £ 0.04, compatible with the cut-based
value of a‘{,iPW = 1.16£0.04, and with the fitted values which can be found in Tables
5.13 and 5.18, for the J¥ = 2% and J¥ = 1% fits, respectively.
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Figure 5.13: Distributions of the BDT response for the J” = 1~ analysis, in the
signal region. The upper row shows BDTO with (a) the J = 0% signal or (b) the
JP = 17 signal superimposed to the total background, while the lower row shows
BDT1 with (c) the JP = 07 signal or (d) the J© = 1~ signal superimposed. Both
signals are scaled to the expected SM cross section. All backgrounds are normalized
as in Table 5.2. The shaded areas represent the total normalization uncertainties
on the sum of the signal and background yields; the “SM” label in the ratio boxes
refers to the sum as well.

5.5.3 Z — 77 control region

Unlike the 2011 analysis, the spin analysis uses a Z/v*+jets control region, which
is actually a Z — 77 control region (with both the 7 leptons decaying leptonically).
This is defined inverting the Ay requirement since, as already noticed, the leptons

from Z boson decays tend to go back-to-back:

e my; < 80 GeV,
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Figure 5.14: 2-dimensional distributions in the (BDT0, BDT2) plane responses for
the J¥ = 17 analysis, in the signal region: (a) J© = 0%, (b) JP = 17, (¢) total
background, (d) data.

o Ay > 2.8.

The pr ¢ cut is not applied since it would have the same effect of the A¢y one.
There is no dedicated Z — 77 control region in the rate analysis, since the tighter
E}“’i]fgl threshold removes this background more efficiently. As shown in Figs. 5.17
and 5.18 for the JP = 2% and J¥ = 1% analyses, respectively, the data and the MC
predictions agree well for both the input and the output variables in this region. For
plots and tables, normalization factors of 0.91+0.11 and 0.9240.11 are used before
and after the E}“’iﬁgl cut, respectively (cf. values in Table 5.2). The same values are
retained by the fit (cf. Tables 5.13 and 5.18).
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Figure 5.15: Distributions in the WW control region for the J& = 2+ fqqg = 0.25
analysis: (a) Ay, (b) mr, (c) BDTO, (d) BDT2. All backgrounds are normalized
as in Table 5.2, except the WW one, which corresponds to the pure MC prediction.
The shaded areas represent the total normalization uncertainties. In the lower part
of the figures the ratio between the data and the total background is shown; the
signal is negligible in all cases.

5.5.4 Other backgrounds

Unlike the WW and Z — 77 cases, the other backgrounds do not use dedicated
control regions. The top-quark background is estimated using the same method
outlined in Section 4.8.1. The correction to be applied to MC events, inherited from
the rate analysis, is 1.07 in the signal region, as reported in Table 5.2. The Wjets
background is estimated with the data-driven method illustrated in Section 4.8.3;
the fake factors are also in this case of the order of 0.01 and 0.1, for electrons and

muons, respectively, with a relative uncertainty of +50% on the yield in the signal
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Figure 5.16: Distributions of the BDT responses in the WW control region for the
JP = 1% analyses: BDT1 (a) for J© = 17 and (b) for J¥ = 1. All backgrounds
are normalized as in Table 5.2, except the W W one, which corresponds to the pure
MC prediction. The shaded areas represent the total normalization uncertainties.
In the lower part of the figures the ratio between the data and the total background
is shown; the signal is negligible in all cases.

region.

5.6 Systematic uncertainties

Table 5.5 summarizes the definition and the treatment of the experimental, theoret-
ical and statistical uncertainties. The “2012” tag labels the systematic components
which are decorrelated between the 2011 and 2012 analyses (this is important for
the rate analysis, which uses both datasets), while the “HWW?” tag identifies sys-
tematic uncertainties which are analysis-specific and thus decorrelated among decay
channels in the final combination. Most of the uncertainties are in common with

the 2011 analysis, discussed in Section 4.9; differences are stressed.

5.6.1 Experimental uncertainties

As discussed in Section 4.9.1 for the 2011 analysis, experimental uncertainties are
associated with leptons, jets, missing Ep, triggers and luminosity (£3.6%). Not all
efficiency-related systematic uncertainties are treated as shape uncertainties, rather
only those whose impact is not negligible. Another difference with respect to the
2011 analysis, is the introduction of an uncertainty on the (u) rescaling, which is

applied to the MC events to reproduce different data-taking periods.
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(NF applied for Z+jets, Z+jets, W\W) Plot: "em+me:CutZtautauControl_0jet/DPhill" (NF applied for Z+jets, Z+jets, WW) Plot: "em+me:CutZtautauControl_0jetMT"
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Figure 5.17: Distributions in the Z — 77 control region for the J* = 2+ fqg = 0.25
analysis: (a) Ay, (b) mr, (¢) BDTO, (d) BDT2. All backgrounds are normalized as
in Table 5.2, except the Z — 77 one, which corresponds to the pure MC prediction.
The shaded areas represent the total normalization uncertainties. In the lower part
of the figures the ratio between the data and the total background is shown; the
signal is negligible in all cases.

Additional details on jet-, lepton- and missing Ep-related systematic uncertain-

ties are given in the following.

Jet systematic uncertainties

The JES uncertainty is split into 15 independent components [237|, which can be
divided into the following categories: in-situ jet energy correction, 7 intercalibration,
high-pr jets, non-closure, close-by jets, flavour composition and response for non-b

jets, b-jets, event pile-up. All together, the JES uncertainty ranges from +2% to
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Figure 5.18: Distributions of the BDT responses in the Z — 77 control region for the
JP = 1% analysis: (a) BDT1 for J¥ = 1%, (b) BDT1 for J© = 1. All backgrounds
are normalized as in Table 5.2. The shaded areas represent the total normalization
uncertainties. In the lower part of the figures the ratio between the data and the
total background is shown; the signal is negligible in all cases.

+9%, depending on 7 and pr of the jet, and on the sample composition.
The uncertainty on the jet energy resolution is found to vary between +25% and
+5%, as a function of jet n and pr, as for the 2011 analysis (cf. Section 4.9.1).
Finally, the uncertainty on the JVF criterium used for jet identification (see

Section 5.2.5) is found to have a negligible impact on the analysis.

Lepton systematic uncertainties

Lepton systematic uncertainties follow what is described in Section 4.9.1 for the 2011
analysis, and are divided into uncertainties on the selection efficiency (EL_EFF and
MU _EFF, for electrons and muons, respectively), on the energy scale (EL _ESCALE,
MU _ ESCALE) and on the resolution (EL_RES, MU ID RES, MU MS RES).
The first term includes the uncertainties on identification (for electrons +3%
for pr ~ 15 GeV and decreasing above, for muons smaller than +£1% on the whole
range), reconstruction (smaller than +1%) and trigger (around +2%), for a total
impact between +2% and +5%. For what concerns the energy scale and resolution,

their uncertainties are both smaller than +1%, for both electron and muons.

Missing Er systematic uncertainties

Also the treatment of missing Fr systematic uncertainties is similar to what is done

in 2011 (Section 4.9.1), but less conservative, thanks to the knowledge acquired in
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the meanwhile by the ATLAS collaboration [186] on the impact of soft objects (re-
constructed jets with pr < 20 GeV and soft depositions in the calorimeter) on the
missing E7 computation. The uncertainty resides now on two independent terms:
the first term is the resolution one (MET RESOSOFT), which covers data/MC dif-
ferencies in the description of soft objects, and is a function of pr and the number of
primary vertices, the second term (MET SCALESOFT) accounts for uncertainties

on the soft energy scale, with a =1 GeV smearing of the scale itself.

5.6.2 Theoretical uncertainties

The theoretical uncertainties mostly follow what discussed in Section 4.9.2 for the
2011 analysis, with the caveat that only the uncertainties specific to the 0-jet bin
are relevant for this analysis and are hence summarized here.

Concerning the uncertainties on the J* = 0% production cross section, they are
determined following the prescriptions in Refs. [87,225,238]. QCD scale uncertain-
ties are obtained varying pur and prp up and down by a factor of two (ug,pur =
mp/2,2myr), while for PDFs two sources are taken into account: the envelope of
error sets and the difference between the central values of different prescriptions.
Variations of QCD scales and PDFs change the J© = 0T cross section by £17% and
+8%, respectively.

Uncertainties on the W+ cross section amount to +11% [238], while for W (Z/~v*),
with mz,,« < 7 GeV, the MadGraph prediction is normalized to the NLO POWHEG
one by a K-factor of 1.4 £ 0.2.

As in the 2011 analysis, the modelling accuracy of the signal and background
processes is checked using different MC generators, namely MCONLO for J© = 0%
(their difference is the “UEPS” signal systematic) and POWHEG for ¢¢.

5.6.3 Uncertainties from data-driven methods and control regions

Some additional systematic uncertainties arise from the usage of data-driven meth-
ods, pseudo data-driven methods and control regions. They affect, respectively, the
W +jets, tt and WW backgrounds.

For what concerns the W+jets background, a conservative uncertainty of +£50%
on its estimation in the signal region is applied, as in 2011; however, given the
difference in electron and muon fake factors, their contributions are now decorrelated.

The uncertainty on the t¢f and single top-quark yields in the signal region is
in common with the rate analysis. It is described by four independent nuisance
parameters (TOP _SCALEF 0j): the experimental and theoretical uncertainties
amount together to £11.4%, an additional +4% takes care of the fact that the scale
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Parameter Name Description Type Shape Variation
SigXsecOverSM Omeas/OSM Parameter of Interest —
sampleNorm _ ggf125 Normalization uncertainty for the ggF signal sample Statistical —
sampleNorm_ spin2 Normalization uncertainty for the VBF signal sample Statistical —
sampleNorm_ttbar Normalization uncertainty for the ¢f sample Statistical -
sampleNorm _ st Normalization uncertainty for the single top-quark sample Statistical -
sampleNorm _ww Normalization uncertainty for the WW sample Statistical -
sampleNorm  wzzz Normalization uncertainty for the diboson sample Statistical -
sampleNorm _ zjets Normalization uncertainty for the Z/y*+jets sample Statistical —
sampleNorm _ wjets Normalization uncertainty for the W+ jets sample Statistical —

norm_ WWO0j

WW normalization

Control Region

norm_ Z0j

Z — 77 normalization

Control Region

BTAG_BEFF B-tagging efliciency Experimental -
BTAG_CEFF C-tagging efficiency Experimental -
BTAG_LEFF Mis-tagging efficiency Experimental -
JES Jet energy scale, split into 15 independent components Experimental —
JER Jet energy resolution Experimental —
EL_EFF Electron selection efficiency Experimental v
MU_EFF Muon selection efficiency Experimental v
EL_ESCALE Electron energy scale Experimental -
MU_ESCALE Muon energy scale Experimental -
EL_ RES Electron energy resolution Experimental —
MU_ID_RES Muon ID track resolution Experimental —
MU_MS_RES Muon Spectrometer track resolution Experimental —
ISO Lepton isolation Experimental v
MU_RESCALE_ Ivlv_ 2012 Pile-up rescaling Experimental v
TRIGGER_SF Trigger efliciency uncertainty Experimental v
MET _RESOSOFT MET uncertainty Experimental -
MET _SCALESOFT MET uncertainty due to pile-up Experimental -
LUMI Luminosity uncertainty Experimental -
Fake_Rate_EL Uncertainty on the W+ jets fake rate for electrons Data-driven v
Fake_ Rate_MU Uncertainty on the W+ jets fake rate for muons Data-driven v
TOP_SCALEF _0j Theoretical uncertainty on 0-jet top-quark estimate (four NPs) Data-driven (th) -
UEPS_SHAPE_PS Uncertainty on the WW shape given by the parton shower modelling Theory v
UEPS_SHAPE PDF Uncertainty on the WW shape given by the PDFs Theory v
UEPS_SHAPE SCALE Uncertainty on the WW shape given by pr, pr Theory v
QCDscale_V qq — V scale uncertainty Theory -
QCDscale_ VV qq — V'V scale uncertainty Theory —
QCDscale_ VV_ACCEPT qq — V'V scale uncertainty on acceptance Theory —
QCDscale_ Wg_ ACCEPTO(j W~ scale uncertainty on acceptance Theory —
QCDscale_ Wgs_ ACCEPTO0j W~* scale uncertainty on acceptance Theory —
QCDscale_ ggH g9 — H scale uncertainty Theory -
QCDscale ggHlin g9 — H scale uncertainty (for > 1 jet) Theory
QCDscale_ggH ACCEPT g9 — H scale uncertainty on acceptance Theory —
Higgs UEPS Uncertainty on ggF signal shape from POWHEG/MC@NLO comparison Theory v
pdf Higgs gg gg PDF uncertainty Theory —
pdf_Higgs_qq qq PDF uncertainty Theory —
pdf _qgbar_ ACCEPT qq PDF acceptance uncertainty Theory —
pdf__qgbar qq PDF uncertainty Theory —
pdf Wg_ACCEPT W~ PDF acceptance uncertainty Theory -
pdf Wgs_ACCEPT W~* PDF acceptance uncertainty Theory -

Table 5.5: Naming scheme for the nuisance parameters used in the spin analysis,
from experimental and theoretical sources, control regions, data-driven methods
and the limited number of MC events. The rightmost column indicates if a shape
component is used in the fit in addition to the normalization one.

factor is computed at a different cut stage (after the

itself, and finally +3% due to the limited number of MC events.

?,ifgl cut) and not in the SR

There is no specific theoretical uncertainty on the Z/v*-+jets control region pre-

diction, since, given its limited contribution in the signal region, its theoretical

modelling is not critical for the extraction of the final results; moreover, no shape

information is extracted from the CR, only the normalization. For WW  on the
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other hand, the error on ayyy, i.e. the extrapolation factor from the control to
the signal region, is evaluated as discussed in Section 4.9.3. Various sources are
considered, from the MC generator side (comparing the nominal POWHEG+PYTHIA6
to POWHEG+PYTHIA8 and POWHEG+HHERWIG, in order to investigate the effect of the
parton shower), and to MCFM for the matrix element), to the QCD scales, to the
PDFs (CT10 error sets and comparison between CTEQ and MRST). The sum in
quadrature of the single terms yields a total uncertainty on aypw of £4.3% (+3.0%
from modelling, £2.5% from PDFs). For the shape component of the WW back-
ground uncertainty, a dedicated technique has been developed, as discussed in the

following.

5.6.4 Theoretical uncertainty on the WV background shape

The uncertainty on the shape of the WW background has to be taken into account
with particular care, since this is the main background in the signal region (con-
stituting 2/3 of the total expected background, cf. Table 5.2) and sensitivities are
obtained via a shape fit. For this reason, in addition to the theoretical uncertainties
on the yield discussed above, more nuisance parameters are introduced, to let the
shape of the WW background free to float in the fit. This is done in particular
with three independent nuisance parameters, which correspond to the uncertainties
on the PDFs, on the QCD scales and on the underlying event/parton shower model
(UEPS_SHAPE PDF, SCALE and _PS, respectively). In the following, only the
basic idea of the procedure is described; additional details can be found in Appendix
K.

For each variation, new samples of W W events have been produced at generator-
level, under the assumption that the properties of generator-level quantities follow
those of the reconstructed ones and that, in particular, relative changes are coherent.
For QCD scales, samples with (ug,ur = mpg/2,2mpg) have been produced, for
UE/PS POWHEG+HERWIG has been compared to the nominal POWHEG-+PYTHIAS, finally,
for PDFs, reweighted sets have been created for the CTEQ error sets and the MSTW
and NNPDF central values. In all cases, a standard training is performed, using the
topological variables computed with generator-level lepton quantities and smeared

neutrino momenta reproducing E7"5 .
k)

The difference between the nominal and the up/down BDT responses is used
to create an envelope, inside which the fitted shape can float. In order to have a
continuous 1-dimensional envelope, BDT0 and BDT2 (or BDT1 for the J¥ = 1F

analysis) are first decorrelated, computing the direction of their correlation (Ocorr)
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and performing a rotation accordingly, so that two new variables are defined:

BDT, = BDTy - sin 0¢orr + BDT 2 - cos Ocorr

5.1
BDT, = BDTq - cos Ocorr — BDT1 2 - sin Oeorr (5.1)

Hence, BDT, and BDT, are mostly uncorrelated, and two independent envelopes
can be built on each of them. Examples of these envelopes are shown in Fig. 5.19,
for the UE/PS and QCD scale variations, for the J* = 27 fqg = 0.25 analysis. The
fit uses in each case the largest envelope.

This treatment minimizes overconstraints and pulls on the UEPS nuisance pa-
rameters, and for this reason has superseded the previous one (also adopted in 2011)
which counsisted in the comparison between the MCONLO and POWHEG shapes. One
important point is that the envelope is applied to an event only if it has both BDT0
and BDT2 (or BDT1) > —0.2, i.e. only in the signal-like region. Applying it on the
whole BDT response, on the contrary, the WW shape would be constrained more
strongly in the background-like region and then forced to follow the same trend
also in the signal-like region, possibly biassing the result (as discussed further in
Appendix L).

5.6.5 Higgs boson transverse momentum

As anticipated in Section 5.1, the latest version of the POWHEG generator does not
need to be reweighted to the HqT output, since the two Higgs boson pr spectra are
compatible within +5%. For generating the alternative spin hypotheses, however,
JHU is used, which requires to evaluate the effect of the missing orders. A test is per-
formed for the extreme configuration, reweighting J© = 2+ fqg = 1.00 events with
the following function: f(pr) = f797 (pr)/ 7Y (pr). While, before the topological
selection, the reweighted and non-reweighted distributions are different (as shown in
Fig. 5.20 (a) for A¢ys, which is drawn after the E%ifgl cut), after applying the whole
selection they become almost identical (Fig. 5.20 (b)), so no systematic uncertainty

is assigned on this effect.

5.6.6 Impact on the analysis

Most of the systematic uncertainties discussed above have a negligible impact on
the analysis; the others are listed in Table 5.6, which shows the relative impact
on the yield in the signal region (the largest between the up and down variations).
The most important systematic effects are represented by the jet energy scale, the
W +jets fake factor, the lepton selection efficiency and the missing Ep terms. The

Z/~*+jets background is more affected by the systematic uncertainties because of
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Figure 5.19: Envelopes on the rotated BDT responses, as defined in Eq. 5.1, for
the JE = 27 f,- = 0.25 analysis. In (a,b) the UE/PS variations are shown, as
a ratio to the nominal configuration, while in (c,d) the largest variations given by
the modifed QCD scales are shown (pug and pp up and down by a factor of two

(LR, b = mp/2,2mp)).

its low number of MC events after the selection. The effect on the total background,
however, is around or smaller than +1% for all systematic uncertainties, apart from
+3.4% for the data-driven fake factor. The latter has an impact also on the WW

background because of the W-jets contamination in the WW control region.

Fig. 5.21 shows the Kolmogorov-Smirnov probabilities for compatibility between
the nominal shape and the up/down variations, for each source of experimental
uncertainties. The shapes considered here are the BDT0 and BDT2 ones, for the
total background and the J¥ = 0% signal (similar results are obtained for the J* =
2% signal and in the J” = 1% analysis). The resulting values are inside +£60%,
apart from a few isolated cases affected by statistical fluctuations, so that a shape
component of the uncertainty is implemented only for the efficiency-related ones,
the Wtjets fake factor and the WW UEPS terms.
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Figure 5.20: Distributions of the dilepton azimuthal angle Ag¢yy, before and after
the reweighting of the Higgs boosn pr spectrum provided by the JHU generator to
the HqT one, for J¥ = 2% f,- = 1.00 events. The plot in (a) is shown after the E}“ifgl
cut, the one in (b) after the full selection. 7

Source of Uncertainty | J* =0F JP =2t JP=1% JP=1- WW Wjets Z/y*+jets Top-quark Total Bkg
Jet Energy Scale 4.7% 4.2% 2.8% 2.9% 0.8% - 9.6% 2.9% 1.0%
W +jets Fake Factor - - - - 2.9% 50% - - 3.4%
Lepton ID Efficiency 3.2% 3.1% 3.2% 3.3% 1.0% 3.7% 1.0% 1.1%
Emiss 03%  0.3% 0.3%  0.3% 0.1% 6.3%  1.4% 0.5%
Number of MC events 0.9% 0.8% 0.6% 0.7% 0.6% 5.2% 2.3% 0.7%

Table 5.6: Largest systematic (normalization) uncertainties affecting the yields of
the various signal and background components in the signal region.

5.7 Statistical model and fit procedure

5.7.1 Likelihood and test statistic

The definition of the likelihood function follows Section 4.10.2 and is, in particular,
analogous to Eq. 4.10, with the product running now only on one data-taking period,

one jet category and one lepton flavour:

Npins Nbkg No
L(p,e,0) = H P | N;|p(e SZ-(O) +(1—¢) SZ-(ALT)) + Z By | px H F(0m,0p) -
i=1 b m=1

(5.2)
The other main difference is that the parameter of interest is not p (which is now

treated as a nuisance parameter), but e, the fraction of J© = 0% events, such that
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Figure 5.21: Kolmogorov-Smirnov test probabilities for compatibility between the
nominal shape and the up/down variations of each experimental uncertainties (cf.
Table 5.5). The top row shows BDTO0, the bottom row BDT2; the left column shows
the J© = 0% signal, the right column the total background.

£ = 0 corresponds to a pure J” = 2% or J¥ = 1% signal, while ¢ = 1 to a pure SM
signal. As before, Ny are the other nuisance parameters, with F(ém, 0.,) being the
auxiliary measurements that constrain the systematic uncertainties.

The test statistic is defined as the logarithmic ratio of the two likelihoods, for

the null (the SM) and alternative hypotheses under consideration:

1T 0.
g = In ZEZ Lflemt,0em1). (5.3)
L(e =0, [tz=0, 0z—0)

The symbols i and 6 refer to the best fit values (MLEs) of the signal strength and

the nuisance parameters, obtained maximizing the likelihood in correspondance of
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each € hypothesis.

The distribution of g, and consequently the pg-values that quantify the rejection
power for alternative spin hypotheses, are defined as described in Section 4.10.4, with
f(Q|B) and f(Q|S + B) substituted by f(Q|e = 1) and f(Qle = 0), respectively.
Their distributions are obtained by means of pseudo-experiments (also known as
toy experiments), since the asymptotic approximation is not applicable, given the
constraint on the POI; they are shown schematically in Fig. 5.22, in (a) for the MC
expectation, in (b) for the observation in real data. The pg-value for compatibility
with the alternative hypothesis, corresponding to the blue filled area (dashed for
expectation), is defined as the probability of finding a @ value equally or less com-
patible with the “27+B” model than the one measured in data (than the “0*+B”

median), assuming “0"+B” to be true:
PALT) = PQ 2 Quule =0 = [ 7(@le=0)do. (5.4)
obs

At the same time, 1 — po(ALT) can be regarded as the probability of rejecting the
“274+B” hypothesis, assuming that “0T+B” is true: for instance, having po(ALT) =
0.05 corresponds to a 95% rejection probability for the J¥ = 2% hypothesis. The
confidence level for excluding the alternative hypothesis in favour of the SM is eval-

uated by means of a CL estimator [230]:

po(ALT)

CL, = 2\
1 —po(0T)

(5.5)

which normalizes the rejection power of the alternative hypothesis to the compati-
bility with the SM case, analogously to Eq. 4.15 for the 2011 analysis.

f(Q) f(Q|spin0+b) f(Q) observed data

I |
f(Q|spin2+b) f(Q|spin0+b)
f(Q|spin2+b)
)
spin0+ ' .
.!| ‘ expgcted P(spin0+b) .
M‘m ’lll P(spin2+b) P(spin2+b)
U\

(a) (b)

Figure 5.22: Schematic representation of the f(Q|0"+B) and f(Q|2%+B) distribu-
tions and definition of po(0™), po(ALT) (labelled as P(spin0+b) and P(spin2+b) in
the figures, respectively), for (a) MC expectation and (b) observation in real data.

A different definition of the test statistic considers both distributions (¢ = 0,1)
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normalized to the one with ¢ free, in the following way:

~ ~

L(e =0, lte—p, 0= L(e=1,lc=1,0—
ge=0 = In ( A/ia 9\ : 0) s Ge=1 = In ( A/ia }\ 2 1) (56)
£(€,/.Lg,9g) ﬁ(eaﬂé\aeé\)

where in the denominators iz and 55 are computed in correspondance with the
best fit value of €. This is the standard LHC prescription for computing exclusion
limits [230,231], as discussed in Section 4.10.4, i.e. the profile likelihood ratio (PLR).

The drawback of this method is that, in principle, £ can take a continuous
spectrum of values, while the model this analysis wants to explore considers ¢ = 0,1
as the only two physical scenarios. Nevertheless, the rejection powers achieved by
the two methods are expected to be comparable, as long as ¢ is close either to 0 or 1,
which has been verified in different configurations, as shown in Appendix N, where
the residual differences are investigated.

In the following, po-values are computed with the first method; they can be
converted into significances, Z, defined such that a Gaussian-distributed variable,
found Z standard deviations above its mean, has an upper-tail probability equal to
p. That is:

Z=o"11-p), (5.7)

where @71 is the Gaussian quantile, i.e. the inverse of the cumulative distribution
[239]. In particular, Z = 1.64 corresponds to a threshold py-value of 0.05 (95% CL).

5.7.2 Choice of the binning

As already discussed, sensitivities are computed with a 2-dimensional fit in the
(BDTO, BDT2) plane (or BDT1 for the J© = 1% analysis). The signal region uses
a (10, 5) binning, while for the control regions (WW and Z/v*+jets) only a single
bin is used. The (10, 5) binning has been chosen starting from two considerations:
firstly, the 2011 BDT analysis uses ten bins (and its response basically corresponds
to BDTO in 2012), secondly, BDT0 accounts for most of the spin discrimination, and
as a consequence it is more finely binned.

A scan using five, seven and ten bins in each dimension has been performed
on a reduced dataset (13fb~1), and the results are summarized in Tables 5.7 —
5.11, where expected sensitivities for J = 0 and J¥ = 2% f,; = 0.25 are shown,
for p = 1 and p = [, together with the fitted i values. The results do not take
systematic uncertainties into account. The best sensitivities are obtained in all cases
for ten bins in BDTO0; having more than five bins in BDT2 does not improve the
results in a significant and coherent way, so that there is no clear gain by using a

finer binning. The fitted signal strengths are constant within uncertainties.
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BDT2 bins 5 7 10
BDTO bins
5 0.65 | 0.57 | 0.62
7 0.66 | 0.71 | 0.67
10 0.69 | 0.69 | 0.72

Table 5.7: Expected sensitiv-

ities for J¥ = 0% rejection,
with © = 1.
BDT2 bins 5 7 10
BDTO bins
5 1.51 | 1.35 | 1.52
7 1.51 | 1.56 | 1.41
10 1.57 | 1.59 | 1.57

Table 5.9: Expected sensitiv-

BDT2 bins 5 7 10
BDTO bins
5 1.41 | 1.31 | 1.36
7 1.42 | 1.49 | 1.48
10 1.49 | 1.54 | 1.58

Table 5.8: Expected sensitiv-

ities for JP = 2% rejection,
with u = 1.
BDT2 bins 5 7 10
BDTO0 bins
5 1.78 | 1.62 | 1.82
7 1.69 | 1.87 | 1.82
10 1.98 | 1.95 | 2.22

Table 5.10: Expected sensitiv-

ities for J¥ = 0% rejection, ities for JP = 2% rejection,
with u = f. with = (i
BDT?2 bins 5 7 10
BDTO bins
. o — 146 + 0.30 | fip — 1.39 + 0.29 | fip — 1.46 + 0.34

fis = 2.19 £ 0.67

fis = 2.13 £ 0.67 | fip = 2.19 £ 0.67

7

fio — 141 £ 0.40
fi2 — 2.11 £ 0.68

flo = 1.40 £ 0.33 | fip = 1.39 £ 0.28
flo = 2.02 £ 0.67 | iz — 1.96 £ 0.67

10

fio — 1.51 £ 0.37
fia = 2.18 £ 0.68

fio = 1.46 £ 0.37 | fip — 1.51 + 0.36
fiz = 2.04 £ 0.68 | jip = 2.00 + 0.66

Table 5.11: Fitted fi values for the J© = 07 and J© = 27
signals, with different binnings. All the results in Tables 5.7
— 5.11 correspond to an integrated luminosity of 13 fb~! and

use no systematic uncertainties.

5.8 Results for the spin-2 analysis

Most of the results in this Section are given for f,; = 0.25, more details for the other

fractions can be found in Appendix O.

5.8.1

Post-fit yields

Table 5.12 compares pre-fit and post-fit event yields for the backgrounds and the dif-

ferent signal hypotheses, for J© = 0% and J¥ = 27 fits, in signal and control regions.

The background breakdown is the same as used in the fit. The pre-fit numbers are

in principle equal to those in Table 5.2, keeping into account two differences: firstly,

the latter use all MC events, while those in Table 5.12 correspond to half of them
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(only the odd-numbered events) scaled to the full luminosity, secondly, normaliza-
tion factors are not applied for the WW and Z/~v*+jets backgrounds, since they are
recovered in the fit from their control regions (the normalization factors are, on the
other hand, applied for the top-quark backgrounds).

After the fit, the two signals are scaled up by their i values. The WW back-
ground is increased of around 10%, in agreement with the pre-fit NF (1.08), more
in the J¥ = 2% case: the reduced increase is compensated, in the J© = 0T case, by
an increase in the number of Z/v*+jets and W+jets events. The post-fit Z/v*+jets
NF is 0.91, in agreement with the pre-fit one (0.92). The W+jets background is
decreased by the fit for both signal hypotheses, more for J = 2.

[ of 2Ff WW WZ/ZZ Wy W~y* tt Single Top Z/y"+jets Wtjets
pre-fit 170 112 2028 63 83 83 171 130 309 278
post-fit J© = 0F 265  — 2223 63 76 83 169 129 334 266
post-fit J =2+ — 265 2302 63 82 78 166 126 285 240
pre-fit Z — 77 CR 4 93 6 5 2 4 3 3582 95
post-fit J© =0 Z — 77 CR 6 — 101 6 4 2 4 3 3262 90
post-fit J© =2 Z -7 CR | — 22 81 6 5 2 4 3 3252 81
pre-fit WW CR 1 2 2212 56 34 42 333 192 56 153
post-fit J© =0t WW CR 1 — 2427 55 35 48 330 191 67 148
post-fit J© =27 WW CR — 5 2476 55 33 39 323 187 54 134

Table 5.12: Pre-fit and post-fit event rounded yields for the various background
components (as used in the fit) and the two alternative signal hypotheses, for J© =
0t and JF =2t fqqg = 0.25 fits, in signal and control regions. The statistical and
systematic uncertainties are all taken into account.

JP =0t fit JP = 2% fit

i WW norm | Z norm i WW norm | Z norm

foq=0.00 || 1.59706L | 1.10700% | 0.92700% | 3.05755 | 1117500 | 0.9275

fag =025 | 1.597058 1 1.09700% | 0.9375:02 | 2.367 042 | 1.12700% | 0.92+0:1L

fag =050 | 1.5375:62 1 1.09700% | 0.927058 | 1.997598 | 1127003 | 0.9270- 50

_ 0.60 +0.05 +0.12 0.94 0.05 0.10
faa = 0.75 || 1.557080 | 1107992 | 0.937912 | 1.39%9%¢ | 1.13%095 | 0.92*0:19

_ 0.62 0.05 +0.12 0.82 0.05 0.10
fog=1.00 || 1.627092 | 1.107002 | 0937045 | 0.8870%5 | 1.137002 | 0.9270 59

Table 5.13: Best-fit values for the signal strenghts, in units of the expected SM cross
section, and the background normalizations obtained from the control regions (WW
and Z — 77), for the J¥ = 07 and J¥ = 2% fits, with all systematic uncertainties
included.
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5.8.2 Post-fit BDT distributions

Fig. 5.23 shows the 2-dimensional BDT response (BDT0, BDT2) after its unrolling
in 1D. All normalizations (for the signal hypotheses and for the various background
components) are the post-fit ones, summarized in Table 5.12. In both cases, the
agreement between the data and the MC expectation is good on the whole range;
the relevant signal contributions are concentrated in four bins, where, already visu-
ally, JU = 0T seems to match better the data/MC excess than J = 2%, with a

significance that can be computed by means of toy experiments.

123 123
§ 7002_ 25% qq->spin2 Wl vackoround § 700:_ 25% qq->spin2 Wl veckgouno
[ E - H[125] spin 0+ [ E - H[125] spin 2+
600F —e— data 600F —e— data
500 500
400 400
300 300 4
200 200
»>
100 100|
0-1 -08 -06 -04 -02 0 02 04 06 08 1 0-1 -08 -06 -04 -02 0 02 04 06 08 1
remapped 1D BDT output remapped 1D BDT output

(a) (b)

Figure 5.23: Unrolled 1-dimensional distributions for the (a) J = 0% and (b)
JP = 2t fqg = 0.25 signal hypotheses, as well as the total background and the
data. The statistical and systematic uncertainties are all taken into account. The
normalizations are the post-fit ones.

The difference between the results of the two fits can be better visualized by means
of the background-subtracted data plots, where the excess (computed as the number
of data events after subtracting the post-fit background) is compared with the ex-
pected distribution for the signal, as shown in Fig. 5.24. In this case the unrolled
1-dimensional distribution is used, but the bins are ordered according to the (increas-
ing) number of expected signal events, and all bins with expected content below 0.1
are removed. After this reordering, the signal excess is peaking on the righthand
side, and it looks easier to be reconciled with the expected J” = 0% shape than
with the JP = 2T one.

5.8.3 Pulls in nuisance parameters

The fit result has to be evaluated also in terms of the fitted values of the nuisance
parameters. As explained also in Appendix I, all systematic NPs have pre-fit values
of 041 (since they represent the variation with respect to the nominal configuration,

which is expected to float inside the range defined by the initial prescription), while
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Figure 5.24: Unrolled 1-dimensional BDT distributions for the (a) J = 0% and (b)
JP =2t fqq = 1.00 signal hypotheses, after the background subtraction from data,
using the post-fit normalizations for all backgrounds and signals. The bins have
been reordered according to the number of expected signal events, increasing from
left to right. The statistical and systematic uncertainties are all taken into account.

the normalizations from the control regions (the « factors) have 1+0. In the former
case, a post-fit error much smaller than 1 indicates that the fit is overconstraining
the systematic uncertainty more than the initial prescription, possibly biassing the
result. Fig. 5.25 shows the pulls for all NPs listed in Table 5.5, after discarding those
that have a negligible impact on the final result. Pulls are defined as the difference
between the post- and pre-fit values of the parameter, divided by its post-fit error.
Parameters are marked in red if their best fit value is more than 40% away from
0 (the parameter is pulled) or if their error is less than 75% of the pre-fit one (the

parameter is overconstrained).

For what concerns the J© = 0% fit, shown in Fig. 5.25 (b), the only parameter
that needs additional checks is the JES 2012 Detectorl one, which has a post-fit
value of 0.60'_“1):;8, i.e. it is both pulled and asymmetrically constrained. This is
most likely due to statistical fluctuations in the background-enriched part of the
BDT response, as suggested by a dedicated study: with reference to the unrolled
JP = 0% distribution in Fig. 5.24 (a), the first 25 bins are combined into one, three
or five bins, while the remaining bins, i.e. those respounsible for most of the spin
discrimination, are left untouched. The sensitivities slightly decrease (as expected,
since some of the differential knowledge on the backgrounds is lost) and at the same
time the pull on the JES NP disappears. The likelihood profiled as a function of the
parameter shows, in the standard configuration, an asymmetric structure with two
minima, the absolute one being moved away from 0, in the standard configuration
(Fig. 5.26 (a)), while when the first 25 bins are combined into three (b) a symmetric

minimum centered at zero is restored. In conclusion, removing background bin-to-
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Figure 5.25: Post-fit pulls in the nuisance parameters, for the J© = 2% fqg = 0.25
analyses: (a) € = 0 fit, (b) ¢ = 1 fit. The statistical and systematic uncertainties are
all taken into account, but only those which are non negligible appear in the plots.
The CR normalizations are labelled “norm  WW0j” and “norm_ Z0j”, “SigXsecOv-
erSM” is the signal strength, all other parameters follow the naming convention in
Table 5.5.

bin fluctuations, i.e. combining bins together, causes the pull on the JES parameter
to disappear, at the price of a loss in sensitivity. On the other hand, just performing
the fit fixing the JES parameter to 0+ 1, does not alter the final results significantly,
proving that the JES pull is not the source of any bias.

For what concerns the J© = 2% fit (Fig. 5.25 (a)), on the other hand, a
slight overconstraint on the JER parameter appears (70%), and more interestingly
both Fake Rate parameters are somewhat pulled (Fake Rate EL = —0. 25+8 35’1,
Fake Rate MU = —0. 43+8 82) In fact, as already noticed commenting Table 5.12,
the W jets background is reduced by the J* = 2% fit more than by the J* = 0%

fit, since the former tends to accomodate more WW events.

It should be noticed that, for both signal hypotheses, the UEPS nuisance param-
eters are well behaved, and the PDF one is discarded by the fit since its impact is
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Figure 5.26: Profiled likelihood as a function of the JES 2012 Detectorl nuisance
parameter, for the J& = 0% fit, in the J¥ = 2% f,; = 0.25 analysis. In the standard
configuration (a) an asymmetric structure appears, corresponding to the pulled and
asymmetric uncertainty on the post-fit NP. Combining the first 25 bins into three
(b), a symmetric minimum, centered at zero, is restored.

5.8.4 Signal strength and compatibility with the rate measurement

Even if the spin analysis is not designed to provide a precise measurement of the
signal strength, a value of [ is obtained as a result of the fit, and it is used to
compute the sensitivities, since the test statistic g, is a function of p (cf. Eq. 5.3).
Table 5.14 summarizes the post-fit normalizations for the signal, in the J© = 0%
and JP = 27 fqg = 0.25 hypotheses, and the corresponding WW and Z — 77
CR normalizations, for different configurations of the systematic uncertainties. The
last line, in particular, refers to the configuration where only the main systematic
uncertainties are considered: the UEPS, Fake Rate and theoretical ones and the
uncertainties due to the limited number of MC events. All values are compatible
within uncertainties. Moreover, the error on fi increases consistently when adding
the systematic uncertainties, as expected.

The signal strength in the J© = 0% hypothesis, i = 1.59J_r8:gé, appears to be
larger than the one obtained by the rate analysis, 1.26 £ 0.35 |234] (which is com-
puted with all lepton flavours and jet bins included). A study on the compatibility
of the two results has been performed, generating 100 toy experiments under the
assumption that the JP = 0% hypothesis is true (with g = 1), fitting them in two
ways: once according to the rate measurement prescription (fit mp after the full
cutbased selection, but for the eu 0-jet channel only), once according to the spin
analysis prescription. The results are presented in Fig. 5.27 (a), where the distribu-
tion of |fispin — firate| is shown, together with the observed value. Integrating to the
right of the data line, the compatibility between the two measurements is found to

be 1.650. The expected values are linearly dependent, as shown in Fig. 5.27 (b).
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JU =0T fit JP = 2% fit, f,=0.25

fL WW norm | Z norm L WW norm | Z norm

All systematic uncertainties 1591080 | 1007005 | 0937592 | 2.361 012 | 1127008 | 0.9275: 1L
No systematic uncertainties 1524928 | 1117002 | 0917592 | 2414931 | 1117552 | 0.9075:92
Limited number of MC events only 1500081 | 1115092 | 0.914002 | 2414097 | 1114098 | 0.9040:02
Theory systematic uncertainties only || 1.457047 | 1.10%302 | 0.9170:04 | 2.277583 | 1.10%202 | 0.9075:02
Detector systematic uncertainties only || 1.577045 | 1.12%30% | 0.887007 | 2737583 | 1.15%0%% | 0.8770:5¢
v : ertainti : +0.53 +0.04 +0.04 | 5 ga+1.10 +0.04 +0.02
Main systematic uncertainties only 15055 | L1100 | 091504 | 2367099 | 11275704 | 0.907 505

Table 5.14: Best-fit values for the signal strenghts, in units of the expected SM cross
section, and normalizations for the backgrounds obtained from their respective con-
trol regions (WW and Z — 77), for the J¥ = 0% and J¥ = 2% f,; = 0.25 fits.
Different configurations of the systematic uncertainties are considered, in particular
the “main systematic uncertainties” one uses only the UEPS, Fake Rate and theo-

retical contributions and the uncertainty due to the limited number of MC events.
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Figure 5.27: Compatibility between the signal strengths measured by the spin and
rate analyses, in both cases in the ep 0-jet channel only. Left: Distribution of
|fispin — firate| Obtained by means of toy experiments, generated assuming the J¥ =
0T hypothesis. The observed value is also shown, see the text for further details.

Right: Linear correlation between the two measurements.

5.8.5 Sensitivities

As explained in Section 5.7, the sensitivities are computed by means of toy exper-

iments, generated under the assumption that either the J© = 0% or the J© = 2+

hypotheses are true. Each toy is then fitted for each of the two hypotheses, com-

puting the corresponding value of the test statistic g,, defined in Eq. 5.3 as the
logarithmic ratio between the two likelihoods: L(e = 1,;75:1,55:1) = L(JP =07T)
and L(e = 0,]ie—q,0-—0) = L(JF =2%). Then, as illustrated in Fig. 5.22, the

expected sensitivities are computed integrating on each toy distribution starting

from the median of the other one (for expected) or from the g, value found in data

(for observed). In this way, the rejection probabilities are obtained in terms of po-
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values, Z significances and finally CLg confidence levels (cf. Egs. 5.4, 5.7 and 5.5,
respectively); they are shown in Tables 5.15 and 5.16 for the five fy; fractions. All
values use the best-fit signal strengths and the best-fit nuisance parameters. As
expected (see Section 5.5.1 and in particular Fig. 5.10), the sensitivities increase
with increasing f,q. The expected and observed sensitivities for J P — 2% rejection
are compatible, while the observed pg-values for J© = 07 rejection are larger than
0.5, and negative in terms of Z significances, because the data cannot reject the
JP = 0% hypothesis. The CLg values range from 95.2% for f,; = 0.00 (2.20 for
JE = 2% rejection) to 99.94% for f,; = 1.00 (3.40).

Table 5.16 also shows the numbers of fitted J© = 0% and J© = 2% events:
almost constant in the former case, anticorrelated with the increase in sensitivity for
JP = 2% which confirms that the latter is due to a better shape discrimination for
increasing fy3 and not to the freedom in the choice of .

Fig. 5.28 contains the five toy distributions of the test statistic, normalized to
unity. The JP = 0T distribution (in blue) gets broader as f,; increases, which can
be understood in the following way: since g, = In(L(JF = 07)/L(JF =2T)), as fyq
increases it becomes harder and harder to fit a J© = 27 signal on toys generated
according to the J¥ = 0% hypothesis (and, conversely, easier to fit J© = 0% on
them), so that it becomes more likely to obtain high g, values. For f,s = 1.00 and
0.75, in particular, only a few toy experiments contribute to the integral: in order
to populate the tails, more toy experiments are generated for these fractions (see
Table 5.16), resulting in uncertainties on the observed J¥ = 2% sensitivities that
range from 8% for f,; = 0.00 to 45% for f, = 1.00 (see Appendix O for all the
relative uncertainties). The observed value is found in all cases close to the J© = 0F

expected median, which indicates again their compatibility.

5.9 Results for the spin-1 analysis

In the following, results for the J© = 1% analyses are given. Details are omitted if

equivalent to what discussed in Section 5.8 for the J¥ = 2¥ analysis.

5.9.1 Post-fit yields

The pre- and post-fit normalizations of the signal and background processes are
shown in Table 5.17 for the J” = 17 analysis (the J© = 1~ case is very similar
and hence omitted here). This is done for the signal and control regions, with the
same background breakdown as used in the fit. In the pre-fit case, the normalization

factors are applied for all backgrounds apart from WW and Z/~*-+jets, which are



Study of the Spin of the Higgs Boson in the H — WW* Channel

191

> ;

€018~ ATLAS fq= 0%
9 0.16F (s=8Tev Il_dtzzo.ﬂb'1 —P-0
9 H- WW*_ evpv/pvev + 0 jets —r=2
2 0.14 — Data
©

Normalised to un

Figure

ity

.16

0
0.14
0.

©
=N

2> R L e RS ma
€016 ATLAS fq = 25%
20.14 Estevﬁ_dtzzo.ﬂb1 —F-0

8 H- WW*_ evpv/pvev + 0 jets —r=2
©0.12 — Data

o ¢
o
@
R R B L R

10 20 15 20
q q
(a) (b)
L e e e N 20,220 T T T T
2 ATLAS qu=50% E S oof ATLAS qu=75% E
[ ﬁZSTeVILdlZZOJfH] —r=0 A o F ﬁZSTeVILdlZZOJfH] —r=0 1
(. — P _ ot - - 018? — P _ ot -
[ H- WW*. evpv/pvey + 0 jets F=2 ] 2 [ H- WW*. evpv/pvey + 0 jets =2 ]
r — Data 1 2 0.16 — Data 4
C | ®© E |
E 3 EO04 E
L 1 2012 =
- 1 o :
- b 0.08- E
F B 0.06[- E
F ] 0.04[- E
F E 0.02- E
-010 20 -010 20
q q
(c) (d)

2 L

S | ATLAS fq = 100% |

20.25F G=8Tev J'Ld::zo.ﬂb" —r=0

8 [ H- WW*. evpv/pvev + 0 jets —JF=2" 1

0 L — Data i

g 0.2 E

E L j

o L ]

Z0.15- .

0.1- ]

0.05 .

—QI.O 20

q
5.28: Expected distributions of the test statistic ¢
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hypotheses. The dashed lines indicate the expected medians, while the observed
value is marked by a solid black line. The coloured areas correspond to the integrals
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fag || exp. po(0F) | exp. po(27) || obs. po(0T) | obs. po(27) || 1-CLs (27)
1.00 0.013 3.6-1074 0.541 1.7-1074 0.9994
0.75 0.028 0.003 0.586 0.001 0.997
0.50 0.042 0.009 0.616 0.003 0.992
0.25 0.048 0.019 0.622 0.008 0.980
0.00 0.086 0.054 0.731 0.013 0.952

Table 5.15: Summary of pg-values for the five f,; fractions, with all systematic
uncertainties taken into account, in terms of j. The second and third columns
show the expected sensitivities for J© = 07 and J¥ = 2T rejection, respectively,
assuming the other hypothesis to be true, while the fourth and fifth columns show
the corresponding observed sensitivities. The last column contains the 1-CL; results
for J¥ = 2% rejection.

normalized in their respective control regions; the signals are scaled up by their
values.

As for the J¥ = 27 analysis, the W background is increased by the fit more
in the JP = 1% than in the J© = 07 case, with Z/y*tjets and W +jets events
compensating for the difference. Concerning the W+jets background, it is decreased
by the fit for both signal hypotheses. In general, the numbers are very similar for

the two J© = 1T analyses.

5.9.2 Post-fit BDT distributions

The 1-dimensional unrolled BDT response is shown in Fig. 5.29, with the signal and
the background distributions stacked on top of each other, using the post-fit normal-
izations. The data distribution agrees well with the MC one and, as for the JZ = 2+
case, the signal contribution appears concentrated in a few bins only. Moreover, Fig.
5.30 shows the BDTO variable in the data after background subtraction, compared
with the expected signal shape (in a finer binning than the one used in the fit). The
shape looks flatter for JP = 1~ than for J© = 0% and J = 17, thus anticipating
a higher sensitivity for the J* = 1~ analysis.

5.9.3 Pulls in nuisance parameters

Fig. 5.31 displays the pulls for (a,b) the J¥ = 17 and (c,d) the J© = 1~ fits. The
parameters marked in red (i.e. with a pull > 40% or an overconstraint > 75%) are

the same as those already mentioned for the J* = 2% analysis in Section 5.8.3: the
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‘ Ng (07) ‘ Nge(27) H exp. Z(0%) | exp. Z(2T) H obs. Z(0T) | obs. Z(27) H Nioys (10%)

fqti

1.00 || 270755° | 110%55° 2.24 3.34 -0.09 3.43 16.8
0.75 || 250750 | 1707150 1.90 2.76 -0.22 3.05 18.2
0.50 || 2507300 | 2307779 1.72 2.37 -0.29 2.72 13.9
0.25 || 2607520 | 2607130 1.66 2.07 -0.31 2.42 135
0.00 || 2607500 | 3207130 1.36 1.60 -0.62 2.23 12,5

Table 5.16: Summary of Z significances (in units of standard deviations) for the five
fqq fractions, corresponding to the pg-values in Table 5.15. Additionally, the second
and third columns show the fitted numbers of J© = 0% and J” = 2% signal events,
respectively, while the last column gives the numbers of toy experiments generated

for each fraction.

0t 1t WW WZ/ZZ Wry Wy* i Single Top Z/y" tjets W -tjets
pre fit 170 157 2029 63 83 83 171 130 309 278
post-fit J7 = 0T 260 — 2271 63 79 83 169 130 306 247
post-fit JT = 17 — 241 2340 63 81 80 167 127 286 217
prefit Z — 77 CR £ 7 93 6 5 2 4 3 3582 95
postfit JL =07 Z =77 CR | 6 — 102 6 4 2 4 3 3263 86
postfit JL =17 Z - rr CR || — 11 103 6 5 2 4 3 3264 77
pre-fit WIW CR 1 2 2212 56 34 42 333 192 56 153
post-fit JT =07 WW CR T — 2454 55 34 43 330 190 57 140
post-fit J© = 1T W CR — 3 2490 55 33 39 325 187 53 126

Table 5.17: Pre-fit and post-fit rounded

uncertainties are all taken into account.
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event yields for the various background
components (as used in the fit) and the two alternative signal hypotheses, for J© =
0% and J¥ = 17 fits, in the signal and control regions. The statistical and systematic
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Figure 5.29: Unrolled 1-dimensional distributions for the (a) J© = 0% and the (b)
JP = 17 signal hypotheses, as well as the total background and the data. The sta-
tistical and systematic uncertainties are all taken into account. The normalizations

are the post-fit ones.
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Figure 5.30: BDTO distributions for the (a) J =17, (b) J¥ = 17 and (c) J¥ =0T
signal hypotheses, after the background subtraction from data, using the post-fit
normalizations for all backgrounds and signals. The binning is finer than the one
actually used in the fit. The statistical and systematic uncertainties are all taken
into account.

fake factor uncertainties and various JES and JER terms. The reason resides in the
same statistical fluctuations as discussed for the J” = 2% case, given the fact that
the background-like part of BDTO is the same for all spin analyses (cf. Fig. 5.30).
Also in this case, the UEPS PDF term is not significant and is therefore discarded
by the fit.

5.9.4 Signal strengths

The signal strengths and the background normalizations from the control regions,
shown in Table 5.18, are similar to those found for the J* = 2% analysis in Section
5.8.4. For J¥ = 0%, in particular, the values of i = 1.5470:52 (JF = 17 analysis)

—0.48
and fi = 1.57708% (JF = 17 analysis) are in excellent agreement with the best-fit
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value obtained in the J* = 2+ fqg = 0.25 analysis, [i = 1.59J_r8:gé‘. Also the relative
changes when using only subsets of the systematic uncertainties are similar and

hence not repeated here.

JE =07 fit JE =17 fit

i WW norm | Z norm i WW norm | Z norm

P _ +0.62 +0.05 +0.11 +0.63 +0.05 +0.11
JP =1t || 1547082 1 1 1t99% | 0.92400 | 1531088 | 1127090 | 0.920 11

- 0.65 0.05 0.12 0.92 0.04 0.11
JE =17 | 157708 | 1107000 | 0.927003 | 1747035 | 1131007 | 0.9215 04

Table 5.18: Best-fit values for the signal strenghts, in units of the expected SM
cross section, and normalizations for the backgrounds obtained from their respective
control regions (WW and Z — 77), for the J¥ = 0% and J¥ = 1% fits, with all
systematic uncertainties included.

5.9.5 Sensitivities

The sensitivities for the J© = 1% analysis are shown in Tables 5.19 and 5.20, in
terms of pg-values, Z significances and CLg confidence levels.

The sensitivities are found to be larger for J = 17 than for J© = 1. The
expected and observed results for J© = 1% are compatible, yielding rejection prob-
abilities of 98.3% and 92.1%, in the J* =1~ and J¥ = 17 cases, respectively. The
relative uncertainties can be found in Appendix O. The fitted number of JZ = 0%
signal events is the same for all spin analyses, confirming the fact that it depends
mostly on BDTO.

Fig. 5.32 contains the g, toy distributions, normalized to unity. The observed
value for the test statistic is found in both cases close to the J = 0% expected

median.

Dependence of the sensitivities on the binning of the background distri-

butions

As just discussed, large sensitivities are achieved by the BDT analysis, in particular
an observed rejection of 2.5¢ for the J¥ = 17 signal hypothesis. This result may not
be immediately apparent looking e.g. at the distributions in Fig. 5.30. In order to
prove that sensitivities are not enhanced by pulls and overconstraints in the nuisance
parameters, or more in general by informations extracted by the background fluctua-
tions, an analogous study to the one discussed in Section 5.8.3 has been repeated for
the spin 17 analysis: the first 25 bins of the unrolled 1-dimensional BD'T response

are combined into one, three or five bins, and the whole fit procedure is performed
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Figure 5.32: Expected distributions of the test statistic ¢ =

In(L(JP =0%)/L(JP =1%F)) for the two J¥ = 1% analyses, given by toy ex-
periments generated under the J” = 07 (blue) or J¥ = 1* (red) hypotheses. The
dashed lines indicate the expected medians, while the observed value is marked by
a solid black line. The coloured areas correspond to the integrals used to compute
the observed pp-values for rejecting each hypothesis.

again. The resulting sensitivities are shown in Table 5.21, where they are compared
with the standard configuration including all systematic uncertainties. The expected
sensitivities are not influenced by the binning of the background-enriched part; a
finer binning provides, on the other hand, a more accurate knowledge of the various

background components, and hence an increase of the observed rejections.

5.10 Spin Combination

After the finalization of the individual spin analyses in the three bosonic channels —
H—- WW* - wlv, H— ~vy, H— ZZ* — 4¢ — a combination has been performed,
in order to fully exploit their correlations. The same approach as described for the
H — WW* analysis, is used for what concerns the definition of the J¥ = 2+
fractions, the theoretical models to test, most of the systematic uncertainties (apart
from those analysis-dependent), the treatment of the Higgs boson pp spectrum and
the statistical approach.

Descriptions and results for the H — vy and H — ZZ* — 4¢ analyses are
taken, respectively, from Refs. [138,240|, while the combination is published in Refs.
[41,235].

The combined best-fit value obtained by the ATLAS collaboration is used for
the Higgs boson mass (125.5 £ 0.6 GeV [234]); the spin results are insensitive to
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exp. po(01) | exp. po(1) || obs. po(0T) | obs. po(1) || 1-CLg (1)

JP =1t 0.106 0.076 0.698 0.024 0.921

JP =1~ 0.056 0.018 0.662 0.006 0.983

Table 5.19: Summary of pg-values for the two J© = 1F analyses, with all systematic
uncertainties taken into account, in terms of j. The second and third columns
show the expected sensitivities for rejecting the JP = 0% and J¥ = 1* hypotheses,
respectively, assuming the other hypothesis to be true, while the fourth and fifth
columns show the corresponding observed sensitivities. The last column contains
the 1-CL; results for J© = 1% rejection.

H Nge (01) ‘ Nt (1) H exp. Z(01) ‘ exp. Z(1) H obs. Z(01) ‘ obs. Z(1) H Nioys (10%)

JP =17 | 26075° | 2407750 1.25 1.43 -0.52 1.98 17.7

JP =17 | 26075° | 210750° 1.56 2.10 -0.42 2.52 12.5

Table 5.20: Summary of Z significances (in units of standard deviations) for the
JP = 17F analysis, corresponding to the po-values in Table 5.19. Additionally, the
second and third columns show the fitted numbers of J* = 0 and J* = 17 signal
events, respectively, while the last column gives the numbers of toy experiments
generated for each fraction.

variations of this parameter within the current experimental accuracy (0.6 GeV).

5.10.1 The H — v analysis

The decay into two on-shell photons is not attainable by a J¥ = 1T Higgs boson,
due to the Landau-Yang theorem, as outlined in Section 2.3.2. For this reason, the

H — ~v analysis focuses on the JP = 2% hypothesis only.

Analysis strategy

A standard cut-based approach is used in this case, with a fit to an angular variable
in bins of the diphoton invariant mass. More in detail, the analysis is carried out in
the Collins-Soper frame [241|, where the incoming colliding partons travel along the
z axis, the Higgs boson decays at rest and 6* is the photon polar angle. This choice is
expected to minimize the impact of the initial state radiation and to improve the spin
discrimination with respect to other definitions. Before the cuts, the distribution of
the J = 0% decay products is by definition isotropic in this frame, while for J* = 2+
it depends on 6%, in a way that changes with fyz. In particular, it is dN/d cos 0* =
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exp. po(0T) | exp. po(17) | obs. po(0F) | obs. po(17) || 1-CLs (17)
standard 0.06 0.02 0.67 0.01 0.983
5 bins 0.06 0.02 0.61 0.01 0.969
3 bins 0.06 0.03 0.56 0.02 0.958
1 bin 0.05 0.02 0.51 0.02 0.958

Table 5.21: Significances for the J© = 1~ analysis, with all systematic uncertainties
taken into account, for the standard configuration and three alternative binnings:
the first 25 bins of the unrolled 1-dimensional distribution are combined into one,
three or five bins, respectively.

1+ cos? 6* 4 6 cos? 6* for pure gg production and dN/d cos §* = 1 — cos* §* for pure
qq production [35].

The object definition and event selection follow those of the corresponding rate
analysis [39], requiring events with two photons, with an invariant mass in the range
105 GeV < my, < 160 GeV, which is divided further into a central SR and two

sidebands serving as CRs. The cosine of the polar angle is given by:

Sinh(n’ﬂ B 77“/2) . 2p;@p:{g

\/1 T (pgp/mwf m

cos0* = (5.8)

Its distribution is shown in Fig. 5.33 (a): an hypothetical J© = 2% signal pro-
duced by gluon-fusion would imitate the background shape, peaking in the forward-
backward direction, while J¥ = 0% (not isotropic after the selection) tends to lower
values. It can be noticed that the J¥ = 2% shape becomes more similar to the
JP = 0% one when increasing fqq, thus a maximum sensitivity for pure gluon-fusion
production is expected.

After decorrelating m.,, and cos §* by means of specific cuts, it is possible to
define the likelihood as:

—InL = (nstnp)— Y Ilns - fs(cos¥]) - fs(myy,) +ng - fi(lcos %)) - falmoy)]

events

(5.9)

where fg g are the PDFs for the signal and the background, respectively. For the sig-
nal, both fg(|cos#*|) and fs(m,) are taken from MC simulation; for the invariant
mags, in particular, the same distribution is assumed for both spin hypotheses, so
that the polar angle is the discriminating variable. For the background, fp(|cos0*|)
is obtained from a fit in the sidebands, while fp(m.~) is modelled with a fifth-degree
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Figure 5.33: (a) Expected distributions of |cos #*| for the signal (J¥ = 07 in blue,
JP = 2% f. = 0.00 in solid red, J¥ = 2% f,; = 1.00 in dashed red), compared
with the observed background shape, obtained from a fit in the sidebands [240]. (b)
Observed distribution of | cos §*| in the signal region: the data are overlaid with the
post-fit sum of J¥ = 0T and of the total background [235].

For backgrounds, the most important systematic effect comes from the limited
number of events in the sidebands, and is of the order of a few percent.

For the signal, on the other hand, the most important systematic uncertainties
are the interference with the continuous gg — v background and the invariant
mass resolution (£20% uncertainty). For J = 2% the Higgs boson pr is described
up to NLO when reweighting its spectrum from JHU to POWHEG, without the need
for additional uncertainties. For the quark-initiated process, however, the impact of
such a reweighting is not negligible and it decreases the +~ sensitivity by about 30%

for pure ¢¢ production.

Results

The post-fit (under the J = 0T hypothesis) |cos#*| distribution is shown in Fig.
5.33 (b): in the signal region, 14977 events are observed, to be compared with 14300
and 370 expected for the total background and the J¥ = 0% signal with p = 1,
respectively. The fitted signal strength is almost double the SM expectation, with
690 4 150 fitted events (620 + 160 for JZ = 2% f,- = 0.00). Fig. 5.34 displays the
background-subtracted data, for (a) the J¥ = 0% and (b) the J = 2% f,z = 0.00
signal hypotheses.

Table 5.22 summarizes the sensitivities obtained in the H — ~~ channel, in terms
of pg-values and CL, confidence levels. A JP = 2% Higgs boson can be excluded
with probabilities ranging between 99.3% and 66.3%; as expected, the sensitivities
decrease with increasing f,z, as the | cos 6*| distributions of J¥ = 0T and J¥ = 2F
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Figure 5.34: Background-subtracted data as a function of |cos 6| in the signal re-
gion, for (a) the J© = 07 fit and (b) the J = 2% f,z = 0.00 one. The cyan bands
correspond to the envelope of the systematic uncertainties on the background mod-
elling before the fits, including also the statistical uncertainty on the data sidebands.
The figures are taken from Ref. |235].

become more and more similar. The results for all fractions are in good agreement
with the J© = 0% hypothesis.

fag || exp. po(0F) | exp. po(27) || obs. po(0F) | obs. po(27) || 1-CLs (27)
1.00 0.148 0.135 0.798 0.025 0.876
0.75 0.319 0.305 0.902 0.033 0.663
0.50 0.198 0.187 0.708 0.076 0.740
0.25 0.052 0.039 0.609 0.021 0.946
0.00 0.012 0.005 (0.588 0.003 0.993

Table 5.22: Summary of pg-values for the H — v analysis, with all systematic
uncertainties taken into account, in terms of i [235]. The second and third columns
show the expected sensitivities for the J© = 07 and J¥ = 2% rejection, respectively,
assuming the other hypothesis to be true, while the fourth and fifth columns show
the corresponding observed sensitivities. The last column contains the 1-CL; results
for J¥ = 2% rejection.

5.10.2 The H — ZZ* — 4/ analysis

As discussed in Section 2.3, the decay of a Higgs boson into vector bosons, with their
subsequent decay into four fermions, H — VV* — (f1f2)(f3f41), can be described by
five quantities, the Cabibbo-Maksymowicz variables [139]. These are in particular

the polar and azimuthal angles of f; and f3 in the rest frame of the vector bosons,
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(01,0) and (03, ¢3), respectively, and the masses of the two vector bosons. This
property, that cannot be used in the H — WW™ case due to the presence of the
two neutrinos, is exploited in the H — ZZ* — 4{ (shortened as H — ZZ* in
the following) spin analysis, which tests the SM 0% hypothesis against the J* =
0~,1%,2% hypotheses, the latter in five fqq fractions.

Analysis strategy

The object definition, event selection and background estimation follow those of the
rate analysis, also documented in Ref. [138]. Both 2011 and 2012 data are combined
(corresponding to an integrated luminosity of 4.6 fb=! at 7 TeV and of 20.7 fb~!
at 8 TeV, respectively). For each lepton quadriplet, all same-flavour, opposite-sign
combinations are built, and the two are chosen, whose invariant mass is closer to the
Z boson mass; afterwards, cuts on the invariant masses of the two pairs are applied.
Four subchannels are considered, 4e, 4u, 2e2u and 2p2e. The spin analysis uses
only the mass region 115 GeV < myp < 130 GeV, splitting it subsequently into a
region with a high signal-to-background ratio (121 GeV < myy < 127 GeV) and two
sidebands (115 GeV < myy < 121 GeV and 127 GeV < myy < 130 GeV).

A BDT analysis is performed on the selected events, training the SM signal
hypothesis against each one of the others. The following variables are used for
training: 01, 6, ®, ®1, 0, miy and may, as defined in Fig. 2.10. For J© = 0*
versus 07, however, ®; and #* are removed, since for a J© = 0% Higgs boson such
angles cannot be defined.

Systematic uncertainties affect mainly the shapes of the BDT response and the
normalizations of the high and low S/B mass regions; they are due to uncertainties
on the lepton identification efficiencies, energy scale and resolution (all lepton sys-
tematic uncertainties are in fact in common with the H — WW™ analysis). The
experimental uncertainty on mpy translates into an additional £10% error on the
normalizations of the mass regions. The effect of the Higgs boson pr reweighting is

negligible alike in the H — W W™ analysis and hence discarded.

Results

At the end of the selection, 43 data events are observed, to be compared with 16
events expected from the backgrounds, mainly ZZ* and 18 signal events predicted
for a SM Higgs boson. The corresponding BD'T' responses are shown in Fig. 5.35, for
the 0% versus 07, 07 versus 11 and 01 versus 2% (f,; = 0.00) analyses. All signals
are normalized using their post-fit strengths. The shapes of the BDT responses

look most different for the J© = 07 vs 0~ analysis; concerning the J© = 0% vs 2+
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analysis, little dependence is found on the production mode, so that the results are
very similar for the five fractions.

Table 5.23 contains a summary of the rejection probabilities for all J¥ hypotheses
in the H — ZZ* channel. A pure pseudoscalar Higgs boson can be excluded with
97.8% confidence level, a J = 1* Higgs boson with 99.8% and 94%, for the J© = 17
and J” = 1~ states, respectively, while a J© = 2 Higgs boson can be excluded
with confidence levels ranging between 83% and 97.4%. As in the H — 7y and
H — WW™* cases, the observed rejections for the alternative hypotheses tend to be
larger than the expected ones, primarily due to the fitted signal strengths, which

are larger than the SM one in all cases.
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Figure 5.35: Distributions of the BDT responses in the signal region for (a) 0%
versus 07, (b) 0" versus 17 and (c) 0% versus 2% f,; = 0.00, using the combined
2011 and 2012 datasets. The SM signal corresponds to the green solid line, the
alternative hypothesis to the dotted one. All signals are normalized using their post-
fit strengths. The hatched areas represent the total background uncertainty. The
figures are taken from Refs. [138,235].

5.10.3 Combined results

In order to perform the statistical combination, one crucial aspect to take into
account resides in the common systematic uncertainties and their correlations. Sys-
tematic uncertainties on leptons (electron and muon selection efficiencies, as well
as their energy and momentum resolution) are common to both the H — WW*
and H — ZZ* analyses; moreover, the uncertainties on the energy scale are highly
correlated for electrons and photons.

The overall impact of the systematic uncertainties is evaluated by comparing
the baseline results, with all nuisance parameters profiled on data, to those obtained
keeping them fixed at their nominal values: the difference in the combined rejection

significances is at the level of 0.30.
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H exp. po(0") | exp. po(ALT) H obs. po(0T) | obs. po(ALT) H CL, (ALT)

Spin-0~ 1.5-1073 3.7-1072 0.31 0.015 0.022
Spin-17 4.6-1073 1.6-1073 0.55 1.0-1073 2.0-1073
Spin-1~ 0.9-1073 3.8-1073 0.15 0.051 0.060
Spin-2*, f,; = 1.00 0.102 0.082 0.962 0.001 0.026
Spin-2F, f, = 0.75 0.117 0.099 0.923 0.003 0.039
Spin-2*, f,g = 0.50 0.129 0.113 0.943 0.002 0.035
Spin-2F, f, = 0.25 0.125 0.107 0.944 0.002 0.036
Spin-2*, f,s = 0.00 0.099 0.092 0.532 0.079 0.169

Table 5.23: Summary of pg-values for the H — ZZ* — 4/ analysis, with all sys-
tematic uncertainties taken into account, in terms of /i [235]. The second and third
columns show the expected sensitivities for rejecting one hypothesis, assuming the
other to be true, while the fourth and fifth columns show the corresponding observed
sensitivities. The last column contains the CLg confidence levels for rejecting the
alternative hypothesis.

Concerning the systematic uncertainty on the Higgs boson pr spectrum, as al-
ready explained, only the H — ~v channel is sensitive to it, especially at high values
of | cos #*|; however, given the fact that the J© = 2% sensitivities are dominated by
the H - WW* and H — ZZ* final states, the combined results are impacted at
the level of 0.10.

The combined results are shown in Figs. 5.37, 5.38 and in Table 5.24, for the
JP = 1% and J¥ = 2% analyses (since only the H — ZZ* channel tests the J© = 0~
hypothesis, no combination is needed for it).

Concerning JP = 2%, the dependence of the sensitivities on the production
fraction is illustrated in Fig. 5.37 for the individual channels and their combination:
as already discussed, while for H — WW™ the sensitivities increase with increasing
fqq, they decrease for H — ~7 and are stable for H — ZZ*. As a result, the
combined values also slightly increase, with the observed values nicely following
the expected ones. The yellow and green bands in these plots correspond to one
and two standard deviations from the central expected values (assuming the SM
hypothesis) and are obtained computing the quantiles of the corresponding toy ¢,
distributions (approximated as Gaussians for this purpose). Two examples of the
latter are shown in Fig. 5.36, in logarithmic scale: millions of toys are generated for
each spin hypothesis, in order to simulate the tails properly.

Moreover, Fig. 5.38 translates the confidence levels into standard deviations and

shows a summary for all the J* hypotheses considered. In particular, the result for
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JP = 2% refers to the minimal hypothesis of leading-order couplings, fqg = 0.04,
and is obtained by interpolating the results in Table 5.24.

The combined sensitivities reach 99.97% CL for J© = 17 and 99.7% CL for
JP = 17, and are above 99.9% CL for all J© = 2% fractions. In all cases, the

observed values agree with the SM assignment.
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Figure 5.36: Expected distributions of the test statistic ¢ =

In(L(JP =0%)/L(JP =27T)), for the combination of the three bosonic chan-
nels, for the two extreme fractions ((a) f,s = 0.00, (b) f,s = 1.00). The
distributions are obtained by means of toy experiments under the J* = 0% (solid
blue) or J¥ = 2% (red dotted) hypotheses. The dashed lines indicate the expected
medians, while the observed value is marked by a solid black line. The coloured
areas correspond to the integrals used to compute the observed pg-values for
rejecting each hypothesis. The figures are taken from Ref. [235].
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Figure 5.37: Summary of the observed values (black solid line) of the test statistic
q=In(L(JP =0%)/L(JF =2T)) for the five f,; fractions of J¥ = 2¥ production.
The blue and red dashed lines indicate the expected values for the medians of the
sampling distributions obtained from pseudo-experiments, for the J© = 0% and
JP = 2% signals, respectively. Moreover, the green and yellow bands correspond to
one and two standard deviations around the J¥ = 0% median. The channels shown
are: (a) H = vy, (b) H— ZZ*, (c) H— WW?*, (d) their combination. The figures

are taken from Ref. [235].
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Figure 5.38: (a) Expected (blue triangles/dashed line) and observed (black cir-
cles/solid line) confidence levels for rejecting the J = 2% hypothesis as a function
of the fqq fraction. The green bands represent the 68% expected exclusion range
assuming a J© = 0% signal. On the right vertical axis, the corresponding standard
deviations are given. (b) The same for all spin hypotheses. The J¥ = 2% value
refers to the model with LO couplings, f,; = 0.04, obtained by interpolating the
results in Table 5.24. The figures are taken from Ref. [235].
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exp. po(07) | exp. po(ALT) | obs. po(0") | obs. po(ALT) || CLs (ALT)
Spin-1*t: H — ZZ* 4.6-1073 1.6-1073 0.55 1.0-1073 2.0-1073
Spin-1F: H — WW* 0.11 0.08 0.70 0.02 0.08
Spin-17: Combination 2.7-107% 4.7-107* 0.62 1.2-107* 3.0-107*
Spin-1—: H — ZZ* 0.9-1073 3.8-1073 0.15 0.051 0.060
Spin-1=: H — WW* 0.06 0.02 0.66 0.006 0.017
Spin-1~: Combination 1.4-1073 3.6-1074 0.33 1.8-1073 2.7-1073
Spin-2+ f,; = 1.00, H — vy 0.148 0.135 0.798 0.025 0.124
Spin-2+ fu; =1.00, H —» ZZ* 0.102 0.082 0.962 0.001 0.026
Spin-2F f,; = 1.00, H - WW* 0.013 3.6-1074 0.541 1.7-107* 3.6-107*
Spin-2* f,z = 1.00, Combination | 3.0-1073 88-107° 0.81 1.6-10°6 0.8-107°
Spin-2+ fug = 0.75, H — vy 0.319 0.305 0.902 0.033 0.337
Spin-2t f,; = 0.75, H — ZZ* 0.117 0.099 0.923 0.003 0.039
Spin-2+ fu; = 0.75, H — WW* 0.028 0.003 0.586 0.001 0.003
Spin-2* f,; = 0.75, Combination | 9.5-1073 881074 0.81 3.2-107° 1.7-107%
Spin-2+ fug = 0.50, H — vy 0.198 0.187 0.708 0.076 0.260
Spin-2+ f,; = 0.50, H — ZZ* 0.129 0.113 0.943 0.002 0.035
Spin-2+ fu = 0.50, H - WW* 0.042 0.009 0.616 0.003 0.008
Spin-2* f,; = 0.50, Combination | 1.3-1072 2.7-1073 0.84 8.6-107° 5.3-107*
Spin-2+ fu; =025, H — vy 0.052 0.039 0.609 0.021 0.054
Spin-2% fo; =025, H — ZZ* 0.125 0.107 0.944 0.002 0.036
Spin-2t fu; =025, H — WW* 0.048 0.019 0.622 0.008 0.020
Spin-2* f,z = 0.25, Combination | 6.4-1073 2.1-1073 0.80 0.9-107* 4.6-1074
Spin-2+ fug = 0.00, H — vy 0.012 0.005 0.588 0.003 0.007
Spin-2t f,; = 0.00, H — ZZ* 0.099 0.092 0.532 0.079 0.169
Spin-2+ f,; = 0.00, H - WW* 0.086 0.054 0.731 0.013 0.048
Spin-2" f,; = 0.00, Combination | 2.1-1073 5.5-107* 0.63 1.5-107% 4.2-107*

Table 5.24: Summary of po-values for J& = 1% and J¥ = 27 analyses, for the indi-
vidual channels (H — vy, H - ZZ* and H — WW™) as well as their combinations,
according to the fqg fraction [235]. Results include all systematic uncertainties and
use best-fit values for all nuisance parameters, including . The second and third
columns show the expected sensitivities for rejecting one hypothesis, assuming the
other to be true, while the fourth and fifth columns show the corresponding ob-
served sensitivities. The last column contains the CL; probabilities for rejecting the
alternative hypothesis.
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Comparison with other

multivariate techniques

The choice of BDT as the baseline multivariate method results from a comparison
with other techniques, which BDT is able to outperform. The comparison is based
on ROC curves, and secondarily on the expected exclusion limits (the latter not
conclusive, since carried out with a preliminary and incomplete statistical model,
and hence not reported here). ROC curves measure the background rejection as a
function of the signal efficiency: they are typically used to compare different methods
for a specified signal efficiency, e.g. 80%, looking for the best background rejection.
Examples of these comparisons are shown in Fig. A.l, for two mass hypotheses,
mpy = 130 GeV and mpy = 240 GeV, and different lepton flavours in the 0-jet
channel. The techniques compared here are chosen because they are the fastest,
most stable and best performing ones (all implemented in the TMVA package [216]):
the boosted decision tree BDT, the likelihood LH and two implementations of the
neural network technique, the multilayer perceptron MLP and the k-nearest neighbor

method kNN. For this exercise, the following input variables have been used:
o BDT: my, my, Rep, Ap(la, BIF™), ERIS plt pi2,
o LH: mp, Ry,
o MLP: mr, me, prae, Adue, Rue, pit, D2, ErTner,f’p AP(ly, BRI,
o NN:p, pft, pi2, pip, pi2, B, By,

As can be seen in Fig. A.1, the BDT technique outperforms all others, in all config-
urations under study. The performance of the MLP neural network is the closest to
the BDT one, but it turns out not to be so competitive when looking at expected

limits, while the simple LH method has a substantial worse performance for all
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the values of the signal efficiency. These considerations lead to choose the boosted

decision tree as the baseline multivariate method.
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Figure A.1: ROC curves comparing different multivariate techniques: the boosted
decision tree BDT, the likelihood LH, the multilayer perceptron MLP and the k-
nearest neighbor kNN. Input variables are described in the text. Various configura-
tions have been tested, all in the 0-jet channel: (a) my = 130 GeV in the pu channel,
(b) mg = 130 GeV in the ep channel, (c) my = 240 GeV in the pp channel, (d)
myp = 240 GeV in the ep channel.
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Choice of the iput variables

The choice of the input variables for the boosted decision tree algorithm is based
on the separation between the signal and the background, defined in Eq. 4.4. In
total, 11 variables have been used as inputs for the training, in all possible combi-
nations, (), (3)...(1); the best separations achieved for each subset of n variables
are summarized in Table B.1 and in Fig. B.1. The signal mass hypothesis used here
is mpg = 130 GeV, and the training is performed in the 0-jet channel, after the jet

veto. The variables are labelled in the following way:

a)mp  b)my ¢ ARy d) Ady ) AG(EFS. L) f) B

J) scalar

8) pr.u h) pre, i) pre, X sin(Agy) j) proee PT ot -

0.6

Separation

0.55

0.5

——ee

0.45 = emu

—— mumu

ol L

[ R
8 10 12
Number of variables

[S)
N
IS
o

Figure B.1: Best separation for subsets of n variables, for each lepton flavour inde-
pendently, in the 0-jet channel with my = 130 GeV.

As can be seen, a saturation in the separation is reached already with four variables,

given the limited number of MC events and the correlations among the variables
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themselves. The best performing variables are found to be:

. iss X
ee : mp, my, AQ(EF™ L), prao , ep : mp, My, Ao, DT 00

MK S, Myg, PT 4y PT 00

with three of them (me, mye, pr ) being in common for all lepton flavours. The
fourth one is chosen to be A¢y, because of two considerations: it is shared with
the cut-based analysis, and it pertains to the eu 0-jet channel, which is the most
sensitive. In this way, 98% of the maximal separation can be achieved for the ee
final state, and 99% for the pu final state.

ee e i

N variables | Variable set | Separation | Variable set | Separation || Variable set | Separation
1 c 0.530 b 0.407 c 0.483
2 ab 0.627 ac 0.527 ab 0.582
3 abj 0.633 abd 0.542 bjk 0.597
4 abej 0.636 abdj 0.550 abgj 0.609
5 befgj 0.632 abdej 0.553 abgij 0.605
6 abegi] 0.634 abdehi 0.558 abfhij 0.603
7 bedefij 0.633 abdeijk 0.558 abfghij 0.604
8 bedefgij 0.630 abdeghjk 0.552 abceghik 0.606
9 bedefghij 0.629 abdfghijk 0.551 acefghijk 0.599
10 abcdefgijk 0.629 abdefghijk 0.551 abcdefghijk 0.590
11 abcdefghijk 0.624 abcdefghijk 0.549 abcdefghijk 0.588

Table B.1: Best separation for each subset of n variables, with the indication of
which variables belong to every subset, for each lepton flavour independently, in the
0-jet channel. The signal mass hypothesis is mpy = 130 GeV.

Repeating the exercise for mpy = 200 GeV, the same saturation in performance is

observed, with the best variables found to be:

€e I My, PT o, Ay, Pree s e Myyy, PT 415 PTlos PT 00

wmp s mr, ARy, prey, PT ey

which are partly in common with those found for my = 130 GeV. Training the my =
200 GeV case with the optimal set found for my = 130 GeV, however, degrades the
separation only of a few percent (2% for ee and upu, 6% for ep), so that the following
conclusion can be reached: the four topological variables (mz, mg, A, pree) can
be used as BDT inputs for all lepton flavours and for all mass points, without any

substantial degradation in performance.
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Input variables for the individual

lepton flavours

The distributions of the four input variables in each lepton channel are shown here,
corresponding to Figs. 4.15 and 4.17 for the combined case, in the 0- and 1-jet
bins, respectively. A good agreement is found in all cases, inside the statistical and

systematic uncertainties.
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Figure C.1: Distributions of the four input variables, after the pr ¢ requirement,
as used for the BDT training, in the 0-jet ep channel: (a) my, (b) pree, (¢) Ay,
(d) mz. The shaded bands indicate the total normalization systematic uncertainty.
The final bin includes the overflow. All backgrounds are normalized as in Table 4.2.
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BDT with two variables

A cross-check has been performed using only two variables to train the boosted
decision tree, namely the transverse mass my and the azimuthal opening angle
Aoy, keeping the rest of the analysis unchanged. This test is meant to demonstrate
that the sensitivities computed with two variables are in between those obtained by
the cut-based analysis (which uses only my) and the standard BDT analysis with
four variables. For this study, five mass hypotheses have been considered: 125 GeV,
145 GeV, 165 GeV, 200 GeV and 240 GeV.

H BDT 2vars | BDT 4vars | Cut-based ‘ BDT4/BDT?2 | Cut-based/BDT2

mp = 125 GeV 1.10 1.05 1.15 0.95 1.05
mpy = 145 GeV 0.35 0.33 0.37 0.94 1.06
mpy = 165 GeV 0.18 0.16 0.18 0.89 1.00
mpg = 200 GeV 0.62 0.53 0.72 0.85 1.16
mp = 240 GeV 1.22 1.06 1.10 0.87 1.11

Table D.1: Expected exclusion limits for five mass points in three configurations:
BDT trained with two variables, standard BDT trained with four variables, cut-
based analysis. The ratios of the latter two to the two-variable BDT are also shown.

Figs. D.1 and D.2 show the distributions of the BDT response in the 0- and 1-jet
bins, respectively; their charateristics are the same as those already commented for
the baseline analysis in Section 4.7. Table D.1 presents a comparison of the combined

exclusion limits, omeas/osm at 95% CL, in three different configurations: the BDT
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trained with two variables, the standard BDT trained with four variables(!) and
the cut-based analysis. The four-variable BDT is always performing better than
the two-variable BDT, while the cut-based analysis is always performing worse (or
equally good at mpy = 165 GeV), demonstrating, on one hand, that the usage of
A¢yp brings additional information with respect to my, on the other hand that the

discrimination improves further adding pr ¢ and my.
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Figure D.1: Distributions of the BDT response in the data and in the MC simulation,
after all selection cuts, in the 0-jet channel, obtained from a two-variable BDT
training. Shown are the (a) ¢/, (b) ee, (c¢) pp and (d) eu final states, respectively.
The signal contribution, shown for mpy = 125 GeV, has been multiplied by a factor
ten for better visibility.

Tt should be noticed that the numbers for the standard four-variable BDT cannot be directly
compared with those given in Table 4.12 because this study has been performed with a previous
analysis version (small differences in recommendations for object definitions, and in MC samples).
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Figure D.2: Distributions of the BD'T responses in the data and in the MC simula-
tion, after all selection cuts, in the 1-jet channel, obtained from a two-variable BDT
training. Shown are the (a) ¢/, (b) ee, (c¢) pp and (d) ep final states, respectively.
The signal contribution, shown for my = 125 GeV, has been multiplied by a factor
ten for better visibility.



Appendix E

BDT with the WW background as

signal

A cross-check has been performed substituting the Higgs boson signal with the non-
resonant WW background for training the BDT in the 0-jet channel. This study is
meant to investigate the quality of the background modelling by the BD'T algorithm,
and especially of the WW background. All selection criteria are the standard ones,
apart from the cut on pr s, which has been removed to increase the number of the
Z/v*+jets events in the training. The Higgs boson signal is not present at all, while
backgrounds used for training are Z/v*+jets, top- and single top-quark processes,
WZ and ZZ. Fig. E.1 shows the BDT response in the individual lepton flavours
and their combination. In all cases, the WW events appear to be correctly classified
as signal-like, with a large separation from the rest of the background events. In the
ep channel, where less Z/~*+jets events are present, hence more fluctuations are
possible, some background contaminates the rightmost BDT bins, but overall the
data/MC agreement is good, suggesting that the BDT analysis is able to understand
and properly reproduce the background modelling.
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Figure E.1: Distributions of the BDT respounses in the data and in the MC simulation,
after all selection cuts, in the 0-jet channel, obtained training all backgrounds apart
from WW versus WW (no Higgs boson signal is present). Shown are the (a) ¢/, (b)
ee, (¢) pp and (d) ep final states, respectively. The shaded areas indicate the total
uncertainty on the background prediction.



Appendix F

Topology of signal-like and

background-like events

The topology of the signal-like and the background-like events has been checked
imposing a cut on the BDT response: BDT > 0 defines the signal-like region, while
BDT < 0 defines the background-like region. The resulting shapes of the four
topological variables, Agyg, mys, pree, and my, are shown in Figs. F.1, F.2, F.3 and
F .4, respectively, in the 0- and 1-jet bins, combining all lepton flavours together. As
expected, the A¢ye distribution is shifted towards low (high) values in the signal-
like (background-like) region, while the other variables have narrower distributions
in the signal-like case than in the background-like case, as expected for the signal.
It should be noticed that the Higgs boson signal (in the hypothesis mpy = 125 GeV)
has to be magnified ten times in the background-like case in order to be visible,

while there is no scale factor required in the signal-like region.
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Figure F.1: Distributions of the azimuthal opening angle, Agyy, after all selection
criteria, with an additional cut on the BDT response: (a,b) BDT > 0, (¢,d) BDT < 0.
The 0-jet channel is shown on the left, the 1-jet channel on the right; all lepton
flavours have been combined. The shaded areas indicate the total uncertainty on
the background prediction.
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Figure F.2: Distributions of the dilepton invariant mass, my, after all selection
criteria, with an additional cut on the BDT response: (a,b) BDT > 0, (c,d) BDT
< 0. The 0-jet channel is shown on the left, the 1-jet channel on the right; all lepton
flavours have been combined. The shaded areas indicate the total uncertainty on
the background prediction.
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Figure F.3: Distributions of the dilepton transverse momentum, pr g, after all se-
lection criteria, with an additional cut on the BDT response: (a,b) BDT > 0, (¢,d)
BDT < 0. The 0-jet channel is shown on the left, the 1-jet channel on the right; all
lepton flavours have been combined. The shaded areas indicate the total uncertainty

on the background predict
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Figure F.4: Distributions of the transverse mass, mr, after all selection criteria, with
an additional cut on the BDT response: (a,b) BDT > 0, (¢,d) BDT < 0. The 0-jet
channel is shown on the left, the 1-jet channel on the right; all lepton flavours have
been combined. The shaded areas indicate the total uncertainty on the background
prediction.



Appendix G

BDT response for the cut-based

candidates

Reversing the argument of Appendix F, it is interesting to look at the BDT response
for the cut-based candidates, i.e. the events that fulfill all the standard selection
criteria in the 0- and 1-jet channels, i.e. my < 50 GeV and Ay < 1.8 (cf. Table
4.4), with an additional cut on the transverse mass like in the cut-and-count analysis,
0.75myg < mp < myg with mg = 125 GeV. After these requirements, all but three
events have BD'T > 0. Their distribution is shown in Fig. G.1, in the 0- and 1-jet
bins. As expected, the cut-based candidates are classified by the BDT as signal-like,
clustering at high BDT values.
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Figure G.1: Distributions of the BDT response for the cut-based candidates, se-
lected applying the full selection of the standard cut-based analysis. The distribu-
tions are shown for (a) the O-jet bin and (b) the 1-jet bin; all lepton flavours have
been combined. The shaded areas indicate the total uncertainty on the background
prediction.



Appendix H

Additional details on limits

In the following, additional plots and tables are shown, detailing the results presented
in Section 4.11:

e Fig. H.1: limits broken down into lepton flavours and jet categories, in the
full mass range (110 < mpyg < 600 GeV),

e Fig. H.2: limits broken down into lepton flavours and jet categories, in the

low mass range (110 < mpy < 150 GeV),

e Fig. H.3: combined limits for the BK and the LM data-taking periods, in the

full, intermediate and low mass ranges,

e Fig. H.4: comparison between BDT and cut-based limits, broken down into

lepton flavours and jet categories,

e Fig. H.5: local pp-values as a function of my in the full mass range, broken

down into lepton flavours and jet categories,

e Table H.1: actual values for the comparison between BD'T and cut-based limits,

in the 0-jet channel,

e Table H.2: actual values for the comparison between BD'T and cut-based limits,

in the 1-jet channel.
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Figure H.1: Expected (dashed) and observed (solid) 95% CL upper limits on the
Higgs boson production cross section, normalized to the SM cross section, in the full
mass range (110 < mpy < 600 GeV). The left and right columns contain the limits
for the 0- and 1-jet channels, respectively; starting from above, the first line shows
the ee channel, the second line the uu channel, the third line the ey channel.
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Figure H.2: Expected (dashed) and observed (solid) 95% CL upper limits on the
Higgs boson production cross section, normalized to the SM cross section, in the
low-mass region (110 < mpy < 150 GeV). The left and right columns contain the
limits for the 0- and 1-jet channels, respectively; starting from above, the first line
shows the ee channel, the second line the uu channel, the third line the eu channel.
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Figure H.3: Expected (dashed) and observed (solid) 95% CL upper limits on the
Higgs boson production cross section, normalized to the SM cross section, in the
low-mass region (110 < mpy < 150 GeV). All results are combined over lepton
channels and jet bins. The left and right columns contain the limits for the BK
and LM data-taking periods, respectively; starting from above, the first line shows
the full mass range (110 < mpy < 600 GeV), the second line is zoomed in the range
110 < mpyg < 300 GeV, the third line is further zoomed in the range 110 < mpg < 150
GeV.
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Figure H.4: Comparison of expected limits between the BDT and the cut-based
analyses, broken down into lepton flavours and jet bins. First line, from left to right:
ee 0-jet, ee 1-jet, pp O-jet. Second line, from left to right: pu 1-jet, ep 0-jet, ep 1-jet.
The bottom pads contain the ratio of the two corresponding curves. The yellow and
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observed probability for the background-only scenario is shown as a solid line, while
the dashed line corresponds to the expectation for the signal+background hypothesis
at the given value of mpy. The left and right columns contain the results for the
0- and 1-jet channels, respectively; starting from above, the first line shows the ee
channel, the second line the pp channel, the third line the ep channel.
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mp (GeV) BDT Cut-based Ratio of expected limits
mp shape fit (BDT /cut-based)
Observed Expected | Observed Expected

110 8.04 9.42 8.93 9.36 1.01
115 3.93 4.14 3.81 4.14 1.00
120 1.83 2.23 2.05 2.19 1.02
125 1.24 1.36 1.29 1.33 1.02
130 1.00 0.95 0.9 0.89 1.06
135 0.66 0.71 0.71 0.66 1.08
140 0.56 0.55 0.58 0.52 1.06
145 0.45 0.44 0.48 0.43 1.03
150 0.4 0.35 0.41 0.36 0.98
155 0.25 0.28 0.32 0.29 0.96
160 0.21 0.20 0.23 0.22 0.92
165 - - 0.2 0.21 -

170 0.22 0.22 0.23 0.23 0.94
175 0.32 0.29 0.27 0.28 1.05
180 0.30 0.31 0.32 0.34 0.94
185 0.42 0.40 0.43 0.45 0.88
190 0.49 0.49 0.57 0.6 0.83
195 0.48 0.59 0.72 0.77 0.76
200 0.64 0.69 0.81 0.89 0.78
220 0.65 0.96 1.07 1.26 0.76
240 0.87 1.28 1.31 1.54 0.83
260 1.31 1.43 1.64 1.89 0.76
280 1.54 1.56 2.08 2.15 0.73
300 2.01 1.53 2.32 2.33 0.66
320 2.38 1.57 2.7 2.37 0.66
340 - - 2.56 2.16 -

360 2.04 1.43 2.3 1.97 0.73
380 2.14 1.51 2.55 2.08 0.72
400 2.22 1.66 2.79 2.32 0.71
420 2.11 1.95 3.27 2.73 0.71
440 2.63 2.16 3.83 3.17 0.68
460 2.77 2.64 4.81 3.94 0.67
480 - - 5.74 4.7 -

500 3.82 3.63 7.15 5.84 0.62
520 4.16 4.45 8.75 7.14 0.62
540 6.59 5.11 10.98 8.79 0.58
560 5.71 6.10 13.65 10.81 0.56
580 6.66 7.36 17.7 13.73 0.54
600 5.53 9.14 21.38 16.42 0.56

Table H.1: Comparison of observed and expected limits from the BD'T analysis with
those from the cut-based my fit analysis in the 0-jet bin. The last column contains

the ratio. Some of the numbers are missing due to fit failures.
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mp (GeV) BDT Cut-based Ratio of expected limits
mp shape fit (BDT /cut-based)
Observed Expected | Observed Expected

110 31.43 16.48 37.68 20.27 0.81
115 15.56 8.15 19.26 9.89 0.82
120 9.88 4.58 11.14 5.41 0.85
125 5.33 2.88 6.69 3.23 0.89
130 3.54 2.01 4.51 2.17 0.92
135 2.67 1.64 3.24 1.56 1.05
140 2.40 1.34 2.35 1.21 1.11
145 2.01 1.11 1.82 0.99 1.12
150 1.53 0.80 14 0.83 0.97
155 0.95 0.64 1.07 0.68 0.94
160 0.83 0.49 0.73 0.52 0.93
165 0.75 0.46 0.62 0.49 0.93
170 0.67 0.52 0.65 0.56 0.92
175 0.79 0.61 0.73 0.64 0.95
180 1.01 0.74 0.82 0.78 0.95
185 1.38 0.98 1.12 1.06 0.92
190 1.83 1.25 1.39 1.35 0.92
195 2.19 1.47 1.57 1.73 0.85
200 2.72 1.56 2.66 2.04 0.76
220 2.92 2.33 3.24 2.72 0.86
240 2.49 2.70 3.47 3.21 0.84
260 2.48 2.80 4.11 4.12 0.68
280 2.91 2.94 4.02 4.82 0.61
300 2.64 2.72 3.6 4.65 0.59
320 3.53 2.76 3.14 4.02 0.69
340 2.49 2.82 2.96 3.78 0.74
360 2.16 2.30 2.67 3.29 0.70
380 2.25 2.55 2.83 3.58 0.71
400 2.26 2.57 3.07 3.96 0.65
420 2.38 2.85 3.52 4.4 0.65
440 2.13 3.11 4.03 5.19 0.60
460 2.85 3.54 4.96 6.03 0.59
480 - - 5.72 7.14 0

500 3.71 4.65 6.64 8.51 0.55
520 4.67 5.18 8.09 9.78 0.53
540 4.89 5.87 9.49 11.68 0.50
560 4.78 6.45 11.25 14.05 0.46
580 6.15 7.92 13.84 16.64 0.48
600 7.90 9.34 16.28 19.78 0.47

Table H.2: Comparison of observed and expected limits from the BD'T analysis with
those from the cut-based mp fit analysis in the 1-jet bin. The last column contains

the ratio. Some of the numbers are missing due to fit failures.



Appendix I

Post-fit nuisance parameters

The best fit values for the nuisance parameters in the combined /s = 7 TeV fit are
shown in Table .1, as well as their relative uncertainties.

The first four parameters are the « factors for control regions normalizations,
with a pre-fit value of 1£0, while the others represent the systematic variation with
respect to the nominal and their pre-fit value is 0 £ 1. In the latter case, a post-fit
error much smaller than 1 indicates an overconstraint, i.e. the fit is constraining
that systematic more than the initial prescription. This situation is undesirable and
could lead to fakely large sensitivities; it happens only for a few parameters in this
analysis, such as E_SCALE and PILEUP.

The parameters appearing in Table 4.10 but not in Table .1 have been discarded
automatically by the fit because their variation with respect to nominal is under
threshold, as detailed in Section 4.10.3.
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Parameter

H Best Fit ‘ Error Up ‘ Error Down

0 norm Toplj

1 norm Top2j

2 norm WWJ0j

3 norm WW1j

4 B EFF

5 CLUSTER

6 C EFF

7 E EFF

8 E RES

9 E SCALE

10 ID RES

11 JER

12 JES

13 L EFF

14 MS RES

15 M EFF

16 M SCALE

17 PILEUP

18 TOP SCALEF 0j

19 TOP SCALEF 0j hpt
20 TRIGGER SF

21 Z SCALEF EEQj

22 7. SCALEF EELj

23 Z SCALEF MUMU0j
24 7 SCALEF MUMU1j
25 top TH1j

26 top TH2j

27 ww model

28 Fake Rate

29 LUMI

30 QCDscale V

31 QCDscale VV

32 QCDscale VV2in

33 QCDscale VV ACCEPT
34 QCDscale ggH

35 QCDscale ggHlin

36 QCDscale ggH2in

37 QCDscale ggH ACCEPT
38 QCDscale qqH

39 QCDscale qqH ACCEPT
40 QCDscale ttbhar

41 UEPS

42 ZJETS 2j

43 pdf gg

44 pdf qgbar

45 pdf qgbar ACCEPT

1.03
1.02
1.01
1.19
0.697
0.31
-0.0115
0.663
-0.253
0.000113
-0.112
0.00101
-0.104
0.0216
-0.541
-0.0133
-0.0012
-2.96e-05
0.576
0.165
-0.196
-0.00511
-0.226
0.0798
0.172
0.215
-0.0172
0.256
-0.574
0.209
-0.0105
0.0937
-0.0823
0.226
-0.0459
0.127
-0.0825
0.00063
-0.000225
-0.00294
0.0665
0.0439
-0.159
0.29
0.0311
0.187

0.0644
0.0272
0.0397
0.218
0.636
0.48
0.966
0.736
0.388
0.00804
0.487
0.0115
0.208
0.896
0.437
0.987
0.0407
0.00642
0.73
0.944
0.956
0.978
0.93
0.943
0.966
0.891
0.992
0.796
0.442
0.837
0.988
0.982
0.975
0.857
0.255
1.03
1.02
0.989
0.993
0.993
0.178
0.875
0.938
0.859
0.928
0.865

-0.0644
-0.0272
-0.0397
-0.218
-0.636
-0.48
-0.966
-0.736
-0.388
-0.00804
-0.487
-0.0115
-0.208
-0.896
-0.437
-0.987
-0.0407
-0.00642
-0.73
-0.944
-0.956
-0.978
-0.93
-0.943
-0.966
-0.891
-0.992
-0.796
-0.442
-0.837
-0.988
-0.982
-0.975
-0.857
-0.255
-1.03
-1.02
-0.989
-0.993
-0.993
-0.178
-0.875
-0.938
-0.859
-0.928
-0.865

Table I.1: Best fit values and relative uncertainties for the nuisance parameters in

the combined fit, for the 2011 /s = 7 TeV analysis.
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Choice of the training

configuration for the spin analysis

As introduced in Section 5.4, the optimization of the BDT configuration starts from
the observation that using only one of the signals for training, namely J* = 01, with
spin-dependent variables as inputs, could introduce biasses in the algorithm respounse.

Hence, several alternative training configurations have been explored, which:

e use spin-independent variables for training J* = 0% against the total back-

ground,
e cut on the BDT response,

e fit one of the spin-dependent variables (e.g. Adyy).

An example is shown in Fig. J.1, where the performance of the standard four
topological variables is compared with those of alternative sets. The comparison uses
ROC curves, which measure background rejection as a function of signal efficiency
(see also Appendix A). The variables considered are pr g, , pr.ey, Ad(ERSS 11), Ay,
and m, (1), where the latter two are invariant for boosts in the z direction (thus
they are supposed to preserve the spin discrimination as in the Higgs boson rest
frame). Out of the four configurations considered here, the best signal efficiency,
for a fixed background rejection, is achieved with the four topological variables; the
configurations which use only spin-independent variables, labelled as “BDT0” and
“BDT2” in the figure, have a worse performance but this can be possibly improved
after a cut on the BDT response.

Fig. J.2 (b) shows the BDT response after preselection, in 5.8 fb~! of integrated

luminosity. The training uses in this case the following variables: Ay, m,, myy,

!The longitudinal dilepton mass, mz, is defined as:
my = \/(ﬁel +ﬁ52)2 - (pz,fl +pz;52)2 = \/mgl - (px,h +pr»e2)2 - (pyyﬁ +py»52)2'
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mq and pr ¢, —pr,e,. The aim is to fit A¢gyy, depicted in Fig. J.2 (a), after a cut on
the BDT response. As shown in the figure, there is a sizeable amount of Z/~*-+jets
events peaking at high A¢g values, and hence at low BDT values, which can be
removed requiring BDT > —0.6. However, such a cut greatly reduces the shape
difference in the azimuthal angle to be fitted, as can be seen comparing the plots in
Fig. J.2 (c) and (d), which show the Agy shapes for the J© = 0% and J¥ = 2+
signals before and after the cut on BDT, respectively. Consequently, the expected
sensitivities are significantly worse for this configuration (and for all those featuring

spin-independent variables) than for the standard four-variables one.

Background rejection versus Signal efficiency

TMVA
(] = T — |
T o8 ™ N\ 4
Tk N\ \ S
g 07F -\
- N\
I oo\ F
< 05F X
m E \
0.4 £ pyA Méthod: \
03 E BDT1..Standard. 4vars .\
F——— BDT3 MT, MIl, Mz, DeltaY, METRel, Delta] adLepMET
0.2 BT Wi DeltaY Bt B Y
01 BDT2-MT,-Mz; DeltaY -
E. P P
0 1

o

01 02 03 04 05 06 07 08 09
Signal efficiency

Figure J.1: Background rejection versus signal efficiency when training BDT (J¥ =
0" against the total background) with different sets of input variables.

One additional approach explored proceeds on a different path:

1. firstly, reduce the background applying tight cuts or training a dedicated BDT

and cutting on it,

2. train a second BDT to separate J© = 0% from J© = 2%, using spin-dependent

variables,
3. fit the latter BD'T response.

This approach suffers from various limitations: after reducing the background with
a cut on the BDT response, ouly a few hundreds of raw MC events are left for
the signal samples, which makes a new training not straightforward, and besides,
the shape of spin-sensitive variables has been distorted, so that again separation is
reduced.

At an advanced stage of the analysis, it has been found out that an alternative

configuration does exist, which seems promising in terms of expected sensitivities.
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Figure J.2: (a) Distribution of the BDT response after the preselection, obtained
training the J” = 0% signal against the total background, using the following vari-
ables: Ayg, mz, mge, m7 and pr ¢, — pr ¢, The Ay variable, shown in (b), has
been removed from the inputs so that it can be fitted after a cut the BDT response
itself. The dataset used for this study corresponds to an integrated luminosity of
5.8 fb~1. (c,d) Comparison of the Ag¢y shape between the J© = 0% and J© = 2+
fqg = 0.25 signal samples, before (c¢) and after (d) a cut on the BDT response,
BDT> —0.6.
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It requires to train J© = 0% against the sum of the J” = 27 signal and the total
background, and JP = 2% against the sum of the J© = 0% signal and the total
background, resulting in signal shapes which are more different from each other, as
can be seen in Fig. J.3. Preliminary results (based on an integrated luminosity
of 13 fb~!, and a treatment of systematic uncertainties which is not the final one)
show that improvements in expected sensitivities up to 25% are in fact achievable.

However, due to lack of time, this alternative has not been pursued further.
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Figure J.3: Comparison between BDTO responses: standard (J© = 0% against
background) on the left, improved (J¥ = 0% against background plus JI = 2+
fqq = 0.25 on the right). In both cases, the standard four variables are used. Only
statistical uncertainties are shown. The dataset used for this study corresponds to
an integrated luminosity of 13 fb~1.



Appendix K

The theoretical systematic

uncertainty on the shape of the
WW background

This Appendix provides additional details on the shape uncertainty of the WW
background, following what discussed in Section 5.6.4. Three effects are considered:
PDFs, QCD scales and underlying event/parton shower model, corresponding to
three independent nuisance parameters.

For each variation, new samples of WW events have been produced at generator-

level:

e for uncertainties on PDFs, reweighted events for CTEQ (CT10) error sets,
MSTW (2008) and NNPDF (2.0) central sets,

e for QCD scales, events with (ugr, up = mg/2,2mpg),

e for UE/PS, POWHEG+HERWIG events to be compared with the nominal using
PYTHIASG.

After smearing the neutrino momenta, in order to simulate the E%liss resolution,
the four topological variables have been computed and used for the standard train-
ing, obtaining a BDT response for each one of the up and down variations, which
envelopes the nominal one. An example of the varied BDT responses is shown in
Fig. K.1 (a,b) for the QCD scale variations, which also compares the distributions
of fully simulated MC samples with those of generator-level ones. From the figure,
a few observations can be made: first, events generated with POWHEG-+PYTHIAG or
with MCONLO-+HERWIG give rise to very similar BDT responses (dashed green and red

lines), thus the relative difference found between MCONLO samples with varying scales
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can be applied to the nominal POWHEG events. Moreover, the difference between fully-
and non fully-simulated samples corresponds to the difference between the dashed
green line and the solid black line (ugr, ur = (mg, mp)), respectively; it is visible
only in the leftmost bin, not in the signal-like region. The plots on the bottom line
of Fig. K.1 show the ratio of the scale-varying configurations with respect to the

nominal: they float inside a few percent in all cases.
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Figure K.1: (a,b) Distributions of the BDT response for different choices of pp and
1R at generator-level, for the J© = 2+ fqq = 0.25 analysis. The dashed lines indicate
fully simulated MC samples (POWHEG in green, MCONLO in red), while the solid lines
indicate the MCONLO samples at generation-level. (c¢,d) Ratios of the configurations
with varying scales with respect to the nominal one; the colour coding is the same
as in the upper plots.

For what concerns the UE/PS variations, POWHEG+HERWIG has been compared to
the nominal POWHEG+PYTHIA6, and the result is shown in Fig. K.2 for BDTO0 and

BDT2(!): the ratio lies inside a few percent, which is the case also for the J© = 1*

'In the case of the J© = 2% analysis, the computations are performed for f,; = 0.25 and applied
to all the other fractions.
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analysis. Finally, the PDF uncertainties are computed with the recommended master
formula (Eq. 1.53), which sums the largest positive and negative deviations from
the nominal. As shown in Fig. K.3 for BDTO, differences are of the order of a
few percent for all the PDF prescriptions considered: in particular the HERA and
NNPDF variations are very similar to each other, and the MSTW one is negligible,
so the total PDF uncertainty is computed as the sum in quadrature of the CTEQ
and NNPDF ones, the former being a flat +1%.
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Figure K.2: Ratios of POWHEGHHERWIG WW events with respect to the nominal
POWHEG-+PYTHIAG6 configuration, for the (a) BDTO0 and (b) BDT2 (f,3 = 0.25) distri-
butions.
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Figure K.3: Variations induced by different PDF prescriptions on the BDTO0 distri-
bution. The PDFs considered here are the CT10 error set and the central values of
MSTW2008, HERAG6.5 and NNPDF2.0 PDFs. The curved black lines represent the
fit to the largest deviations ((a) HERA, (b) NNPDF).

For fitting purposes, the envelope induced by each one of the above mentioned
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variations is computed in 1D, after a rotation of BDT0 and BDT2 (or BDT1) along
the direction of maximal correlation. Thus, two uncorrelated directions are defined,

BDT, and BDT, (cf. Eq. 5.1), using the following values for the correlation angles:
Ocore = 0.740 (J¥ =2%) ,0.735 (JF =1%) ,0.708 (JF =17) .

An example of the 2D correlations before and after the rotation is shown for the
JP = 1% analysis in Fig. K.4 (a) and (b), respectively. The correlation between the
two directions decreases from 0.9 to 0.1, with the latter being concentrated in the x

direction.

I
31 -0.8-0.6-04-0.2 0 0.2 04 0.6 08 1 10806704020 0204 0608
T, .BDT,, BDT,.(y)BDT | (x)

(a) (b)

108060402002040 1080604020020400
BDT,. (y)BDT (X) BDT, (y)BDT (X)

(c) (d)

Figure K.4: 2-dimensional BDT distributions, with a label indicating the correspond-
ing correlation coefficient. (a) BDT1 as a function of BDTO for the J¥ = 1% analysis
before the rotation, (b) the same but after the rotation in Eq. (5.1). Bottom line:
distributions after the rotation, for the (c) J” =1~ and (d) J¥ = 2% analyses.

The same rotation is applied to all systematic samples, and envelopes are constructed
by means of polynomial functions, using the largest variation in each case. More in

details, the following envelopes are used:

e PDFs: § = /6215 + Rnppr:
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~ 0Uipa Y = 0.01xBDT,,

— 6@ oo = (—0.0227) « BDT,, + (0.0149) BDT?,
- 51(\111:;F)’DF = (—0.0157) * BDT, + (—0.0117) * BDT,
- 51(\111§f)>DF = (—0.0106) * BDT,, + (—0.0238) «* BDT,

o UE/PS:

- 552%@5 =[(0.019) * BDT, + (—0.03) « BDT,|,

_ 54
Oyg/ps = (0.0145) x BDT, + (0.009)  BDT,,

-
~ 0 pg = (0.05) * BDT, + (—0.01) « BDT,

e QCD scales:

— 53 = (=0.0025) + (—0.015) * BDT, + (0.05) « BDT2| + |(0.016) +

(icgl.in?) * BDT,, + (—0.035) * BDT? + (0.01) « BDT3|,

ot ) = |(—=0.00165) + (—0.00485) % BDT,, + (0.05) *x BDT2| + [(0.018) +

(—0. 0135) * BDT,, + (—0.04) « BDT}, + (0.004) « BDT3|,
(—
(

Me = |(—0.0018)+(0.05)*BDT ,+(—0.05)*BDT2|+|(0.019)+(—0.025)
BDT, + (0.043) * BDT} + (0.018) * BDT .

The variation § is added to the event weight, as

Weight = Weightnominal * (1 + 5)

up, down
only if both BDT0 and BDT2 (or BDT1) are > —0.2, i.e. ounly in the signal-like
region. This is because, otherwise, the fit would constrain the WW shape more
strongly in the background-like region and then force it to follow the same trend also
in the signal-like region, possibly affecting the post-fit NPs and the final sensitivities.
These envelopes are shown in Figs. K.5 and K.6 for the QCD scales and UE/PS

uncertainties, respectively; the fit uses in each case the largest envelope.
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Figure K.5: Total up and down envelopes for the QCD scale uncertainties, for the
(a,b) JP =2% (c,d) JP =17 and (e,f) J¥ = 17 analyses. The fit uses in each case
the largest envelope.
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Figure K.6: Total up and down envelopes for the UE/PS uncertainties, for the (a,b)
JP =2% (c,d) JP =17 and (e,f) J¥ = 1~ analyses. The fit uses in each case the
largest envelope.



Appendix L

Additional studies on the shape of
the WW background

Before the implementation of the baseline treatment for the UEPS uncertainty de-
scribed in Section 5.6.4 and Appendix K, the spin analysis used a definition directly
inherited from the 2011 analysis. This recipe consisted in letting the shape of the
WW background free to float from its nominal configuration (the POWHEG one) to
the MC@NLO one, using the net difference between the two generators as an envelope.

This simple approach, known to be conservative, causes overconstraints and pulls
in the corresponding nuisance parameters (see Fig. L.1 for an example), a situation
which is not desirable, especially given the fact that this systematic is, together
with the Fake Rate uncertainty, the most important of the whole analysis. More
specifically, Table L.1 shows the effect of turning off one systematic source at a time,
on the fitted values of the signal strengths and e, with the old UEPS definition.
Referring in particular to the J = 0% signal strength, its best-fit value goes down
from 1.450¢m to 1.350gy when removing the UEPS uncertainty, and even lower
if only the shape component is removed. This means that the fit substitutes the
signal component with an additional WW one, when it is not given the freedom of
adjusting the WW shape in the signal-like region. This also shows how crucial a
correct treatment of this systematic is, in order to measure the presence of the signal

in data and to distinguish among different spin hypotheses.

L.1 Compatibility of the MCONLO and POWHEG predictions
with the data

Apart from being conservative, the old recipe is also possibly wrong. In fact, in a

previous study based on an integrated luminosity of 10.6fb~!, it has been shown
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Figure L.1: Pull distribution for a preliminary version of the JZ = 2+ fqqg = 0.25
analysis (the fit assumes ¢ = 0), exemplifying the pathological behaviour of the
UEPS shape nuisance parameter (marked in red) in case the correct treatment is
not performed.

H fto ‘ f2 ‘ é

All systematic uncertainties 1.45f8:gg 1.99ﬂ:%§ 1_0.502
All systematic uncertainties - Fake Rate 1.41f8:g2 1.59:“%:(1)3 1_0.438

All systematic uncertainties - UEPS (shape + norm) 1.35f8i§2 1.97ﬂ:%(1) 1 0541

All systematic uncertainties - UEPS (shape) 1.31f8:gg 1.867122 | 1 538
All systematic uncertainties - UEPS (norm) 1.47f8:g€1} 2.112:%2 1_0.506
All systematic uncertainties - MC stats 1.50f8:g2 2.20ﬂ:g§ 1_0.463
All systematic uncertainties - JES 1.44f8:g§ 2.01ﬂ:%g 1 0515

Table L.1: Best fit values for a preliminary version of the J* = 2% analysis, showing
the effect on the fitted signal strengths and € of turning off one systematic source
at a time. Ounly the most important effects are shown. “MC stats” refers to the
uncertainty due to the limited number of MC events, “shape” and “norm” to the
shape and normalization components of the UEPS uncertainty.

that the data rule out the MCONLO configuration with a significance close to 30. This
study combined information from more kinematical variables (mqp, mg and Adgy)
and used the tighter rate analysis selection. It is interesting to repeat this study
with increased luminosity (13fb~!) and with the looser spin cuts.

The model to be tested is indeed similar to the one used in this analysis, but
replacing the spin hypotheses with the two different MC simulations for the WW
background:

£ X POWHEG + (1 — ) x MC@NLO. (L.1)
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The analysis is performed in the WW control region (defined in Section 5.5.2); the
fit is done on each of the input and output variables (mz, me, pree, Adge, BDTO
and BDT?2), without systematic uncertainties. Pseudo-experiments are generated
like in the standard spin analysis, without any signal component; no control region
is used in the fit, and the WW normalization is left free to float. Also the POI is
left free to float, like in the standard LHC prescription (which is different from the
one used for the spin analysis, cf. Section 5.7.1), in the range —10 < € < 10, so that
the boundaries are not hit.

Fig. L.2 shows the toy distributions obtained from the various fits, for the
two hypotheses under consideration (POWHEG in red, MC@NLO in blue) and for real
data (black line). The expected and observed sensitivities are reported on the plots
themselves, and summarized in Table L.2 for observed, which also contains the fitted
¢ values. The data seem to prefer the POWHEG configuration in the mp and myy cases
(with significances of 1.76 and 2.99 standard deviations, respectively, for MC@NLO
rejection), but the MCONLO configuration when fitting pr g, Ay or BDT2 (with
significances of 1.60, 1.55 and 1.81 standard deviations, respectively, for POWHEG
rejection). The fit to BDTO lies in between the two hypotheses, and so does the
2-dimensional fit to (BDT0, BDT2). The same conclusions are confirmed when
applying the tighter rate analysis cuts for defining the WW control region (cf. Table
5.4), the salient difference being that in this case also BDTO0 favours POWHEG.

In conclusion, since BDT0 and BDT2 tend to different directions, the 2-dimensional
fit slightly prefers POWHEG, but with less than 1o significance, so no one of the two

generators can be discarded based on these studies.

Rejection of POWHEG | Rejection of MC@NLO
1 —po Z 1—po Z é
mr 0.25 -0.66 0.96 1.76 17992
my 0.15 -1.04 0.999 2.99 1975
Adu 0.94 1.55 0.36 -0.37 —0.337055
Pr.u 0.95 1.60 0.26 -0.66 0*+0:02
BDTO0 0.83 0.94 0.62 0.31 0.317078
BDT?2 0.96 1.81 0.36 -0.35 —0.194087
(BDT0, BDT2) | 0.66 0.41 0.71 0.55 0.52+0-48

Table L.2: Sensitivities for rejecting the POWHEG and MCONLO hypotheses, with the
spin analysis selection, in the WW control region. Only statistical uncertainties are
used, and the POI is fitted in the range —10 < ¢ < 10 (apart from the last line,
where it is 0 < e < 1),
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Figure L.2: Toy distributions for testing the POWHEG hypothesis (red) versus the
MC@NLO one (blue), with 13fb~! of integrated luminosity. The upper row shows toys
obtained fitting (a) mye and (b) pr e, the middle row shows (c) Agy and (d) mr,
the lower row shows (e) BDT0 and (f) BDT2 (f,s = 0.25). See the text for further

details.

Rejection of POWHEG | Rejection of MC@NLO

1—po Z 1—po Z é
mr 0.21 -0.82 0.98 2.05 1 0.64
my 0.16 -1.00 1.00 2.70 1022
Ay 0.65 0.39 0.86 1.10 0.7419 28
PTUl 0.96 1.80 0.13 -1.14 +0:56
BDTO 0.02 -1.95 1.00 2.89 1 0297
BDT2 0.95 1.68 0.45 -0.14 0.0970-54
(BDTO, BDT2) | 0.32 -0.46 0.76 0.71 1.,

Table L.3: Seusitivities for rejecting the POWHEG and MCONLO hypotheses, with the
rate analysis selection, in the W W control region. Only statistical uncertainties are
used, and the POI is fitted in the range 0 <& < 1.
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L.2 Constraint to UEPS from the signal-like region only

cut

BDT2

SR
— cut

+ BDTO

Figure L.3: Schematic illustration of the signal region splitting for the UEPS studies
documented in the text.

In order to understand how much of the pull and overconstraint to the UEPS
nuisance parameters (in the old approach) is coming from the signal-like region, i.e.
from the rightmost part of the BDT response, the SR is split into different regions,
as illustrated in Fig. L.3: the same cut is applied on BDT0 and BDT2, defining
“SRB” and “SRC”, which are used as two single-bin measurements in the fit, while the
remaining phase space, “SR”, is binned in (10, 5) bins like in the standard case, thus
retaining the whole shape information. The 2-dimensional phase space is scanned
as a function of the cut, as shown in Table L.4, for the fitted values of the UEPS
nuisance parameters (in the ¢ = 1 hypothesis) and the J” = 07 signal strength.
Starting from the standard configuration (no splitting applied) and increasing the
value of the cut up to 0.2, the overconstraint on UEPS SHAPE decreases (from
24% to 51%), while the pull on UEPS norm improves (from 42% to 15% in absolute
values); at the same time, the fitted signal strength increases, resulting in 19% more
signal with respect to the standard case when defining the SR with BDT0 > 0.2 and
BDT2 > 0.2.

These numbers show that the background-like part of the signal region is in fact
constraining the UEPS parameters in the old approach, a situation which is not
optimal since it limits the freedom of the fit to adjust the shape and normalization
of the WW background in the signal-like region, and has a direct consequence on
the signal yield computed by the fit. The baseline treatment of the UEPS system-
atic uncertainty, on the other hand, overcomes these issues thanks to its additional

degrees of freedom.
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UEPS_SHAPE | UEPS_norm | i(JF =07T)

standard 0+ 024 042 £0.93 | 143705
cut -0.9 04024 040 +£0.94 | 1397052
cut -0.7 0£025 028 £0.95 | 142703
cut -0.5 0+0.35 028 +£0.96 | 1.43%0%
cut -0.2 0 + 0.40 -0.08 +£0.97 | 1.5870%
cut 0.0 0+ 0.39 -0.17 £ 0.98 | 1.5910%8
cut 0.2 0+ 0.51 -0.15 £ 0.99 | 1707559

Table L.4: Fitted values for the UEPS nuisance parameters (shape and normaliza-
tion, in the old prescription) and for the J* = 0% signal strength, as a function
of the cut which defines the splitting between SR, SRB and SRC (see Fig. L.3).
The “standard” configuration has no splitting applied. Only the main systematic
uncertainties are used for this study (the theoretical, UEPS and Fake Rate uncer-
tainties, plus the error associated with the limited number of MC events). All values
correspond to the ¢ = 1 fit.



Appendix M
Training on backgrounds

Similarly to what shown in Appendix E for the WW background, trained as signal
versus the remaining backgrounds, in the context of the 2012 analysis, also for the
spin analysis each one of the main backgrounds is trained versus all the others, one
at a time. This allows to validate the BDT modelling of shapes and correlations
in the input variables, and to gain confidence in the algorithm itself. Backgrounds
under consideration are WW | ¢t and Z/v*-+jets. The phase space used in each case
is similar to that of the standard selection, but targetting the selected background
more specifically. This study uses a reduced dataset corresponding to an integrated

luminosity of 5.8fb~! and no systematic uncertainties.

M.1 WW background

When training the WW background against the others, no my, cut is applied, since
the latter is meant to focus on the signal (cf. Section 5.4.1). Moreover, the minimum
number of events per leaf is not specified manually; all the rest follows the standard
training. The resulting BDT response is shown in Fig. M.1 (a): an excellent separa-
tion between the signal and the background is achieved, and no sign of overtraining
is visible, thanks to the high number of raw MC events for the signal (around ten
times that of the Higgs boson samples). Fig. M.1 (b) shows the BDT response in
the data, with all backgrounds normalized by means of their pre-fit scale factors,
after an additional cut on myy, mg > 50 GeV. A ~ 10% disagreement between the
data and the MC expectation is observed in a few central bins, recovered by the fit;

the shapes look similar, with a 66% compatibility assessed by the KS test.

M.2 it background

Similarly to the W case, no my cut is applied when training the ¢¢ background

against the others; moreover, the b-tag veto is removed and the minimum number
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Figure M.1: Distributions of the BDT response obtained training the WW back-
ground against the others. This study uses a reduced dataset corresponding to an
integrated luminosity of 5.8fb~! and no systematic uncertainties. (a) Overtraining
check, showing the compatibility of the BDT responses for the training (dots) and
testing (full areas) samples. (b) BDT response in data and MC, with the JZ = 0%
signal (normalized by an approximate post-fit strength, i = 1.4504)) stacked on
top of the total background.

of events per leaf is chosen so that no overtraining appears (the number of MC tt
events used for training, which is around 6000, is divided by 400). Fig. M.2 shows
the resulting BDT response distribution, for (a) the overtraining check and (b) the
comparison between the data and the MC expectation. Due to the low number of
MC events for the tf background in the 0-jet channel, and the usage of the four
standard topological variables, the separation achieved is not ideal, but still most of
the signal is peaking on the righthand side. A good agreement is reached between
the data and the MC prediction, with a compatibility close to 80%.

M.3 Z7/v*+jets background

In this case, both the my and pr g cuts are dropped in training, and the minimum
number of events per leaf is chosen to be equal to the number of MC Z/~*+jets
events used for training, i.e. around 21600, divided by 50. Fig. M.3 shows the
resulting BDT response: the overtraining check (a) exhibits an excellent separation

between the signal and the background, as also visible in the data/MC comparison

(b).
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Figure M.3: Distributions of the BDT response obtained training the Z/v*+jets
background against the others, with 5.8fb~! and no systematic uncertainties. (a)
Overtraining check, showing the compatibility of the BDT responses for the training
(dots) and testing (full areas) samples. (b) BDT response in data and MC, with the
JP = 0% signal (u = 1.450)1) stacked on top of the total background.



Appendix N

Definition of the test statistic:
comparison to the PLR method

Two approaches can be used to define the test statistic for spin rejection, as antici-
pated in Section 5.7.1: the one adopted in this analysis compares the likelihoods for

the e = 0 and € = 1 hypotheses:

~

q= In £(€ = 1aﬁa:1795:1)

E(E = 07 ﬁ€=07 0&‘:0)

)

while the alternative one compares both of them with the e-free case (PLR) [230,231]:

-~ o~

_ = o £(€ = 17/36:1796:1)
¢e=0 = In = ) Q=1 = In —— .
L(E, fiz, ) L(E, iz, 02)

The two approaches are expected to yield compatible results, but a few caveats
should be considered:

1. firstly, the H — WW analysis includes more than 100 nuisance parameters,

so that pathological situations may easily trigger instabilities in the fit,

2. secondly, the physical meaning of letting ¢ free is not well defined: the model
under investigation does not take into account a mixing between different
JP hypotheses, so that only the two extreme cases, ¢ = 0 or 1, should be
considered,

3. finally, the interplay between the fit to € and the fit to p can lead to problematic

situations, especially when one of them hits the boundaries.

A first look at the results computed with the two approaches, in fact, does not

confirm a full compatibility, as can be seen in Table N.1, where the expected sensi-
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tivities, using only statistical uncertainties, are shown for three different fractions.

H PLR ‘ standard ‘ |PLR-standard|/PLR (%)

Jig=0.00 Z(07) [ 150 | 1.52 17
fa=0.00 Z(2T) | 173 | 1.68 2.7
fag =025 Z(0T) | 1.63 | 1.74 6.7
fai =025 Z(2T) | 2.02 | 1.99 13
fag=1.00 Z(0T) | 1.81 | 2.8 20.4
fag =100 Z(2T) [ 316 | 2.99 5.3

Table N.1: Expected sensitivities for J© = 0% and J* = 2% rejection, with the PLR
and the standard test statistics. The numbers are shown for different f,; fractions,
without systematic uncertainties. Z(0%) and Z(27) are the sensitivities (in terms
of standard deviations) for J* = 0% and J¥ = 2% rejection.

While numbers agree well for pure gg production, and in general for J© = 27
rejection sensitivities, the same is not true for JZ = 07 rejection as the fqq fraction
increases, with a discrepancy between the two methods up to 20%. Adding the
systematic uncertainties, the disagreement is further enhanced. In order to track
down this effect, different configurations have been explored, as summarized in Table
N.2. The first line corresponds to the standard case already shown in Table N.1.
In the second line, € and p are not forced to be positive in the fit, so that the
minimization procedure does not hit the boundaries; the discrepancy in Z(0") for
pure ¢G production diminishes from 20% to 11% (even if the discrepancy for pure
gg production increases). The third and fourth lines exhibit the largest deviations,
and are both computed forcing g = 1 when generating the toy distributions (but
still allowing it to float in the final fit). Finally, the fifth line shows almost no
disagreement, for both fractions, and corresponds to the case of u = 1 both in toy

generation and fitting.

standard f,; = 0.00 | standard f,; = 1.00 | PLR f,7 = 0.00 | PLR f,; = 1.00 Fa7 = 0.00 Fa7=1.00
diff to PLR (%) | diff to PLR (%)
<(0.1], u[0.10] 70:1.52 70:2.18 70:1.50 70:1.81 20:1.7 70:20
b D, 72:1.68 72:2.99 72:1.73 72:3.16 72:2.7 72:53
. 70 143 70:2.13 70 1.60 70 1.92 70:75 7011
€[=5,5], u{~10,10] 72 1.74 72:2.85 72:1.77 72:3.00 72:16 72:78
<[0,1], pcn = 1, perese free Z0:0.70 20 1.41 70 0.51 Z0:1.19 7038 7018
» HGEN = L5 JTis 72:1.26 72:1.94 72:1.29 72:1.95 72:2.7 72:05
e[-5.5], poen = 1, prrper free Z0:0.70 Z0:1.30 70 0.63 70:1.31 Z0:11 70:33
1ob HG : 72:1.26 72:1.66 72:1.26 72:1.95 72:03 72:26
o[5.5], pams — promsr — 1 70 156 70:1.97 70 1.53 70 1.99 7015 70 0.6
19b HGE : 72:1.58 72:1.98 72:1.56 72:1.93 72:13 72:2

Table N.2: Expected sensitivities in different configurations, including only statisti-
cal uncertainties. For brevity’s sake, the significances Z(01) and Z(2") are labelled
as Z0 and Z2.

These results seem to indicate the presence of a correlation between the dis-

crepancy and the fit to the signal strength; in particular, since the basic difference
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Figure N.1: Toy distributions of g,(e) for pgen = prest = 1 with egey = 0 and
then fitted under the assumption (a) e = 0 (corresponding to the fifth line in Table
N.2) and (b) with prgst free (fourth line). (c,d) Distributions of fi(e) in the same
configurations.

between the two methods resides in the fit to €, the issue may emerge when fitting
e and p at the same time. More specifically, Fig. N.1 (a) shows the distribution of
the test statistic ¢, as a function of € in case pgen = prest = 1 (fifth line in Table
N.2), with eggxy = 0 and then fitted under the assumption that € = 0 is true: there
is a biunivocal correspondance between ¢, and . On the other hand, Fig. N.1 (b)
shows the same but with prggt free (fourth line in Table N.2): the biunivocal corre-
spondance (g, €) is broken, and the difference between the two methods is maximal.
The associated distributions of /i as a function of ¢ are shown in Fig. N.1 (c,d):
it appears evident that, in the pupgpgr-free case, the distribution gets broader as /i
approaches to zero, causing those toys to lose discrimination on €. The smaller the
best fit value for [, the more toys are close to zero, i.e. in the degenerate region,
which also explains why the effect under study gets more pronounced for smaller gG
fractions.

In conclusion, the two methods yield the same results when fixing the signal
strength in the fit. When profiling it on data, on the other hand, a discrepancy

appears, which is a function of the J© = 2% fraction, being maximal for fqq = 1.00:
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this is due to the fact that, through the profiling, g,(¢) becomes degenerate, thus the
global minimum of the likelihood is not well-defined anymore. This also means that,
having broken the asymptotic approximation, the two methods are not supposed to
converge asymptotically to the same result. Finally, when the mean value of the
fitted p is far enough from zero, less toys end up in the degenerate region, so that
the biunivocal correspondance is restored, and the PLR method converges better to

the standard one.



Appendix O

Results for all the J =2t

fractions

This Appendix presents additional results for all the J” = 27F fractions.

Table O.1 summarizes the relative uncertainties on expected and observed pg-
values, given by the limited toy statistics. As f,g increases, less toys populate the
tails, so the errors become larger. Fig. O.1 compares the shapes of the input variables
for the five fractions: the biggest difference is visible in A¢y,, where f,q = 1.00 peaks
to larger values, thus being maximally different from J* = 0%. Figs. 0.2 and 0.3
show the input variables, in the signal region, for the J© = 0 and the J¥ = 2+
hypotheses. Already visually, a SM Higgs boson seems easier to reconcile with the
excess found in data than the alternative J© = 2% hypotheses under consideration.
Finally, Figs. 0.4 and O.5 show the post-fit pulls of the NPs. The parameters
exhibiting overconstraints and pulls (and thus marked in red) are the same discussed
for f,; = 0.25 (primarily Fake Rate, JES and JER). An exception is EL_RES,
that is overconstrained in the f,; = 0.75 fit with € = 1; it has been checked that
this overconstraint is due to statistical fluctuations in data. For what concerns the
JP = 2% fit, it becomes more and more difficult to reconcile the data with the
alternative hypothesis as f,5 increases: for f,; = 1.00, in particular, various NPs

show a pathological behaviour.



production fraction | exp. po(0T) exp. po(21) obs. po(0T) obs. po(21)
fqq = 1.00 0.013 (6.9%) | 3.6 -10~* (37.8%) || 0.541 (1.0%) | 1.7-10~* (44.7%)
faz =075 0.028 (4.4%) | 0.003 (13.9%) | 0.586 (1.0%) | 0.001 (21.8%)
faz = 0.50 0.042 (4.1%) | 0.009 (9.0%) | 0.616 (1.1%) | 0.003 (14.9%)
far = 0.25 0.048 (3.9%) | 0.019 (6.2%) | 0.622 (1.1%) |  0.008 (9.8%)
faz = 0.00 0.086 (3.0%) | 0.054 (3.8%) [ 0.731 (1.0%) |  0.013 (7.8%)

Table O.1: Summary of pg-values for the five fy; fractions (as given in Table 5.15),
with their relative uncertainties, due to limited toy statistics.
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Figure O.2: Distributions of the four input variables in the 0-jet signal region, com-
paring the J¥ = 07 and the J* = 2% signal expectations (shown on the left and on
the right, respectively): (a,b) Ay, (c,d) myge. All backgrounds are normalized as in
Table 5.2. The shaded bands indicate the total normalization systematic uncertainty.
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Figure O.3: Distributions of the four input variables in the 0-jet signal region, com-
paring the J¥ = 07 and the J¥ = 2% signal expectations (shown on the left and on
the right, respectively): (a,b) pre, (c,d) mz. All backgrounds are normalized as in
Table 5.2. The shaded bands indicate the total normalization systematic uncertainty.
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Figure O.4: Post-fit pulls in nuisance parameters for two J¥ = 2% fractions: (a,b)
fqq = 0.00, (c,d) fqqg = 0.50, for the € = 0 (on the left) and € = 1 (on the right)
hypotheses. The statistical and systematic uncertainties are all taken into account,
but only those which are non negligible appear in the plots. The CR normaliza-
tions are labelled “norm_ WWQ0j” and “norm_Z0j”, “SigXsecOverSM” is the signal
strength, all other parameters follow the naming convention in Table 5.5.
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strength, all other parameters follow the naming convention in Table 5.5.

2% fractions: (a,b)
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The CR normaliza-



Conclusions

The work described in this thesis has been devoted to the study of the WIW®*) —
(T ul~v decay channel for a Standard Model Higgs boson, with proton-proton colli-
sion data collected in 2011 and 2012 with the ATLAS experiment at the LHC. This
study can be divided into two parts. First, a multivariate search has been developed,
over the mass range 110 GeV < mpy < 600 GeV, and applied to data corresponding
to an integrated luminosity of 4.7 fb~! at /s = 7 TeV. Later, after the discovery
by the ATLAS and the CMS collaborations of a new resonance at a mass close to
125 GeV |119, 233|, its properties have been explored, again using a multivariate
approach, based on data corresponding to an integrated luminosity of 20.7 fb=! at
/s =8 TeV.

As discussed in Chapter 4, the search carried out in 2011 uses boosted decision
trees to improve the exclusion power of the corresponding cut-based analysis, exploit-
ing the correlations among the variables which characterize the final-state particles.
The first attempt of designing a multivariate search in this channel dates back to the
beginning of 2011, and, as also documented in this thesis, it exploited a Neural Net-
work discriminant. Since then, several multivariate techniques have been considered,
all of which the BDT was able to outperform; for this reason, a decision has been
made, to convey all the efforts of the H — WW ATLAS working group into develop-
ing it further. The analysis presented in this thesis constitutes a major contribution
in this direction. All the salient parts of the analysis have been developed, from the
choice of the input variables, to the optimization of the BDT settings, to the defi-
nition of the signal and control regions, to the treatment and impact of the various
theoretical and experimental uncertainties, to the statistical model used for the fit,
up to the final results and their comparison with the cut-based ones. Before the
publication of the results of this analysis in Ref. [27], the most stringent constraints
on the mass of a Standard Model Higgs boson came from direct searches, which
excluded the high-mass range and set a lower threshold of my > 114.4 GeV [18,19].
The BDT analysis presented in this thesis substantially improves these results, ex-
cluding the ranges 130 GeV < mpy < 281 GeV at 95% CL, to be compared with



270 Conclusions

an expected exclusion in the range 127 GeV < mpg < 254 GeV. The results of the
cut-based analysis in the same final state are comparable or worse, being limited to
the range 133 GeV < mpy < 258 GeV at 95% CL. Besides confirming the cut-based
results at low mass, the BDT analysis is able to significantly improve the sensitiv-
ity in the high-mass range, lowering the expected CLg limits of more than 20% for
my = 250 GeV. This analysis has been the first multivariate search approved by the
ATLAS Higgs working group, requiring many months of deep scrutiny, validation

and additional cross-checks.

In summer 2012, the same analysis, run on a dataset corresponding to 13.0 fb~!
at /s = 8 TeV (the same used in the vy and ZZ* — 4/ final states for the first
observation in July 2012 [29,30]), has been able to detect the presence of an excess
of events at a mass close to 125 GeV, compatible with the long-sought Standard
Model Higgs boson, again confirming what measured by the H — WW™* cut-based
analysis, namely a signal strength of p = 1.5 £ 0.6 for my = 125 GeV, in units of
the Standard Model cross section [32]. Rather than focusing on the measurement
of the rate, for which the cut-based analysis seems to be good enough, the BDT
analysis has been demonstrated, also thanks to the efforts reported in this thesis, to
be the best suited for exploring the quantum numbers of the new resonance, and in
particular its spin and parity assignments. This, together with the measurement of
its couplings to bosons and fermions [242], is crucial to allow its identification with
the Higgs boson as predicted in the Standard Model.

As described in Chapter 5, a new BDT analysis has been developed, starting
from the experience gained in 2011, to test the SM value of J¥ = 0% against the
best motivated alternative hypotheses, namely 17,17,2%. A possible J¥ = 0~ term
is not investigated, due to the reduced sensitivity of the H — WW™* final state for
this hypothesis, in particular compared to the H — ZZ* — 4¢ one. The J* = 2+
model follows the minimal model for Kaluza-Klein-like gravitons, 2.} [33-36], and
has been investigated in five configurations for the couplings to quarks and gluons
(from pure gg production to pure ¢g). From the experimental point of view, it is
worthwhile to explore in this final state ..,also the J© = 1F hypothesis, despite the
fact that a spin-1 Higgs boson cannot decay into two on-shell photons, due to the

Landau-Yang theorem, thus contradicting the observation in the v final state [39].
This thesis covers all aspects of the H — WW™* spin analysis, from its first

conception to the final results, discussing also several of the additional studies which
have been performed in order to validate, consolidate and optimize the analysis. The
results have been published individually [40], and later as a basic part of the spin
combination performed by the ATLAS collaboration [41]. The H — WW* analysis
alone rejects the J© = 2% hypothesis with probabilities ranging from 95.2% for pure
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gg production to 99.7% for pure qg production, and rejects the J© = 1* hypotheses
with probabilities equal to 92.1% for J¥ = 17 and 98.3% for J© =1".

Combining them with the H — vy and H — ZZ* — 4/ ones, the JI = 2+
hypothesis is excluded with a confidence level larger than 99.9% for all production
modes, while the J = 1* hypothesis is excluded with a CL above 99.7%. Hence,
these results can be regarded as the first evidence for the spin-0 nature of the new
particle, and thus its compatibility with the Standard Model hypothesis, a statement
which motivates the award of the 2013 Nobel Prize in Physics to Peter Higgs and
Francois Englert [42|, which first predicted its existence forty years ago.
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