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Nature uses only the longest

threads to weave her patterns,

so that each small piece of her fabric

reveals the organization of the entire tapestry.

— Richard P. Feynman






PREFACE

This thesis gives an overview of the research I performed in the Compact
Muon Solenoid (CMS) collaboration between 2013 and 2017. It is centered
around the experimental study of vector boson scattering (VBS), a process
realized through electroweak triple and quartic boson interactions. The pro-
cess is characterized by a specific event topology in proton-proton collisions
at the Large Hadron Collider (LHC), enabling its measurement in the data
collected with the CMS detector.

In the first part of this thesis, an overview is presented of the theory and
experimental setup. The second part gives a detailed description of the per-
formed analyses and the obtained results.

A chronological overview of the research I performed is given here to
clarify my contribution to each of the studies described in this thesis. The
main topics I worked on are:

* The measurement of the vector boson fusion (VBF) produced Higgs
boson decaying to bottom quarks in Run I data.

* A feasibility study of vector boson scattering at the High Luminosity
(HL) LHC.

¢ The measurement of the electroweak W* W ¥ j j production in Run II
data.

During the first year of my research in experimental particle physics, I
contributed to the study of VBF H— b b. The measurement of this process
in Run I data lead to a publication in Physical Review D:

¢ Vardan Khachatryan et al. “Search for the standard model Higgs boson
produced through vector boson fusion and decaying to bb.” In: Phys.
Rev. D9g2.3 [1]

The study is not described in this thesis, but a brief summary of the statisti-
cal procedure I developed for the analysis is given in Appendix A.

The second topic, a feasibility study of VBS at the HL-LHC, is described
in the technical proposal of the CMS Phase II detector (2015):

¢ D. Contardo et al. “Technical Proposal for the Phase-II Upgrade of the
CMS Detector.” Tech. rep. CERN-LHCC-2015-010 [2]

And was later extended in a public analysis summary (2016):



* CMS Collaboration. “Prospects for the study of vector boson scatter-
ing in same sign WW and WZ interactions at the HL-LHC with the
upgraded CMS detector.” Tech. rep. CMS-PAS-SMP-14-008 [3]

The study is described in detail in Chapter 6 of this thesis. My most impor-
tant contributions to this collaborative effort are the estimation of the largest
background in the analysis containing jets misreconstructed as leptons, and
the anomalous coupling study in an effective field theory framework.

The main result in this thesis is the measurement of the electroweak WEW=jj
production in 2016 (Run II) data, described in Chapter 5. Two versions of the
analysis exist which provide an independent cross-check of the results, with
independent meaning that they use a completely separate analysis frame-
work but with an agreement on the general analysis strategy and based on
the same simulation samples.

I performed one of these analyses, from the initial stages of producing the
simulation samples and setting up a dedicated analysis framework to the
final results described in this thesis. The measurement lead to the observa-
tion of the electroweak WEW=%jj process decaying to leptons and has been
submitted for publication to Physical Review Letters:

e Albert M Sirunyan et al. “Observation of electroweak production of
same-sign W boson pairs in the two jet and two same-sign lepton final
state in proton-proton collisions at y/s = 13 TeV.” Submitted to Phys.
Rev. Lett. [4]

A measurement of the opposite sign electroweak WT¥W¥jj production in
Run I data was also performed, as well as preparations for its measurement
in Run II data. The results of these studies are not described in this thesis.
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ABSTRACT

The standard model of particle physics (SM) provides a theoretic framework
for fundamental particles and their interactions. The recent discovery of the
Higgs boson completes the model, in that all the elementary particles in
the standard model have been observed and the model accurately describes
their behavior as measured in experiments. Despite its successes, many ob-
servations can not be explained by the standard model in its current form.
Searches for new particles to explain these phenomena, as performed at the
Large Hadron Collider (LHC) at unexplored center-of-mass energies, are cru-
cial to push the limits of our knowledge. This is complemented with preci-
sion measurements of the standard model and the Higgs boson in particular.

By studying the scattering of weak vector bosons (VBS), an important con-
tribution is made to both fronts. The scattering of the weak vector bosons
is strongly connected to electroweak symmetry breaking (EWSB) in the SM,
regulated by the Higgs mechanism. It is through the EWSB that the weak
vector bosons acquire mass, turning the massless Goldstone bosons in their
longitudinal polarization. Measuring VBS provides information on the de-
grees of freedom of the Higgs field that are absorbed by the weak bosons.
The VBS process also contains information on the quartic vector boson inter-
actions, a part of the SM which has not been well tested yet and could be
modified by new physics.

The vector boson scattering process can be studied at the LHC from the
electroweak production of vector bosons in association with jets. It can be
measured with the highest sensitivity in the case of two W bosons with the
same charge decaying to leptons. The measurement of this process in data
recorded with the Compact Muon Solenoid (CMS) detector during 2016 is de-
scribed in this thesis, which lead to the first discovery of a process dominated
by vector boson scattering. The electroweak production of two same-charge
W bosons at the LHC operating at a center-of-mass energy of 13 TeV has a
cross section of only 0.35 pb, which is two orders of magnitude smaller than
the total production cross section of the Higgs boson discovered in 2012. The
small cross section in combination with the backgrounds from strong dibo-
son production and misreconstructions make this a challenging analysis.

To uncover the properties of VBS, the study of this process during the
further operation of the LHC remains of great importance. A feasibility study
for measuring VBS properties is described in the last chapter, with 3ab™" of
data that will be collected with the CMS detector in the next decades at the
upgraded High Luminosity LHC.
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SAMENVATTING

Het standaard model van de deeltjesfysica (SM) biedt een theoretisch kader
voor fundamentele deeltjes en hun interacties. De recente ontdekking van
het Higgs boson vervolledigt het model, in de betekenis dat alle elemen-
taire deeltjes in het standaard model zijn geobserveerd en het model hun
gedrag accuraat beschrijft zoals gemeten in experimenten. Desondanks zijn
successen, kunnen veel waarnemingen niet worden verklaard door het stan-
daard model in zijn huidige vorm. Het zoeken naar nieuwe deeltjes om
deze fenomenen te beschrijven, zoals uitgevoerd bij de Large Hadron Col-
lider (LHC) met onverkende massamiddelpuntsenergieén, zijn van cruciaal
belang om de grenzen van onze kennis uit te breiden. Dit wordt gecom-
plementeerd door precisiemetingen van het standaardmodel en het Higgs-
deeltje in het bijzonder.

Door de verstrooiing van zwakke vectorbosonen (VBS) te bestuderen,
wordt op beide fronten een belangrijke bijdrage geleverd. De verstrooiing
van zwakke vectorbosonen is sterk verbonden met elektrozwakke sym-
metriebreking (EWSB) in het SM, uitgevoerd door het Higgs-mechanisme.
Het is via de EWSB dat de zwakke vectorbosonen massa krijgen, door de
massaloze Goldstone-bosonen in hun longitudinale polarisatie om te zetten.
Het meten van VBS geeft informatie over de vrijheidsgraden van het Higgs-
veld die worden geabsorbeerd door de zwakke bosonen. Het VBS-proces
bevat ook informatie over de vierpuntsinteracties tussen vectorbosonen,
een onderdeel van het SM dat nog niet goed is getest en dat zou kunnen
gemodificeerd worden door nieuwe fysica.

Het vectorbosonverstrooiingsproces kan worden bestudeerd bij de LHC
door de elektrozwakke productie van vectorbosonen samen met jets. Het
kan worden gemeten met de hoogste gevoeligheid in het geval van twee
W-bosonen met dezelfde lading die vervallen naar leptonen. De meting van
dit proces in data genomen met de Compact Muon Solenoid (CMS) detec-
tor in 2016 wordt beschreven in deze thesis, en leidde tot de eerste ont-
dekking van een proces gedomineerd door vectorbosonverstrooiing. De elek-
trozwakke productie van twee W-bosonen met dezelfde lading bij de LHC
en een massamiddelpuntsenergie van 13 TeV heeft een werkzame doorsnede
van slechts 0.35 pb, wat twee grootteordes kleiner is dan de totale werkzame
doorsnede voor de productie van het in 2012 ontdekte Higgs-boson. De
kleine werkzame doorsnede in combinatie met de achtergrond afkomstig
van sterke dibosonproductie en misreconstructies maken dit een uitdagende
analyse.
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Om de eigenschappen van VBS te achterhalen, blijft de studie van dit pro-
ces tijdens de verdere operatie van de LHC van groot belang. Een haal-
baarheidsstudie voor het meten van VBS-eigenschappen is beschreven in
het laatste hoofdstuk, met 3ab~ "' aan data die met de CMS detector wordt
verzameld in de komende decennia bij de getipgrade LHC met hogere lumi-
nositeit.
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Part I

INTRODUCTION

Part I of this thesis meanders through the field of experimental
particle physics, passing by the foundations of the field needed
to understand and appreciate the main work described in part II.

A general overview of the standard model of particle physics is
given, with a more specific section to identify the role of vector
boson scattering in the theory. This is followed by an overview of
the experimental setup and of the methods used for translating
the experimental findings into theoretic insights.






THE STANDARD MODEL OF PARTICLE PHYSICS

Discoveries in the last century have led to the insight that all visible matter
in the universe is made up of only a few constituents, called fundamental
particles. Our understanding of these particles and three of the fundamental
forces that mediate interactions among them, is described by the Standard
Model of particle physics (SM). Since its formulation in the 1960s, the stan-
dard model has been able to provide an accurate description of fundamental
particle interactions. With the recent discovery of the Higgs boson [5, 6], all
particles that are predicted by the SM have been observed and no significant
deviations have been found, including in the many high precision tests per-
formed at the Large Hadron Collider (LHC). Also at low energies, the model
performs well; the anomalous magnetic moment of the electron has been ver-
ified up to 12 significant figures. This makes the standard model one of the
most well-tested theories in physics.

Despite its success in its field of applicability, the standard model is far
from a complete theory. One of the missing pieces, that has been receiv-
ing continuous efforts since its formulation, is that the model does not in-
clude gravitation. Other open questions include the excess of matter over
anti-matter that is observed in the universe, the origin of dark matter and
the incredible fine-tuning on the order of 10728 that is required to give the
Higgs boson a mass so much lighter than the Planck mass.

1.1 PARTICLES AND FORCES

The fundamental particles in the standard model are naturally divided in
two groups: fermions, following Fermi-Dirac statistics and generally described
as “matter particles”, and bosons, following Bose-Einstein statistics, that me-
diate interactions.

An overview of the fundamental particles is given in Figure 1. The fermions
split up in quarks and leptons, both appearing in 3 generations. It is only
the first generation that makes up everyday matter consisting of electrons,
and the up and down quarks that are the components of protons and neu-
trons. Matter consisting of the heavier, higher generation fermions is un-
stable and will quickly decay to a lower generation. The strong, weak and
electromagnetic interactions are mediated by fundamental bosons. They are
accompanied in the standard model by the recently discovered scalar (spin
zero) Higgs boson. The graviton is the corresponding force-carrying particle
of gravity, although it has not been observed and is not described by the
SM. For the interactions studied at the LHC, gravitation is extremely weak
compared to the other forces and hence is completely negligible.
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Figure 1: Fundamental particles of the standard model.

1.1.1  Strong interaction

The strong interaction is the force keeping quarks confined in nucleons (pro-
tons and neutrons). The particle that mediates the strong force is the gluon,
adequately named as it “glues” together the quarks. Next to gluons, quarks
are the only particles that experience the strong force. This is equivalently
expressed by saying they have a non-zero color charge, the conserved quan-
tity associated with this force. The color charge, unlike the electromagnetic
charge, comes in 3 types (red, blue and green). The different structure of the
strong interaction also expresses itself through other remarkable properties,
one of which is color confinement. Due to the strength of the strong interac-
tion — which does not decrease with distance — when quarks are separated,
it will be energetically more favorable to form new quark pairs from the
vacuum. This means no free quarks exist in nature, and only color-neutral
states of multiple quarks (hadrons) are observed. Color-neutral states can be
formed by combining three quarks with a different color charge (baryons) or
color anti-color combinations (mesons).

Next to keeping nucleons together, the weaker residual strong force between
color-neutral hadrons holds the nucleons together in atomic nuclei.

1.1.2  Weak interaction

The weak interaction operates at short distances due to its heavy carrier par-
ticles: the W and Z bosons with a mass around 80 — 90 GeV. The interaction
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does not hold together bound states but it does interact with all particles in
the standard model and plays an important role in radioactive decay and
nuclear fusion. The most common example of the weak interaction is beta
decay, a type of nuclear decay where an electron and neutrino are emitted
from an atomic nucleus. At the subatomic level, a down quark converts to an
up quark through the weak interaction by emitting a virtual W boson. The
W boson then decays to an electron and a neutrino. This kind of interaction
where a particle changes flavour (e.g. down to up quark) is only possible
through the weak interaction.

1.1.3 Electromagnetism

Electromagnetism needs less introduction, as it is a force that is abundantly
experienced in everyday life. The photon mediates the electromagnetic force
and interacts with quarks as well as leptons that have an electric charge
(electron, muon, tau). Although electromagnetism seems very different from
the weak interaction at the low energies we are used to, they are unified in
the electroweak theory [7—9].

1.2 STANDARD MODEL LAGRANGIAN

The Standard Model is formulated in Quantum Field Theory (QFT) [10], a
theoretical framework that reconciles quantum mechanics and special relativ-
ity. The standard model particles appear in this framework as excited states
of the underlying quantum fields defined at all points of space-time. As
any theory satisfying special relativity, the SM is invariant under Poincaré
symmetry, including translations, rotations and boosts. Besides the trivial
Poincaré symmetry, the SM is a gauge theory, which means the Lagrangian
is invariant under a continuous group of local transformations. The structure
of the electroweak and strong interactions is determined by the non-abelian
gauge theory with symmetry group:

SU(3)c x SU(2) x U(T)y. (1)

The subscripts indicate the conserved quantities that are associated with the
symmetry groups: the color charge (C), weak isospin (L) and weak hyper-
charge (Y). The equivalence between symmetries and conservation laws is
expressed by Noether’s theorem [11]. SU(3)c is the symmetry group of
the strong interaction and SU(2); x U(1)y determines the structure of the
electroweak theory which is spontaneously broken by the Higgs mechanism
[12-15].

The SM Lagrangian can be summarized as:

Lsm =Lew + Locp + LHiggs + Lyukawa s (2)

with terms describing the electroweak (EW) theory and quantum chromody-
namics (QCD) that follow from requiring invariance under their respective
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symmetry groups (Equation 1), as well as terms for the Higgs mechanism
and Yukawa couplings.

In the following sections, it is shown how symmetry requirements lead
to the standard model Lagrangian, why the Higgs mechanism is needed to
add mass, and how the resulting Lagrangian gives rise to the frequently used
Feynman diagrams. The focus lies on the ideas behind the theory, without
deriving the full Lagrangian with the exact properties and particle content
of the standard model [11, 16, 17].

1.3 QUANTUM ELECTRODYNAMICS

In this section the Lagrangian of quantum electrodynamics (QED) will be
derived from symmetry principles.

Let us start from the Dirac Lagrangian, describing a spin-1/2 massive parti-
cle:

L =1pdp —mpp, (3)

with 1 (x) the wave function of the electron with mass m and spacetime co-
ordinates x, P = P Ty° with y,, the Dirac matrices and using the Feynman
slash notation X = y, A" and natural units (¢ = h = 1). By applying the
Euler-Lagrange equations on this Lagrangian, one retrieves the Dirac equa-
tion. It is clear that the Lagrangian is invariant under global phase trans-
formations 1 — e'*1, which is equivalent to stating that the phase o
is unmeasurable. Just as in quantum mechanics, only phase differences are
physically observable. The phase transformation is global because « is a con-
stant, it is specified for all space and time. We can generalize this symmetry
by allowing « to differ from spacetime point to point: &c(x) and require our
theory to be invariant under the transformation:

Y = ety @

Applying the local phase transformation to the Lagrangian shows that the
mass term is invariant under local phase transformations, but the first term
is not:

o — ei“(x)auxp +ietex)y Opa(x) (5)

an additional term with 0, & (x) remains after the transformation. From a
physical point of view, one can understand that a local phase transformation
introduces phase differences which can be observed and will need to be
compensated somehow. To see how to solve this, we can take a look at the
definition of the derivative in the direction of a vector n*:

N0 = lim 1[0 (x +en) b (x)] ©)

The two fields that are subtracted transform differently under the symmetry
(Equation 4), which means that 9,1 loses its geometric meaning.
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To define a derivative in a sensible way we need to introduce a field that
compensates for the difference in phase transformation. This is called the
covariant derivative:

D,=0,—1ieA,, 7)

which introduces a new field A, (x) that transforms as:
1
A= Apt Jdua. ®)

It is easy to check that the covariant derivative transforms covariantly, like
the field  itself:

Db — e*™MD . ©)
For the Lagrangian we get:
L =198y — mPpp = iy, dhp — mPpp + ehy hA,.  (10)

The vector field A (x), called the gauge field, couples to the Dirac particle
in exactly the same way as the photon field. If A, (x) is the physical pho-
ton field, we must also add a kinetic energy term containing derivatives of
A (x). Because this term has to be invariant under Ay — Ay + 10, o it
can only involve the gauge invariant field strength tensor:

Fuv = 0pAy — OnUA,. 11
p o o

If we discard terms that are not invariant under time reversal and parity
symmetries, there is only one kinetic term possible:

FuvF*Y. (12)

By requiring the Dirac Lagrangian to be locally gauge invariant, or invariant
under the U(1) symmetry group, we are naturally lead to the Lagrangian of
QED:

_ 1
LQED :ﬂ)(im_m)lb—ZFquw- (13)

1.4 ELECTROWEAK THEORY AND QCD

The same procedure can be followed using the other groups that make up
the standard model. Requiring SU(2) invariance leads to the introduction of
3 additional fields. Linear combinations of these fields together with A, (x)
gives the description of the photon, W* and Z bosons in the electroweak
Lagrangian. Because the weak interaction is not symmetric under parity
transformations (X — —=%) [18], 1 is split in left- and right-handed chiral
components. The Lagrangian of the electroweak theory is given by:

Lew =1 Z wawf—%BwBFW,%WﬁVWa v (14)
L fR
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where a sum is made over the left-handed doublets & and right-handed
singlets LI)fR containing leptons with flavour f. The covariant derivative D,
contains the bosonic fields B,, and W, associated with the U(1) and SU(2)
symmetry groups respectively:

i9

Dy =0u—5

Wioa —ig/ Y By, (15)
with o the generators of SU(2) and Y the weak hypercharge. The photon
and weak bosons are a linear combination of the B and W fields. The ki-
netic terms of these fields contain both 3- and 4-point interactions of the
electroweak bosons, due to the non-abelian nature of the SU(2) gauge theory.
It are these terms that give rise to the vector boson scattering interactions
described in the next chapter.

Requiring invariance under SU(3) leads to the introduction of 8 more physi-
cal fields G, that describe the gluons carrying a color and anti-color charge.
The Lagrangian of quantum chromodynamics is given by:

. — 1
LQCD=IZ¢fw¢f*ZGfWGa”V, (16)
F

with ¢ the quark fields in triplets of the color charge, A; the generators of
SU(3) and the covariant derivative:

N a
faGe, (17)

D,=0,—1igs 5 Gu

1.5 HIGGS MECHANISM

An important aspect that is still missing in the electroweak model, is that the
W and Z bosons are massive. It turns out giving mass to the weak bosons
is not trivial. The most easy way, would be to add a mass term to the La-
grangian of the form:

m2

5 AuAL. (18)

The problem with adding this term to the Lagrangian is that it leads to un-
renormalizable divergences; the theory can not be formulated to all orders
in perturbation theory by adjusting a finite number of couplings, turning the
theory meaningless. This is connected to the term not being gauge invariant,
it breaks the symmetry and also the renormalizability of the theory. Gauge
theories, on the other hand, are renormalizable as shown by 't Hooft, Velt-
man, and others [19].

To give mass to the weak bosons, we would need to add a mass term, without
breaking gauge invariance. This is where spontaneous symmetry breaking
comes in. By introducing a potential that is invariant under the gauge sym-
metry of the Lagrangian, but the symmetry is not present in the ground state,
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one can introduce mass for the weak bosons. This is known as the Higgs
mechanism and the scalar field ¢ that is introduced is called the Higgs field.
The extra term that needs to be added to the SM Lagrangian is of the form:

L= (0,0) (0"d) +m?dp*d —A(d"d)?, (19)

with & = (71 +1id2)/Vv/2 a complex scalar field, m?Z > 0and A > 0. The
shape of the Higgs potential is shown in Figure 2.

Figure 2: The Higgs potential as a function of Re(¢p ) = ¢ and Im(Pp) = ¢d,. The

ground state does not possess the global U(1) symmetry of the Lagrangian.
The ground states correspond to the minima of the potential $? + 3 = mTZ
and the perturbation series should be expanded around one of these minima.
This is done by choosing a ground state and substituting:

1
d(x) =15 v+nlx) +ie(x)], (20)
with v2 = mTZ the vacuum expectation value. This yields:
1 1
r_ ! 2 1 2 2.2
L —Z(aun) +2(6”<‘.,) m°n (21)

+ const. and higher order interaction terms inn, ¢ .

The 1 field has a mass, while the & field only has a kinetic energy term
but no mass. It can be shown that for each broken continuous symmetry,
there appears a massless excitation called a Goldstone boson. This massless
scalar particle emerges because it does not require any energy to change the
ground state of the system to a different minima of the potential.

At first sight, this could be a problem because if there is a massless parti-
cle, we should detect it, massless particles are very easy to make. However,
when applying this procedure to a local gauge theory, the Goldstone boson
is turned into the longitudinal polarization of the massive gauge boson. An
example of spontaneous symmetry breaking of a local gauge theory is given
here for U(1) gauge symmetry. As seen before, this means we need to intro-
duce the covariant derivate:

L= (0, +ieA,) d* (" —ieAM) b+ m2d D —A(d*P)?. (22)
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The Lagrangian can again be expanded around the vacuum. This time we
can absorb one field in the gauge freedom:

1
d(x) = \/;[V+n(><)] . (23)
This yields:
1 1
L= > (0um )2 —Avin? + > eZVZAfL + higher order interaction terms.

(24)
The massless Goldstone boson has been used to generate the longitudinal
polarization of the massive gauge boson. The Higgs mechanism makes it
possible to give mass to the weak bosons in the SM without breaking the
gauge invariance and in this way keeping the theory renormalizable.
By applying the same procedure on the electroweak lagrangian, one can give
mass to the W and Z bosons. The Higgs Lagrangian is given by:

LHigg's:(Dud))—r (Dud))erzCI)Td)*)\(d)Td))z, (25)
with ¢ the Higgs doublet, that after fixing the gauge is given by:
1 0
d(x) = 5 . (26)
v+ h(x)

Substituting the covariant derivative of QED and expanding around the vac-
uum lead to the mass terms for the W and Z boson, their interaction terms
with the Higgs boson and the Higgs boson mass and self-interaction. Only
two additional free parameters A and m were introduced, relating the cou-
plings of different terms.

Next to giving mass to the weak bosons, the Higgs boson also plays a role
in providing mass to fermions through Yukawa couplings: terms containing
the scalar Higgs and fermion fields of the form:

—L —L ~ - .
Lyukawa = — Z <Gf/f/ Ve 1I)$, + G]i,f/ Ve d lb}fz, + hermitian con}.) ,
6
(27)

with G(f'f), free parameters that determine the strength of the Yukawa cou-

plings, WL and ¥, the left-handed doublets and right-handed singlets of
the fermion fields and EIV) =io0,d*.

Neutrino’s are massless in the standard model as the exact properties of
the neutrino and the mechanism through which it gains mass have not yet
been experimentally verified. In reality, neutrinos have a very small mass ob-
served indirectly by neutrino oscillations [20—22]. Although its mass is neg-
ligible for describing high energy interactions, the neutrino changes flavour
as it propagates through space because the mass eigenstates are a mix of its
flavour states.
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1.6 FEYNMAN DIAGRAMS

To compare the predictions of the SM to nature, one needs to calculate ob-
servable quantities like interaction cross sections and decay rates. Because
there is no exact solution for Lagrangians with interacting fields, these quan-
tities are calculated perturbatively; the effect of the interaction is calculated
as a correction to the non-interacting system. The free, non-interacting part
of the Lagrangian can be solved analytically and gives the description of
free particles. The interaction is then calculated up to a certain order in the
perturbation series. This is possible when the disturbance is weak, or the
coupling constant is << 1. The resulting expression contains terms which
can be visualized by Feynman diagrams. For example, the scattering of an
electron and positron in QED can be represented by diagrams as in Figure 3.

Figure 3: With time progressing from left to right, these diagrams represent e *e —
scattering.

The left and middle diagrams in Figure 3 are the only possible diagrams
for this process at leading-order (LO), their amplitudes are proportional to
the coupling constant squared. The diagram on the right is one of the next-
to-leading order (NLO) diagrams proportional to the coupling constant to
the forth power. The lines and vertices that can be used in these diagrams
are derived by applying Feynman rules to the Lagrangian. The amplitude of
each diagram is then calculated by assigning a factor to each vertex and
propagator. Four-momentum is conserved at each vertex and only the initial
and final state particles need to be on-shell (p? = m2). The cross section
for electron positron scattering at leading-order (LO) is proportional to the
squared sum of the LO amplitudes:

oo |y A2, (28)
i

with A; the amplitudes of the left and middle LO diagrams in Figure 3.

The probability amplitude for a certain process can be calculated from draw-
ing all allowed Feynman diagram up to a certain order and summing their
amplitudes. Measurable quantities are proportional to the squared ampli-
tude which has contributions from all possible intermediate states and their

11
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interference.

Physical quantities are more easily calculated using the Feynman rules, rather
than the traditional approach of quantizing the Lagrangian and evaluating
the perturbation series in the interaction Lagrangian. Next to being a use-
ful mathematical tool, Feynman diagrams are viewed as the more concise
description of fundamental particle scattering than the underlying canonical
formalism.



VECTOR BOSON SCATTERING

The term Vector Boson Scattering is commonly used in literature, but requires
some clarification. With Vector Boson one means electroweak vector bosons
(W, Z and vy)*. Although here we will focus on the weak bosons (W and Z)
specifically. The Scattering, as in classical physics, refers to a 2 — 2 process,
but without requiring the particles to satisfy the Einstein energy-momentum
relationship. In proton-proton collisions, the interacting vector bosons are
virtual particles (p? # m?2).

The scattering of the weak vector bosons is strongly connected to elec-
troweak symmetry breaking (EWSB) in the SM, operated by the Higgs mech-
anism. It is through the EWSB that the weak vector bosons acquire mass,
turning the massless Goldstone bosons in their longitudinal polarization. In
addition to studying the Higgs boson properties in the Higgs production
and decay channels, measuring VBS is a complementary test of the nature
of EWSB, providing information on the additional degrees of freedom of
the Higgs field that are absorbed by the weak bosons. Next to probing the
EWSB, the VBS process is also sensitive to quartic vector boson interactions,
allowing to test an unexplored region of the standard model.

2.1 VBS IN pp COLLISIONS

In pp colliders — as the LHC — vector boson scattering occurs when two
proton constituents, each from a different proton, radiate a vector boson
and the two vector bosons interact. The W and Z bosons, having a half-
life of about 3 - 10725 seconds, will subsequently decay to either a pair
of quarks, or a pair of leptons. Depending on the decay channel of the two
vector bosons, the VBS process is called hadronic, leptonic, or semi-leptonic. The
two partons (gluons and quarks that make up hadrons) that initiated the
interaction will be knocked out of the proton and can be measured as well.
As already mentioned in Section 1.1, partons do not exist by themselves, but
hadronize into color-neutral composite particles. The object we can observe
is not the parton, but a jet: a spray of particles collimated along the direction
of the initial quark or gluon.

In this chapter the scattering of W bosons with the same electric charge
WEWH* — referred to as same-sign W bosons — will be used as an example

1 In principle also the gluon and non-fundamental mesons with non-zero spin are vector
bosons.
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to introduce the general properties of VBS. More specifically, the W+ W™
scattering process in the leptonic decay channel:

qq = WTWTqq = ¢"vefv qq. (29)

The final state objects are the charged leptons, the neutrinos and the quarks.
Neutrinos can not be measured and their presence is only indicated by an
imbalance in the momentum of the detected particles. The identification of
the process thus relies on the measurement of the charged leptons and the
jets originating from the final state quarks.

The scattering of vector bosons happens at lowest order by a quartic inter-
action, or an exchange of an electoweak (W, Z, v) or Higgs (H) boson. The
allowed Feynman diagrams at leading order depend on the vector bosons
under study. The Feynman diagrams for the leptonic WTW™ scattering are
shown in Figure 4.

Figure 4: VBS Feynman diagrams at leading order representative for leptonic
WHTWT scattering.

For other VBS processes also an s-channel® exchange is possible, when the
vector bosons merge into an intermediate particle.

2.1.1  Electroweak production

The set of diagrams defined by Figure 4 is not gauge invariant. To define
a physically meaningful set of diagrams, we need to add diagrams where
one or both of the outgoing W' bosons decay directly without interacting.

The nomenclature follows from the Mandalstam variables for 2 — 2 scattering processes
with p1, p2 the incoming and p3, p4 the outgoing particles:

s=(p1+p2)% = (p3+pa)?
t=(p1—-p3)° =(pa—p2)?
u=(p1—pa)? =(p3—p2)°

The exchange of an intermediate particle can happen in three ways, where the squared
four-momentum of the particle equals s, t or u.
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Examples of these diagrams are shown in Figure 5.

Figure 5: Non-VBS Feynman diagrams that contribute to the electroweak WHW™
production in the leptonic final state.

As already indicated in the previous Feynman diagrams, the weak bosons
are unstable particles. The leptons they decay to have a longer lifetime, and
are the on-shell particles that define the final state. There are other diagrams
that lead to the exact same final state particles as defined by Equation 29. Two
additional classes of electroweak diagrams contribute when considering the
leptons and quarks as final states, shown in Figure 6.

(a) Non-resonant (b) Triboson

Figure 6: Additional diagrams that contribute to the electroweak {+v £v qq pro-
duction.

One of the possible non-resonant diagrams is shown in Figure 6a and a
diagram for triboson production in Figure 6b. It is the sum of the electroweak
contributions in Figures 4, 5 and 6a that is gauge invariant. The triboson
diagrams have the same initial and final state but can be seperated due to
the different characteristics of the outgoing quark pair.

The non-resonant and triboson contributions are negligible in a typical VBS
phase space because of the non-resonant suppression factor and the invariant
di-quark mass around the W boson mass respectively [23]. The signal in
VBS searches at pp colliders can therefore be defined as the combined set of
contributions in Figures 4 and 5, called the electroweak production of same-
sign W boson pairs in the two jet and two same-sign lepton final state. Note

15



16

VECTOR BOSON SCATTERING

that to define a physical, measurable process also diagrams where no vector
boson scattering takes place have to be included.

2.1.2  Strong Production

There are also QCD mediated diagrams that produce the same final state,
called the strong VVjj production. It is separated from EW production at
LO by requiring two QCD vertices, i. e. the amplitude squared is of the order
O(od o) instead of O(x&,,) for the EW production. This means it are
not vector bosons but the quarks that interact, via the strong interaction. For
the same-sign W boson pair production in the leptonic decay channel (Equa-

tion 29) the additional diagram is shown in Figure 7.

q

Figure 7: Feynman diagrams for strong WW™ production in the leptonic final
state.

When considering other combinations of two vector bosons, there are also
diagrams with gluons in the initial state.
It is only the combination of two same-sign W bosons that can be produced
exclusively by interactions with two quarks in both the initial and final state.
The EW and strong contributions are compared for different vector boson
scattering processes at /s = 8 and 13 TeV in Figure 8 after a basic VBS event
selection. The figure shows that WE¥W® scattering has the smallest relative
strong contribution compared to other VBS processes. In the leptonic decay
channel the presence of two same-sign charged leptons in the final state
reduces the other SM backgrounds.
These features make the same-sign vector boson scattering a good candidate
for measuring VBS. The second most sensitive measurable VBS process is the
WZ boson scattering which has a larger strong production component, but
has less background events from other processes because of the additional
charged lepton in the final state.

2.1.3 Interference

The QCD induced production is a distinct gauge invariant process which can
be separated from the electroweak production process. This is however only
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BVVjj-EW at /s = 8 TeV

35 |BVVj-QCD at /s =8 TeV
BVVjj-EW at /s = 13 TeV
Ovv;j-QCD at /s =13 TeV

30 -

x10

x10

o/ fb
o
3

x10

0 wiw=  wtw-  ZZ -2 zZv Zy wz 77 — Al
Figure 8: Production cross sections o for the electroweak and the strong VVjj pro-
duction. The values for WFW ™ and Zv final states are scaled down by a
factor of ten to increase the visibility. The decay channels contain at least
two charged leptons. Figure from [24].

allowed if the interference between the EW and strong production is small.
As the transition probability between the pp initial state and the final state
of VBS contains the squared sum over the amplitudes of all possible inter-
mediate diagrams (Equation 28), interference between the diagrams has to
be taken into account. In the phase space region of interest, the interference
effects are usually small and the EW and strong VVjj production can be
defined as separate physical meaningful processes. The EW, strong and in-
terference contributions to the same-sign W boson production cross section
as a function of the invariant di-jet mass (m;;) is shown in Figure 9.

2.1.4 Next-to-Leading Order

So far, only the LO calculation was considered. At next-to-leading order ad-
ditional Feynman diagrams appear with extra strong or electroweak inter-
actions. The QCD NLO corrections to both the EW and strong production
process have been implemented in simulation software for a few years and
causes an increase in the electroweak W¥Wjj production cross section of
about 5% [26, 27]. Their contribution is not included in the analyses of Part
II of this thesis, but the difference is covered by the theoretical scale uncer-
tainties [25, 28].

In the last year, theoretical calculations of the NLO electroweak corrections
have been performed. They turn out to be larger than the QCD NLO correc-
tions. Normally it is the other way around and first studies indicate this is
a specific property of VBS related to the large EW scale in the process. The
electroweak NLO corrections reduce the cross-section by about 15% in a typ-
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Figure 9: The differential cross section of the same-sign W boson production in the
et uTvvjj final state as a function of the invariant mass of the two jets.
The triboson contribution is shown as the difference between EW and VBE
The relative EW, QCD and interference contributions compared to the full
LO results is plotted in the small panel. Figure taken from [25].

ical VBS phase space and its effect increases with the invariant mass of the
di-quark and di-lepton system [29—31]. At the time the studies described in
Part II were performed the electroweak NLO contribution was not yet avail-
able in event generators and it is only the LO calculations that are used in
this thesis.

2.2 VBS TOPOLOGY

The scattering of vector bosons is accessible at the LHC when two incoming
quarks interact through radiated vector bosons, leading to the observation of
the decay products of the vector bosons, as well as the jets originating from
the initial quarks that get deflected from the beam direction and enter the
detector. This is schematically depicted in Figure 10.

The two highly energetic jets originating from the outgoing quarks are called
the “tag jets” and are characterized by a large separation in pseudorapidity3

The pseudorapidity n = — In [tan ($)], with © the angle between the three-momentum of
the particle and the positive direction of the beam axis. The relation between 6 and n is
visualized in Figure 11.
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Rapidity gap

I . i

n=0

Figure 10: The event topology of VBS at pp colliders. The event signature is shown
in a rolled out representation of the detector in the n-¢ plane.

Anj; and a high invariant mass m;;. The W bosons and their decay products
on the other hand are produced more centrally.

n=0

6=90° /"

06=45°

n=0.88

o=10-—>N=2.44
6=0¢ T]:oo

Figure 11: The relation between the polar angle 0 and the pseudorapidity n, with
1 = 0 corresponding to the positive direction of the beam axis.

The vector boson that are radiated from the quarks are virtual particles.
This is easy to understand in the rest frame of the incoming quark; the mass
of the quark is not large enough to produce a heavy on-shell vector boson.
The emitted virtual bosons tend to carry a small fraction of the incoming
parton energy [32], while at the same time they need to carry enough en-
ergy to create the pair of outgoing on-shell bosons. This indicates that the
outgoing jets are highly energetic. Their transverse momentum on the other
hand is supressed, due to the factor that is introduced by the weak boson
propagators:

1
(Pa—Pa)2— M2’
with M the weak boson mass and pq — pq the four-momentum of the
virtual boson, or equivalently the difference between the four-momenta of
the incoming and outgoing quarks as defined in Figure 4. By approximating
the relativistic quarks as massless, it follows that [23]:
1 1

—_ 7 (31)
(Pq—pq)?— M2 pT o+ M2

(30)
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which shows that outoing quarks with a large transverse momentum (p T,q >
M) introduce an additional suppression factor.

2.2.1  EW-Strong Separation

The invariant mass spectrum of the two jets (m;j;) and their difference in
pseudorapidity (Anj;) can be used to separate the electroweak from the
strong VVjj production. Their distributions are shown in Figure 12 for the
W*W=jj production in the leptonic final state. The pseudorapidity distri-
butions of the jet and lepton with the highest transverse momentum are
shown in Figure 13. A variable that quantifies the relative pseudorapidity of
the lepton with index i with respect to the di-jet system is the Zeppenfeld
variable [33]:

lep 1 lep  TMj1 +1j2
5T Ang (“i 5 ) (32)
which has an absolute value smaller than o.5 if lepton i is in between the
jets in pseudorapidity. The Zeppenfeld variable of the highest p lepton is
shown in Figure 14.
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Figure 12: The m;; and Anjj distributions for the EW and QCD induced
WEW=5j production in the leptonic final state. The distributions are
normalized to one and are generated with the MG5aMC [34] generator

with m;; > 100GeV, p'P" > 18 GeV and pP* > 8 GeV.

2.3 LONGITUDINAL POLARIZATION

There is more than one way to the conclude that a Higgs-like boson is needed
in the standard model. The most common reasoning, as was followed in Sec-
tion 1.5, is to add a particle that can provide mass to the vector bosons in
a gauge invariant way. Another approach, is to restore the divergencies that
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Figure 13: The pseudorapidity and transverse momentum distributions of highest
pT lepton and jet for the EW and QCD induced WEW=+jj production
in the leptonic final state. The distributions are normalized to one and are
generated with the MG5aMC generator with mj; > 100GeV, ‘p1$p’1 >

18GeV and pP? > 8 GeV.

appears in the electroweak sector of the SM. For a consistent quantum the-
ory the sum of all probabilities, corresponding to the allowed evolution of
the system, should be equal to one. This very basic requirement, called uni-
tarity, is violated in the electroweak theory without the Higgs mechanism.
When calculating the cross section for the scattering of longitudinal vector
bosons, one finds that it increases with energy and as a consequence violates
unitarity at high energy [35, 36]. As example, we will use the longitudinal
same-sign W boson scattering:

WIW — Wiw, . (33)

The LO amplitude without Higgs contribution in the high energy limit [37-
39] is equal to:

Myge = =9 725+ 015°), (54)
with Mandelstam variable s equal to the square of the center-of-mass energy,
my the W boson mass and g the SU(2) coupling constant (Equation 15).
This amplitude corresponds to the sum of the quartic interaction and Z, y
exchange diagrams (as in Figure 4, but without the quark lines). The am-
plitude grows with energy, leading to unitarity violation at sufficiently high
energy.

If the unitarity is not restored, the breakdown of perturbation theory at
high energy would mean that the longitudinal vector bosons become strongly
coupled in this region and multiple rescattering is likely to occur [40]. It also
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Figure 14: The Zeppenfeld variable (Equation 32) of the highest pt lepton for
the EW and QCD induced WEW=jj production in the leptonic final
state. The distributions are normalized to one and are generated with
the MG5AMC generator with m;; > 100GeV, pl-?P/l > 18GeV and

plP? > 8GeV.

means the predictability of the theory is lost. Preferably, we keep the cou-
pling small and introduce additional particles and interactions to cancel the
divergencies. The simplest solution consists of introducing a neutral, scalar
particle H that can be exchanged between the W bosons (Figure 4). This adds
a term to the LO amplitude that in the high energy limit becomes:

S
MHZQﬁwwm+O(SO)~ (35)
W

The leading divergences cancel (Mgauge + My = O (s9)) when the follow-
ing requirement is exactly fulfilled:

gHWW = g - Mw . (36)

The HWW coupling predicted by the Higgs mechanism satisfies this require-
ment. To restore unitarity we need a scalar particle that couples in the exact
same way as the Higgs boson that was derived in the electroweak symmetry
breaking approach. The same calculation can be done for longitudinal VBS
with other vector bosons and shows that the Higgs mechanism unitarizes
the VBS process.

Requiring unitarity on the partial wave expansion of the scattering ampli-
tude leads to a limit on the mass of the particle that unitarizes VBS. The par-
ticle needs to have a mass < 1.2 TeV. Before the LHC was build, it was guar-
anteed that new physics would be discovered when reaching center of mass
energies of ~ 1.2TeV. Either in the form of a Higgs-like boson or strongly
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interacting vector bosons.

In models that predict new physics in the EWSB sector, for example in the
form of multiple Higgs bosons, the exact cancellation with the discovered
Higgs boson does not apply [41]. New physics processes could disturb the
delicate balance of the strong cancellations at high energy and lead to poten-
tially large enhancements of the VBS rate. It is therefore crucial to test the
exact cancellation as predicted by the SM and Higgs mechanism. The effect
of a non-exact cancellation is shown in Figure 15.

WSWS = WSW with modified Higgs couplings
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Figure 15: The W{"W{" scattering cross sections as a function of the center of mass
energy for different values of the HWW coupling. The multiplicative fac-
tor to the coupling is shown on the figure, with gyww = 1 correspond-
ing to the Standard Model. Assumed are two colliding on-shell, unpolar-
ized W beams. Plot taken from [38].

In practice, measuring the longitudinal scattering component is far from triv-
ial. It makes up no more than 5% of the total cross section containing all
polarization states. Contamination from initial scattering states containing
transverse polarized vector bosons (V1Vx — Vi V1) can further complicate
the matter. Generally, this background is small. For WiEWE—L scattering specif-
ically it is negligible, but for this process information on the polarization is
partially lost with the undetected neutrinos.

2.4 BEYOND THE STANDARD MODEL PHYSICS

The Higgs mechanism is not the only way to unitaritize the VBS process.
Many extensions to the Higgs sector have been proposed and a variety of
these models are still consistent with data. Measurements of the VBS pro-
cess can be used to exclude — or place constraints on — extensions to the SM
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describing physics beyond the standard model (BSM).

In one class of BSM models the Higgs boson is a composite particle, namely
a bound state of new strong interactions. In many of these models the light
composite Higgs emerges from the strongly-interacting sector as a pseudo-
Goldstone boson [42, 43]. A different possibility is the existence of a strongly
interacting fourth family [44].

In another class of theories the observed Higgs boson is part of an extended
Higgs sector, as in the electroweak singlet [45] and two Higgs doublet model
(2HDM) [46].

The VBS process is also sensitive to triple and quartic gauge couplings.
Triple gauge couplings have been measured in non-VBS diboson production
at the LEP collider [47, 48], TeVatron [49] and with highest precision recently
at the LHC [50]. Their measurements show no significant deviation from the
standard model expectation. The quartic couplings have not been measured
with high precision yet and could be modified by BSM physics.

2.4.1 Effective field theory

Searches for new physics can be performed by looking directly for the pro-
duction of new particles, for example by searching for a resonant bump in
an invariant mass spectrum, or by performing precision measurements of
the interactions between SM particles. The second method allows to mea-
sure particles that are too heavy to be created at the available center-of-mass
energy, but modify interactions by its virtual corrections. Since many BSM
models exist, it would be useful to have a model independent framework in
which sensitivity to new physics at a high energy scale can be quantified. An
Effective Field Theory (EFT) approach is used to accomplish this, where the
SM is assumed to be the low energy approximation of the full theory.

2.4.1.1  Fermi Theory

The most common example of an EFT in particle physics is Fermi theory.
It was postulated in 1933 by Fermi [51] to describe nuclear beta decay and
introduces quartic fermion interactions with coupling Gr:

Gr
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The theory gives a good description at the low energies available at the
time, but leads to non-renormalizable divergencies at high energy. This can
be resolved by smearing the interaction point in space and time by the ex-
change of a virtual massive boson W:

. . 2
The W boson introduces a propagator factor to the diagram: ~ pe—rs

that at low energy (k < myy) is indistinguishable from a point-interaction

with coupling ~ -5
w

2.4.1.2 Standard Model Effective Field Theory

The SM is generally regarded as an incomplete theory, as already discussed
in the previous chapter. It is reasonable to assume there exists new physics in
the large unexplored energy range of ~ 10'2 TeV between the highest energy
reached at collider experiments and the maximum allowed energy of a point
particle indicated by the Planck mass. In this case, the SM is the low energy
approximation of a larger, full theory. The new physics is then characterized
by a higher energy scale A, usually describing the mass of new particles.

At low energy (E < A) the full theory can be approximated by adding

higher order operators to the SM Lagrangian, describing new and modified
interactions among the light SM particles. In Fermi theory, the higher order
operators are the quartic fermion interactions that approximate the weak bo-
son exchange.
One can write down all operators containing SM fields that obey the symme-
tries of the SM, like Lorentz invariance, gauge symmetry and conservation of
baryon and lepton number [52]. From dimensional analysis, these operators
(0N with dimension N) have coefficients of inverse powers of mass and
are suppressed by the high energy scale A, leading to a Lagrangian of the
form:

(6) 8
C. 6 C. 8
L:LSMJrZﬁOE)JrZ /{4o{)+,.. (7)
i i

with the SM Lagrangian containing dimension 4 terms. Higher order opera-
tors will be suppressed by higher powers of A.
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Dimension 8 operators

We will consider only the operators that introduce gauge interactions. Since
the dimension 6 operators introduce triple gauge interactions, one would ex-
pect that they can be better constrained by other measurements. It has been
confirmed with simulation samples that the effect of dimensions 6 operators
is very small on the same-sign W boson pair production, for coupling values
that have been excluded in other measurements. Instead, we will focus on
the dimension 8 operators, which are the lowest dimension operators that
lead to quartic interactions without also producing two or three weak gauge
boson vertices. Even though the dimension 8 operators are suppressed by
powers of A with regards to the dimension 6 operators, they can still be
dominant over the dimension 6 operators depending on the symmetry and
particle content of the BSM model. For example, the exchange of a heavy
boson can generate a direct, tree level contribution to quartic gauge-boson
couplings (as in Fermi theory) while the triple gauge vertex would only be
effected at one-loop level [53].

The dimension eight operators that give rise to quartic WWWW cou-
plings [54], called anomalous quartic gauge couplings (aQGC), are listed
here:

Lso = [(Dud) Dvo| x [(Dud) Do
Ls1 = [(Dud) D] x [(Dv9) Do

L = T ¢ (0461 D7)
Ly = Tr[W, WYB] x [(Dﬁd))TD“d)]
Lme = [(Dud) Wg WP D ¢]

Ly = [(Dud) g, WPHDY o]

Lio=Tr Wy W] x Tr [wwwaﬁ]
L= T [Way WHP ] x T [Wy g W]
Lro = Tr [WaWHF | x Tr [, we]

These operators are naturally divided into three categories. Two of them only
contain Higgs doublets (S-operators) and parametrize physics that couple
to the SM through the Higgs field only. Three others only contain SU(2)
field strengths (T-operators) and the remaining four contain both SU(2) field
strengths and Higgs doublets (M-operators). Each operator is scaled by a

corresponding Wilson coefficient (Cgs) /A



2.4 BEYOND THE STANDARD MODEL PHYSICS

Unitarity

The SM EFT is not valid at high energy. For energies at the order of A there
is no suppression of higher dimension operators and it would not make
sense to only consider the lowest order operators. Nevertheless, multiple
extensions to the SM EFT have been developed to unitarize the operators up
to arbitrarily high energy [55, 56]. As the EFT theory is fit to data, it can not
violate unitarity in the energy region that is measured. Requiring unitarity
in energies beyond the measured region seems overly restrictive, as the EFT
theory is invalid at high energy by construction [57]. In addition, different
unitarization methods are relevant for different BSM models, while the use
of a general method is crucial to compare the sensitivity between the data
analysis of different processes. Recent discussions have lead to a proposal
of applying cuts on the center-of-mass energy /s, but no straight-forward
recipe has been proposed for W boson scattering where it is impossible to
reconstruct this variable due to the escaping neutrinos. For these reasons, no
unitarization method will be applied to the SM EFT in this thesis.
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EXPERIMENTAL SETUP

Particle colliders have been the driving force behind discoveries and theo-
retical advancements in particle physics for the last 50 years. The quest for
larger, higher energy colliders has culminated in the Large Hadron Collider
(LHC). Protons are accelerated to record energies and brought to collision,
allowing the study of rare interaction processes, occurring with a probability
down to ~ 15 orders of magnitude smaller than the total interaction proba-
bility. Large detectors are build around the collision points and measure the
stable final state particles that are produced in the interactions. The Compact
Muon Solenoid (CMS) is one of the general purpose detectors, build to opti-
mally measure the outgoing particle types, energies and directions. Planned
upgrades to the LHC and CMS detector in the near future guarantee a sig-
nificant increase in the physics reach for an additional decade of operation.

3.1 PARTICLE COLLIDERS

When ordinary particles collide at high energy, more exotic particles with a
higher mass can be created. Increasing the center-of-mass energy of the col-
lisions is therefore a straightforward way to improve a particle collider. But
discoveries can also be made by improving the precision of the measurement,
which can be done by increasing the number of collisions, by using a setup
with a better determined initial state, or by decreasing other uncertainties.

The number of collisions is expressed by the interaction rate (W) at a col-
lider, equal to the number of interactions per time. The interaction rate can
be split in two factors: a process-dependent factor o and a factor L that
depends on the beam parameters of the collider:

W=o0-L. (38)

The total interaction cross section o is the effective area for collision: the
area transverse to the two particles relative motion within which they must
meet in order to scatter from each other. The instantaneous luminosity L is
by consequence expressed in units of 1/(area - time). The unit of area that
is commonly used for these quantities is the barn (b) equal to 10-28m?, or
the femtobarn (10~43m?2).

The main characteristics of a collider, next to the type of accelerator and type
of particles that are used, are the center-of-mass energy (/s) and the instan-

taneous luminosity (L).

Multiple types of particles have been used and proposed for use in acceler-
ators, the most obvious candidates being the electron and proton. The advan-
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tage of using protons, is that they can be accelerated to very high energies in
circular accelerators, as the particles can be accelerated with each revolution.
Lighter particles - as the electron - lose more of their energy to synchrotron
radiation when accelerated in a curved path, which is inversely proportional
to the particles mass to the fourth power. The disadvantage of using protons,
is that they are not fundamental particles. Only part of the proton takes part
in the interaction, the remaining energy in the proton continues along the
beampipe and is not measured. As a consequence, the center-of-mass energy
of the colliding partons is a priori not precisely known.

Also heavy ions are collided in particle accelerators. Their collision can lead
to the creation of a quark-gluon plasma: a state of matter consisting of asymp-
totically free strong-interacting quarks and gluons. The study of this state
can bring new insights to the non-perturbative regime of QCD and the early
evolution of our universe.

3.2 THE LHC

The first mention of a superconducting proton collider at CERN originates
from 1977 [58]. After the successes of lepton colliders, colliding hadron beams
at an increased center-of-mass energy would allow to study an unexplored
energy region. The construction of the Large Hadron Collider was approved
in 1994, after the cancellation of the similar Super-Conducting Super Collider
project in the US in 1993, and having the advantage of reusing the existing
infrastructure from the Large Electron-Positron (LEP) collider at CERN. Fif-
teen years later, during which many technological advancements were made
for the construction of the LHC and its experiments, the LHC went into op-
eration as the world’s largest and highest-energy particle accelerator.

The LHC is a hadron accelerator and collider housed in a roughly circu-
lar 27 km tunnel at the border of Swiss and France [59]. A small portion of
the LHCs running time is devoted to the collision of lead ions, while most
of the running time two proton beams are collided after being accelerated
in opposite direction inside vacuum beam pipes up to a maximum design
energy of 7TeV per proton. When the operational energy is reached, the
beams are squeezed and brought to collide in 4 interaction points where the
experiments are set up. Only a very small fraction of protons interact in each
crossing and the proton beams are kept in circulation for multiple hours
until the intensity of the beams is significantly reduced due to small losses
accumulating over time. At this point, the beams are dumped and new pro-
ton bunches are injected.

Oscillating electric fields in radio frequency cavities accelerate the protons
and keep them packed in separate bunches. About 2800 bunches of protons,
that are separated by 25 ns in time, can be stored in each beam. Supercon-
ducting dipole electromagnets are used to keep the protons on their circular
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path inside the 27 km ring, while higher order magnets are used to focus
the beams. The magnets are cooled to below 2 K using superfluid helium,
and operate at fields above 8 T.

Before the protons are injected in the LHC, they have already traveled
through a chain of smaller accelerators that boost them to an energy of
450 GeV. A schematic overview of the accelerator complex and the exper-
iments at CERN are shown in Figure 16.
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Figure 16: The accelerator complex and experiments at CERN [60].

3.2.1  LHC Schedule

The LHC operation alternates running periods of ~ 3 years with long shut-
downs of ~ 2 years that are used for maintenance and upgrades to the col-
lider and experiments. A summary of the schedule is shown in Figure 17, in-
dicating the different experiment phases, center-of-mass energies, integrated
luminosity and run periods as a function of time. The Run I data-taking pe-
riod started in 2011 at a center-of-mass energy of 7 TeV, which was increased
to 8 TeV in 2012, and during which almost 30 fb™" of data was recorded.
The data used in this thesis is recorded in 2016 during the second run of
data-taking, with a center-of-mass energy of 13 TeV and a peak luminosity
of 15 Hz/nb. The integrated luminosity of this dataset is 35.9 fb~*.

After 300 fb™" of data is collected by 2024 a major upgrade to the LHC
is planned, called the High Luminosity (HL) upgrade, which is described
in Section 3.5.
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Figure 17: The timeline of the LHC programme between 2011 and 2037 [61].

3.2.2  Experiments at the LHC

Four large experiments, and three smaller experiments are build at the
interaction points. Two large, general-purpose detectors (ATLAS [62] and
CMS [63]) were designed to study the electroweak symmetry breaking mech-
anism, perform precision tests of the SM, and search for signs of new physics
(e. g. supersymmetry, dark matter candidates). More specialized large exper-
iments study the quark-gluon plasma produced in heavy-ion collisions (AL-
ICE [64]) and CP violation and rare decays of b- and c-hadrons (LHCb [65]).
The smallest experiments are used to study forward physics (TOTEM [66]
and LHCf [67]) and to search for magnetic monopoles and other highly ion-
izing stable massive particles (MoEDAL [68]).

3.3 PP COLLISIONS AT THE LHC

Not all proton-proton interactions that take place at the LHC are head-on
collisions. A significant fraction are glancing blows that leave the protons
either intact (elastic collisions), or dissociated in only a few particles (diffrac-
tive collisions). In non-diffractive collisions an exchange between the protons
of a particle with quantum numbers different from the vacuum takes place,
and the outgoing particles produced in the collision gain a transverse mo-
mentum large enough to enter the detector acceptance. The non-diffractive
cross section makes up about half of the total interaction cross section [69].
In these non-diffractive interactions, a very small fraction contains interesting
events where high energetic or exotic particles are produced. An overview
of the final states that are produced at the LHC and their cross sections is
shown in Figure 18. The electroweak production of W* W=, the main sub-
ject of the second part of this thesis, has a cross section of about 0.35pb at
V's = 13 TeV which is an order of magnitude smaller than the lowest line
on Figure 18 for associated WH production.

Next to the proton-proton interactions we want to measure, interactions be-
tween other protons also leave signals in the detector at the same time. These
additional interactions are called pileup, and originate from two sources. The
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Figure 18: Standard Model production cross sections at hadron colliders as a func-
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curves denote the change from pp collisions at the Tevatron to pp
collisions at the LHC. The current center-of-mass energy for pp col-
lisions at the LHC is indicated by the rightmost vertical dashed line
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additional proton-proton interactions in the same bunch crossing, caused by
the high luminosity at the LHC, are called in the in-time pileup. Particles
produced in previous and next bunch crossings can also contribute to the

energy measurement, and make up the out-of-time pileup.
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3.3.1 Final State Objects

Heavy particles produced in the interaction will decay shortly after their
production to lighter, stable particles with a longer lifetime. It are the sta-
ble particles (photons, electrons, muons, neutrinos, and charged and neutral
hadrons) that travel through the detector. Except for the neutrinos (and pos-
sibly new particles as predicted in theories beyond the standard model), we
can identify them from their interaction with the detector. The stable particles
are reconstructed as physics objects, approximating the final state particles
produced in the hard collision, divided in the following categories:

¢ Photon
e Electron
e Muon

* Missing transverse energy (ETiss):

Neutrinos are stable particles that do not participate in the electromag-
netic or strong interactions and as a consequence do not interact with
the detector. In a hermetic detector, their presence can still be detected
by an imbalance of energy in the transverse plane, called the missing
transverse energy. It must be noted that the imperfect energy recon-
struction of the other particles, particles not within the detector accep-
tance, or undiscovered weakly interacting particles can also contribute
to the EMiss,

o Jet:

Energetic quarks and gluons produced in the event lead to a spray of
particles, consisting mostly of light hadrons, that are collimated along
the direction of the initial parton. Most of the jet energy is carried by
pions, the lightest mesons build from combinations of up and down
quarks. The remainder of the jet energy is mostly carried by kaons
(mesons containing a strange quark) and light baryons (protons and
neutrons) [71].

Jets can be divided further according to the particle they originate from,
which can be a gluon, light quark, b-quark or a hadronic decayed tau.

3.4 CMS DETECTOR

The Compact Muon Solenoid (CMS) is a general-purpose detector, designed
to study a wide range of particles and phenomena produced in the high en-
ergy collisions at the LHC. Although it is 15 meters high and 22 meters long,
it is a compact detector given its total weight of 14,000 tonnes and all the de-
tector material it contains. The second letter in CMS refers to the large muon
detectors at the outside of CMS, that allow an excellent muon identification
and reconstruction. Finally, the solenoid is the heart of the detector, around
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which all other components are build. With a length of 13 m and a diameter
of 6 m it the largest of its kind, producing a magnetic field of 3.8 tesla.

The strong magnetic field makes it possible to measure charged particle mo-
menta with high resolution, despite the compactness of the detector. The
solenoid is complemented by a iron return yoke to shape and confine the
magnetic field. Different layers of dedicated detectors inside the solenoid
are designed to optimally measure the different categories of stable particles;
the most central layers are used to measure the charged particle trajectories,
surrounded by calorimeters that perform destructive energy measurements.
CMS has a hermetic design, consisting of a barrel and two closing end-caps.
An overview of the CMS detector is shown in Figure 19.

CMS DETECTOR STEEL RETURN YOKE

Total weight 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (1005150 wm) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m* ~9.6M channels

Magnetic field  :38T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endeaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Sillicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 19: Schematic view of the CMS detector.

A righthanded coordinate system is used in CMS with the origin centered
at the nominal collision point inside the experiment. The z-axis points along
the counterclockwise direction of the proton beam (as seen from the top), the
x-axis points to the center of the LHC ring and the y-axis points vertically
upward. The pseudorapidity angle 1 is a monotonic function of the polar
angle O between the direction of the particle and the positive direction of
the z-axis, as defined in the footnote of Section 2.2. The azimuthal angle ¢
is measured from the x-axis in the x-y plane. The coordinate axes are drawn
on the views of the CMS detector (Figures 19 and 20).
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3.4.1 Stable particle signatures

The stable particles interact with the CMS detector in a specific way, so that
different particles can be distinguished from the set of subdetectors they
interact with. The typical signatures of the different categories of stable par-
ticles in CMS are shown in Figure 20. The energy of photons and electrons
is measured with the electromagnetic calorimeter. Electrons also leave hits
in the tracker along their trajectory, while photons have zero charge and do
not interact with the tracker. Hadrons deposit most of their energy in the
hadronic calorimeter and charged hadrons also leave signals in the tracker
and electromagnetic calorimeter. Muons are not stopped inside the detector,
but leave behind a small fraction of their energy as hits in the tracker and
muon detectors. The momentum of muons, as for all charged particles, can
be measured from the curvature of their trajectory in the magnetic field.
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Figure 20: Overview of the detectors and interactions of the stable particles in a
transverse slice of CMS.

High energetic charged particles that pass through the tracker will ionize
atoms in the tracker material, losing only an insignificant fraction of their en-
ergy along the way. A light particle as the electron can lose a large fraction of
its energy through bremsstrahlung, when the interaction with the material
causes it to radiate a photon (e — e ) [72]. High energetic photons can de-
cay in their turn to electrons when interacting with the material (y — e®e™),
leading to the formation of particle showers: an avalanche of particles from
radiated photons and pair productions, as sketched in Figure 20. This pro-
cess is exploited in the electromagnetic calorimeter to measure the energy
of electrons and photons as they gradually give off their energy. A similar
effect takes place for hadrons in the hadronic calorimeter, where hadronic
particle showers develop through multiparticle production and nuclear de-
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cay of excited nuclei. Hadronic showers take longer to develop, as they rely
on nuclear interactions with a small probability compared to the interactions
that cause electromagnetic showers.

3.4.2 Tracker

The first detector that the outgoing particles encounter is the tracker. It is
used to reconstruct the charged particle trajectories and interaction vertices.
To perform this task in the high pileup environment at the LHC with bunch
crossings every 25 ns, a high granularity and fast response are required. In
addition, the detector needs to be radiation hard and lightweight to avoid
inducing particle showers.

The tracker, with a total length of 5.8 m and a diameter of 2.5 m, has a cov-
erage in pseudorapidity up to [n| < 2.5. It is build from several subsections
which are all silicon-based. Closest to the interaction point, a high granular-
ity is assured by 3 layers of 150 X 100 pm silicon pixel detectors in the barrel
and 2 layers in the endcap. This is complemented by silicon-strip detectors
with a width of 80-180 pum, a length between 10 and 25 cm, and a geometry
as shown in Figure 21.
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Figure 21: Overview of the modules that make up the tracker. Double lines indicate
silicon strip modules that are mounted back-to-back with one of them
rotated to obtain a 3D position measurement [73].

When charged particles pass through the silicon semiconductor [74],
electron-hole pairs are created. An electric field is applied to separate and
transport them, after which the collected charge is read out and amplified by
the 75 million separate read-out channels.

The large amount of material inside the tracker volume (of detectors, sup-
port, cables and cooling) increases the probability for particle showers to be
initiated inside the tracker, complicating the reconstruction (Section 4.3). This
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is quantified by the radiation length Xy, equal to both the mean distance an
electron has to travel through a material to reduce its energy by a factor e,
and 7 /9 of the photons mean free path before engaging in pair production.
The number of radiation lengths a particle crosses as it passes through the
tracker is shown in Figure 22 as a function of the pseudorapidity. The equiv-
alent quantity for hadronic showers is the nuclear interaction length, equal
to the mean distance before undergoing an inelastic nuclear interaction. The
nuclear interaction length is about 4 times as large as the radiation length
for the tracker material.
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Figure 22: The number of radiation lengths X a particle covers when transversing
the tracker material as a function of the pseudorapidity [73].

3.4.3 Electromagnetic Calorimeter

The energy of electrons and photons is measured in the electromagnetic
calorimeter (ECAL), up to a pseudorapidity of [n| < 3.0. The detector con-
tains ~ 76,000 high density and highly transparent lead tungstate crystals
(PbWOy4). Each crystal has a length of 22-23 cm, corresponding to about 25
radiation lengths. This means that when an energetic electron or photon with
energy up to 1TeV enters the crystal, more than 98% of the electromagnetic
particle showers longitudinal energy is contained. The transverse size of the
crystals matches the Moliére radius of 2.2 cm for PbWO4 corresponding to
the radius of a cylinder containing on average 90% of the showers transverse
energy deposition.
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When a charged particle passes through the crystals that make up the

ECAL, it excites atoms in the material which relax almost instantly by emit-
ting scintillation light. The total amount of scintillation light is proportional
to the particles energy and is measured with photodetectors. Avalanche pho-
todiodes made of semiconducting silicon are used in the barrel, while in the
endcap vacuum phototriodes are used to withstand the high amount of radi-
ation. The electric signal is then amplified, digitized and transported through
optical fibres.
In order to improve the separation between single photons and double pho-
tons from neutral pion decays, a preshower detector is placed in front of the
endcap calorimeter. Two planes of lead that induce electromagnetic showers
are each followed by silicon sensors, enhancing the spacial resolution. An
overview of the ECAL is shown in Figure 23.
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Figure 23: Geometric view of one quarter of the ECAL [75].

3.4.4 Hadron Calorimeter

The energy of hadrons is measured with a sampling calorimeter, called the
hadron calorimeter (HCAL). It alternates layers of active detector material
with layers of high density absorber material that maintain the hadronic
particle showers. Sampling calorimeters can not measure the full energy of
the shower but allow a reduction in size and cost of the detector.

The unusual choice of placing the calorimeters inside the solenoid magnet
has as a consequence that the calorimeters can not be that large, mainly the
hadronic calorimeter inside the solenoid is not large enough to contain the
full energy of jets. The remaining energy is measured in additional barrel
calorimeters placed outside of the solenoid. Coverage of the forward region
(3.0 < Inl < 5.2) is provided by forward calorimeters, located at 11 m from
the interaction point. Together with the usual barrel and endcap detectors,
they make up the HCAL as shown in Figure 24. The full pseudorapidity
acceptance is covered by about 10 nuclear interaction lengths. This means
more than 99% of the energy is contained when a particle with an energy
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up to 300 GeV enters the HCAL.

Figure 24: Longitudinal view of the CMS detector showing the locations of the
hadron barrel (HB), endcap (HE), outer (HO) and forward (HF) calorime-
ters [63].

The barrel and endcap calorimeters alternate 4-9 mm plates of plastic scin-
tillators as the active detector material, with plates of steel and brass with
a thickness of 40-80 mm as absorber. In the outer calorimeter, the return
yoke also serves as absorber material. The scintillation light is captured by
wavelength-shifting fibres, after which is it optically added with successive
tiles to form energy fowers proportional to the shower energy. Finally, the
light is converted with silicon-based hybrid photodiodes to electric signals.
The forward calorimeters use different materials to cope with the high amount
of deposited energy in the forward region. Quartz (S10;) fibres, parallel to
the beam line, are embedded in 5 mm thick steel plates. When particles
travel through a fibre at a speed faster than the speed of light in the material,
Cherenkov radiation is generated and transported through the fibre. Two
lengths of fibres are used to discriminate between electromagnetic particle
showers and the longer hadronic particle showers.

3.4.5 Muon detectors

The muon detectors measure the trajectories of charged particles in four sta-
tions placed inside the return yoke. As the return yoke filters out the remain-
ing shower particles, it are almost exclusively muons that interact with these
detectors, yielding an excellent muon identification. When a muon passes
through, it ionizes the gas inside the muon chambers. A large electric field is
applied that accelerates the charged particles and creates a local ionization
avalanche inside the gas which is subsequently read out.

In the barrel, drift tubes (DT) measure the accumulated electron charge with
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anode wires strung inside the tube. The drift time of the charges gives a
position measurement with good spacial resolution. In the endcap, where
the magnetic field is uneven and particle rates are high, cathode strip cham-
bers (CSC) are used up to |n| < 2.4. Arrays of positively-charged anode
wires and orthogonal cathode strips measure the charge of respectively elec-
trons and positive ions. In both regions, the detectors are complemented by
double-gap resistive plate chambers (RPC) with an excellent time resolution.
Resistive parallel-plate electrodes create the electric field in two gaps and the
charges are read out by a metallic strip in between. The time resolution of
1 ns is useful for associating the measurement to a specific bunch crossing
and making fast decisions on if the event should be saved. An overview of
the muon detector is shown in Figure 25.
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Figure 25: A quadrant of the muon detectors in CMS, consisting of Drift Tubes (DT),
Cathode Strip Chambers (CSC) and Resistive Plate Chambers (RPC) [76].

3.4.6 Trigger and Data Acquisition system

With proton-proton collisions occurring every 25 ns, the CMS detector pro-
duces about 50 TB of data every second. As it is technically not possible to
store and process all this data, a fast selection has to be performed to reduce
it. The event rate is reduced by a factor 107 in two successive steps: a level 1
(L1) trigger and a High Level Trigger (HLT). The L1 trigger reduces the event
rate of 40 MHz to about 100 kHz, and is performed close to the detectors
with hardwired processors while the data is temporarily stored in pipelines.
As the L1 trigger only has a few microseconds to make a decision, only the
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less complicated information from the muon detectors and calorimeters can
be used.

The event builder reads the data selected by the L1 trigger from the front-end
drivers, sorts it in physical events, and passes it on to the HLT. These events
are then processed with commercial hardware in a computer farm. Succes-
sive filters reconstruct part of the event and decide if the event should be
discarded, using information from the full detector. One second later, a final
decision is made whether the event is thrown away or stored on disk, reduc-
ing the event rate further to a frequency at the order of 100 Hz. An overview
of the trigger and data acquisition system (DAQ) is shown in Figure 26.

Trigger Rate
40 MHz Datoctors

Front end pipelines

100 kHz Faadout bullers
- Switching network
High Level
Tngoer Procassor fams.

Figure 26: Overview of the CMS trigger and data acquisition system [77]. The DAQ
system can be equipped with up to eight slices.

3.5 THE HIGH LUMINOSITY UPGRADE

After having reached an integrated luminosity of 300 fb~" by the end of 2023,
an upgrade of the LHC is deemed necessary in order to benefit significantly
from recording more data. By this time, the quadrupole magnets that focus
the beams at the ATLAS and CMS collision regions are close to the end
of their lifetime due to radiation exposure and will be replaced. Together
with crab-cavities that will be added to optimize the bunch overlap at the
interaction region, they will produce an increase of the luminosity with a
factor of 5 to 7. An overview of the conditions after the High Luminosity
LHC upgrade (HL-LHC) are shown in Table 1.

The high amount of pileup that results from the increase in luminosity,
will also set very challenging conditions for the CMS detector. Additional
pileup events in the detector complicate the triggering, offline reconstruction
and interpretation of the events, and this on top of the high radiation dose
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2016 Conditions HL Baseline Scenario HL Upper limit

Vs (TeV) 13 14 14
Instantaneous Lumi. (cm*zs*‘ ) 1034 5x 1034 7.5 x 1034
Integrated Luminosity ") 40 (1 year) 3000 (10 year) 4000 (10 year)
Average pileup 27 140 200

Table 1: The main LHC characteristics at the CMS detector during the 2016 data-
taking compared to 10 years of HL-LHC operation [78]

that will accumulate during the 10 years of high luminosity operation. Simu-
lations and measurements of the effects of radiation on the CMS detector and
test components show that the tracker and endcap calorimeters will have to
be replaced entirely [2]. The full set of upgrades that will be performed on
the CMS detector is called the Phase II upgrade. The upgrade is necessary
to deal with the high luminosity conditions and aims to recover the current
performance in the capability to trigger and reconstruct events. The main
upgrades to the detector are conducted on the following systems [78]:

e Tracker: A replacement of the full tracker will be carried out with a
granularity increase of a factor 6 for the pixel tracker and factor 4
for the outer tracker. In addition, the tracker will be extended up to
n| =~ 3.8.

On-detector readout electronics will make it possible to reconstruct
tracks at the hardware trigger level.

¢ Calorimeter endcaps: The electromagnetic and hadronic sections will
be replaced by a high granularity calorimeter, with an improved trans-
verse and longitudinal segmentation while maintaining the n coverage.

e Muon detectors: Additional muon chambers will be installed, increas-
ing the redundancy and extending the muon coverage up to n| ~ 3.0.

¢ Trigger: The latency of the L1 trigger will be increased to 12.5 us and
the readout electronics of the electromagnetic calorimeter in the bar-
rel will be upgraded. This will allow the use of information from the
tracker in combination with information from the other subdetectors.

Another promising option, currently under study, is to use the improved
time resolution of the calorimeters to connect neutral energy deposits to their
specific production vertex, something which is only possible for charged
particles at the moment from the geometric matching of their reconstructed
tracks.

43






THEORY TO DATA COMPARISON

By comparing experimental observations to the standard model predictions
we can test our understanding of fundamental particle interactions and search
for signs of new physics. In order to compare the theory to experiment, it
is crucial to have an accurate description of the SM prediction at the level
of the experimental observations. The methods that are used to make this
comparison are described in this chapter.

Going from the SM theory to a prediction of the detector readout requires
the simulation of multiple intermediate steps. This includes the simulation
of particle interactions as they occur at the LHC, a simulation of the inter-
action of the final state particles with the detector and a modeling of the
electronic signals. In addition, the signals that are read out from the CMS
detector are not directly interpretable. They are processed in reconstruction
algorithms to reproduce the final state objects (Section 3.3.1) in the event. At
analysis level, these objects can be used to select a region of phase space that
is enhanced in a specific interaction process.

The event simulation and processing of the experimental data requires a
large computing infrastructure and software framework. Finally, a descrip-
tion is given of the general procedures within the CMS collaboration for
processing and analyzing the data, including the statistical analysis.

4.1 EVENT SIMULATION

The standard model gives accurate predictions for particle interactions in-
volving large momentum transfer through perturbative calculations as de-
scribed in Section 1.6. To compare the SM predictions to the data, we need
not only the scattering cross section of the partons, but also a description
of what happens before and after the hard interaction. This regime involves
lower energies where the strong coupling of QCD becomes large and pertur-
bation theory breaks down. Most phenomena of low energy QCD can not be
calculated, and have to be modeled to the data.

A schematic overview of the different stages of a proton-proton collision
is shown in Figure 27. As the length scale decreases the strong interaction
between particles becomes asymptotically weaker, causing the quarks and
gluons inside the proton to behave as approximately free particles. This is
a property of QCD known as asymptotic freedom, and most of the proton-
proton interactions happen between one constituent of each proton. A hard
scattering occurring between two partons is shown in red in Figure 2y. The
remaining content of the proton is unaffected at the time scale of the hard in-
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teraction and the parton remnants (cyan) travel along the beamline without
entering the detector. In rare occasions, a secondary interaction (purple) can
take place between a second parton from each proton.

High energetic partons reduce their energy by radiating a gluon, known as
QCD radiation (blue), or by a gluon splitting into two quarks. Also QED ra-
diation (yellow) occurs through the emission of soft photons. The remaining
low energetic partons form hadrons (light green) by the phenomenon of con-
finement (Section 1.1.1). The heavy hadrons that are formed finally decay to
stable hadrons (dark green).

Figure 27: Schematic overview of a simulated ttH event [79].

4.1.1  Collinear Factorization

Simulation programs rely on factorization to separate the different stages of
the event generation. In the calculation of the inclusive cross section o, (the
cross section to go from pp to the state n described by the outgoing particles
after the hard interaction), collinear factorization can be used to separate out
the soft, non-perturbative structure of the proton [80]:

1
on = 3 || dxadxn [ falxa,mwr)folxn, ur) ddayon i 1we) , (59)
a,b

with fq (%, uf) the process-independent parton distribution function (PDF)
which gives the probability to find a parton of type a with momentum frac-
tion x4 inside the proton when probing it with an energy scale pf, called
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the factorization scale. The PDFs can not be calculated perturbatively and
are modeled and fitted to data at a fixed scale. Their evolution between dif-
ferent scales is described by evolution equations, known as the DGLAP equa-
tions [81-83] in the case of collinear factorization.

The perturbative part of the cross section is given by the parton level cross
section:

. 1
d8ann = | A®n 3¢ Vaoorn (Oni i, ax) )
with the squared center-of-mass energy § = XxqXps equal to the centre-

of-mass energy squared s of the pp interaction multiplied by the parton
momentum fractions, and M qp_,n, the matrix element corresponding to the
sum of Feynman diagrams (Section 1.6). The matrix element depends on the
final state phase space @, the factorization scale (pf) and the renormal-
ization scale (pgr). The factorization scale separates the collinear and soft
divergences, while pg is introduced to deal with the divergences at high
energy, or short distances. The cross section calculated to all orders is inde-
pendent of these scales. For fixed order calculations, they are usually set to
the hard scale in the process and higher order corrections are estimated from
varying the scales by a factor 2.

4.1.2  Parton Showers and Hadronization

Perturbative calculations can be made for the hard scattering, correspond-
ing to short distance scales, up to the typical scale of hadron formation and
decay at the order of 1GeV. The perturbative calculation is however only
feasible up to a limited order in QCD, so that the transition from short to
long distances is described by parton shower simulation programs. The ini-
tial and final state radiation is simulated using Monte Carlo techniques. These
techniques rely on the generation of pseudo-random numbers, a determin-
istically generated set of numbers that exhibit the statistical fluctuations of
true random numbers, to obtain numerical results. The intrinsically proba-
bilistic process of particle showers are simulated using the probability for
no resolvable QCD radiation to take place when evolving between scales,
known as the Sudakov form factor [84]. This method is well suited to de-
scribe the radiation of soft and collinear partons and is used to generate the
initial and final state radiation.

The formation of hadrons and their decay relies on phenomenological mod-
els [85, 86] fitted to data. Also the description of the beam remnants and
possible secondary interactions makes use of phenomenological models for
their simulation.

47



48

THEORY TO DATA COMPARISON

4.1.3 Event generators

Many event generators have been developed that simulate some or all of the
stages of a proton-proton collision. General purpose generators include all
of these steps, while specialized generators usually perform one of the tasks
e.g. the matrix element generation, or the decay of heavy particles. These are
interfaced with general purpose generators to simulate the full event.
Multiple event generators are used in this thesis to simulate events for the sig-
nal and background processes. The PYTHIA generator [87, 88] is a general pur-
pose generator that is used to simulate the full event description of several
processes. For most processes however, only its showering and hadronization
capabilities are used in combination with a dedicated matrix element gener-
ator as MG5aMC [34], POWHEG [89], or PHANTOM [90]. MG5AMC is used for
producing hard event descriptions at LO and NLO. It contains a high level of
automation so that the physics process and theoretic model can be defined
by the user. POWHEG is named after the method that is used for interfacing
parton shower generators with NLO QCD computations, and can be used
for processes that are specifically implemented by the authors. PHANTOM is
a fast generator specifically designed for the leading order simulation of six
parton final states.

4.2 DETECTOR SIMULATION

The interactions of the outgoing particles with the detector material are simu-
lated with dedicated software. The detector simulation in the CMS collabora-
tion relies on GEANT4 [91] to perform a full simulation of the trajectories and
interactions of all particles that enter the detector. The output of this step is a
collection of time-stamped energy deposits for every sensor. After applying
a digitization step that emulates the electronics response, simulated data is
obtained with the same structure as in the real experiment [92].

The detector simulation is a computationally intensive part of the full
event simulation chain. In case an optimal accuracy is not required, or to
test different detector setups in a reasonable time scale as in Chapter 6, an
approximate detector simulation can be employed. The Delphes package [93]
is a fast multipurpose detector response simulation framework that reduces
the simulation time by a factor of 1000 by using a parametrization for the
efficiencies and resolutions. The particle energies are calculated by propagat-
ing the stable final state particles and applying efficiency, mistagging factors
and resolutions. The values of these quantities can for example be measured
from a full Geant-based simulation.
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4.3 OBJECT RECONSTRUCTION

The usual approach at hadron colliders has been to reconstruct physics ob-
jects by relying only on the most relevant part of the detector for each object,
without considering the individual particles that make up the object. Using
the full detector information is clearly a more ideal situation and this has
proven to be feasible at CMS because of the excellent tracking performance,
the ability to resolve the energy deposits of nearby particles and an unam-
biguous matching of tracker and calorimeter information.

4.3.1 Particle Flow

The reconstruction of physics objects (Section 3.3.1) in the events recorded
with the CMS detector is based on a particle-flow (PF) algorithm [94]. All
the particles that interact with the detector are reconstructed individually by
combining information from the different subdetectors. The higher-level ob-
jects, such as jets, missing transverse momentum and taus are subsequently
build from the reconstructed particles.

The advantages of having access to the individual particles include the abil-
ity to remove charged hadrons from pileup, and the use of tracker and ECAL
information in the jet energy measurement. The particle-flow approach leads
to an improved efficiency and purity of the lepton reconstruction and identifi-
cation, and to a large improvement in the reconstructed energy and direction
of jets, missing transverse momentum and taus.

The general procedure for reconstructing the particle candidates is as fol-
lows. In the first step of the algorithm, the hits in the tracker - compatible
with a single charged particle - are connected in tracks. The same is done in
the muon chambers, followed by a clustering of the energy deposits in the
calorimeters. These PF elements are then combined in a linking algorithm to
generate the list of reconstructed particles.

Tracking and Vertices

The hits in the tracker are connected to form tracks compatible with charged-
particle trajectories. The large amount of charged particles, from the multi-
tude of proton proton interactions occuring during a bunch crossing, make
it challenging to maintain a high track reconstruction efficiency while suf-
ficiently suppressing the backgrounds. The main background consists of
tracks reconstructed from unrelated hits in the tracker, called the combina-
torial background. The background from charged particle tracks originating
from other interaction vertices is small, as the excellent track position resolu-
tion allows to resolve the different vertices in each bunch crossing.

The track reconstruction uses an iterative tracking algorithm, targeting a spe-
cific class of tracks with each iteration. The hits making up the reconstructed
tracks from each iteration are removed in the subsequent steps, allowing for
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a fast track reconstruction while maintaining a high purity. The algorithm is
based on Kalman Filtering (KF) [95] and consists of three steps. First, seeds
are generated with a high purity. The seed definition is altered with each iter-
ation to reconstruct tracks from different particles and energy ranges. This is
followed by a trajectory building step, combining the predicted hit position
and the measured ones, and a final fitting to determine the charged particle
properties and the fit quality of the track. A dedicated algorithm is applied
to identify tracks linked to secondary displaced vertices from nuclear inter-
actions in the tracker material.

The vertices are fitted from the collection of reconstructed tracks, with
each vertex corresponding to a pp collision from the same bunch crossing.
The primary vertex (PV) is the vertex for which the associated tracks have
the largest squared sum of transverse momenta (Z?“ksp%,i). Secondary
vertices are reconstructed to identify the decay of long-lived particles, and
particles interacting with the tracker material.

Calorimeter Clusters

The clustering of energy deposits is performed in each subdetector of the
calorimeters separately. First, cluster seeds are identified as calorimeter cells
containing an energy deposit above a certain threshold and larger than the
energy deposited in the 4 or 8 closest cells. From these cluster seeds, topo-
logical clusters are created by aggregating nearby cells with large energy
deposits. The different energy clusters inside a topological cluster are then
reconstructed by fitting a sum of Gaussian energy deposits to the recon-
structed energy. The number of Gaussians, their position and amplitude are
determined from the fit, while the width of the Gaussians is specific to the
calorimeter.

Linking and Reconstruction

The PF elements reconstructed in the tracker, calorimeters and muon cham-
bers are linked together in blocks of nearby elements. A reconstruction of the
physics object is then performed for each block. First, the muons are iden-
tified and reconstructed, and the PF elements corresponding to the muons
are removed from the block. Then, the electrons including the energy of
bremsstrahlung photons are reconstructed, as well as the isolated photons.
In the last step, the charged hadrons, neutral hadrons and non-isolated pho-
tons are reconstructed. Charged hadrons are identified from matching tracks
with clusters in the ECAL and HCAL. Clusters within the tracker acceptance
(Iml < 2.5]) that are not linked to any track, are identified as photons in the
case of ECAL clusters and neutral hadrons for HCAL clusters. Outside of the
tracker acceptance, neutral and charged hadrons can not be distinguished.
ECAL clusters linked to HCAL clusters are reconstructed as hadrons, while
ECAL clusters without link are reconstructed as photons.
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This procedure is performed on all the blocks to form the list of reconstructed
particles in the event.

4.3.2 Muons

Muons can be reconstructed from hits in the tracker, in the muon chambers
or a combination of the two. The hits in the muon chambers have a high pu-
rity as most particles are absorbed in the calorimeters, while the inner tracker
hits improve the momentum measurement and allows a better rejection of
the backgrounds.

A standalone muon track is made up of hits in the muon chambers only, while
an inner track is build from hits in the tracker detector. By matching a stan-
dalone muon track with an inner track, a global muon is formed. Multiple
scattering in the steel of the return yoke can cause muons with a low mo-
mentum to fail the global muons reconstruction. These muons can be recov-
ered by the tracker muon reconstruction, which matches an inner track with
at least one muon segment (a short track stub made of DT or CSC hits) in
the muon detectors [96].

Most global muons are also reconstructed as a tracker muon sharing the
same inner track. In this case both are merged into a single muon can-
didate. The particle-flow muons are selected using the tracker and global
muon algorithms, with selection criteria depending on the information from
other subdetectors. More stringent identification criteria are imposed on non-
isolated muons, having nearby additional tracks or energy depositions in the
calorimeters, to suppress the misidentification of charged hadrons as muons.

Identification

Additional identification and isolation requirements can be applied to guar-
antee a good p1 measurement and to suppress backgrounds from cosmic
muons, muons from decays in flight, and hadronic punch-through when
hadron shower remnants reach the muon system. The identification consists
of requirements on the goodness-of-fit parameter, the number of hits in each
subdetector, and the impact parameter (distance between the fitted track and
the primary vertex). Multiple working points are defined by the CMS muon
physics object group (POG) that can be used by physics analyses.

The tight Id working point, used in Chapter 5, is defined in Table 2. In
addition to tight muons, a soft muon selection is used to identify events
containing b quarks that is based on the tracker muon with at least one
tightly matched segment, combined with requirements optimized for low p
muons (Table 2). The high purity requirement contains a selection on mul-
tiple track parameters to reject the small fraction of bad quality tracks [73]
and an arbitration process is applied to assign each segment uniquely to a
single tracker muon.
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Requirement Tight  Soft
Global muon true -
PF muon true -
Tracker muon true true
Muon arbitration true true
x2/dof <10 -
High-purity track - true
Pixel hits >0 >0
Tracker layers with hits >5 >5
Muon chamber hits in global track fit >0 -
Matched muon station segments >1 >0
dxy (track, vertex) (cm) <o0.2 <0.3
d . (track, vertex) (cm) <0.5 <20

Table 2: Muon identification requirements.

Muons that are produced inside jets are rejected by requiring that the
muon is isolated, i.e. the energy in a cone around the muon is smaller than
a certain fraction of the energy of the muon. When using only the tracker
information, the energy around the muon is estimated from summing the
P of tracks from the primary vertex (PV) inside a cone of AR < 0.3 around
the muons direction, with (AR)? = (An)Z + (A )2. The relative, tracker-
based isolation (Isog ack, re) is defined as:

Ztracks from PV .
Iso* i PT,i
track, rel. —

(41)
Py

This quantity is similar to the isolation that is calculated by the high level
trigger.

Using particle-flow candidates, a more robust isolation variable can be
constructed. The sum over pr in a cone of AR = 0.4 is computed separately
for the charged hadrons, neutral hadrons and photon candidates:

Tso pp — chharged had + max (O, Z pq_eutral had | Z 'P¥ _ ISOPU> . (42)

The last term IsoFV corrects for the PU contribution in the neutral compo-
nents, as the production vertex of neutral particles can not be determined.
For muons, the A correction is used, which subtracts half the sum of the
pr of the charged particles not originating from the primary vertex in the
cone:

charged PU

Isoap = 0.5-) p5 43)
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The factor 0.5 corresponds to the average ratio of the neutral to charged
particle energy in jets.
The recommended tight, PF isolation cut is:

Iso PE A
IRAR < 0.15. (44)

Pr

Selecting muons with a high purity by appylying the tight identification
and isolation requirements gives a selection efficiency that is larger than
85% for muons with pt > 20GeV and larger than 98% for muons with
pr > 40GeV.

4.3.3 Electrons

The reconstruction of electrons is based on associating a track with a cluster
of energy in the ECAL. This is complicated by bremsstrahlung, which can
cause electrons to lose a significant fraction of their energy while passing
through the tracker. The average energy fraction the electron radiates before
it reaches the ECAL is between 33% and 86% (Figure 22), depending on
its pseudorapidity. The track reconstruction is further complicated when the
radiated photons in turn lead to pair production (y — et e™). To accurately
reconstruct the electron energy, one needs to measure both the initial elec-
tron and the radiated photons. Dedicated algorithms are used to reconstruct
the tracker hits and energy deposits of the electrons [97].

Two approaches are followed to generate the seeds in the electron recon-
struction. The ECAL-based approach uses the energy and position of ECAL
clusters to infer the expected hits in the innermost tracker layers, which
works well for high pt and isolated electrons. The tracker-based reconstruc-
tion starts from the reconstructed tracks and is more suited for low pT elec-
trons and electrons inside jets. Seeds from both procedures are merged and
used in a dedicated electron tracking algorithm.

The large energy loss causes the electron to follow an unusual trajectory
with non-constant curvature in the magnetic field. The usual fitting method
based on Kalman filtering does not perform well for electrons with large ra-
diative losses as hits are lost when the change is curvature is large, leading
to poorly estimated track parameters. To solve this, a more computationally
intensive Gaussian Sum Filter (GSF) method [98] is applied which approxi-
mates the energy loss in each layer by a mixture of Gaussian distributions.
To include the energy deposited in the calorimeters by bremsstrahlung pho-
tons, superclusters (SC) are formed by extending the ECAL clusters in ¢,
corresponding to the curvature of the electron in the magnetic field.

Finally, the electron candidates in a PF block are generated from matching
the GSF tracks, ECAL supercluster and ECAL clusters linked to the GSF
track tangents.
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Identification

Additional identification criteria are imposed to reduce backgrounds from
photon conversions in the tracker material, jets misidentified as electrons and
electrons from heavy quark decays. The variables that provide discriminating
power quantify the agreement between the measurements in the ECAL and
the tracker, the shape of the energy deposit, and the track quality.

The tight and HLT-safe cut-based working points, as recommended by the
corresponding CMS POG, are summarized in Table 3. The tight working
point is designed to have an average efficiency of about 70%.

Requirement Barrel Endcap
Inscl < 1.479 1479 < Inscl < 2.5

HLT-safe  Tight HLT-safe  Tight

An (SC, track) < 0.004 0.00308 - 0.00605

Ad (SC, track) < 0.020 0.0816 - 0.0394

[T/Esc — 1/Prack! < 0.013 0.0129 0.013 0.0129

Onn < 0.011 0.00998  0.031 0.0292

H/Esc < 0.060 0.0414 0.065 0.0641

Tracker Isolation <  o0.08 - 0.08 -

ECAL PF Cluster Isolation < 0.160 - 0.120 -

HCAL PF Cluster Isolation <  o0.120 - 0.120 -

) S < - 0.0588 - 0.0571

Missing hits < - 1 - 1

Pass conversion veto - yes - yes

Gsf Track x2 /dof < - - 3.0 -

dy (track, vertex) (cm) < - 0.05 - 0.10

d (track, vertex) (cm) < - 0.10 - 0.20

Table 3: Electron identification requirements.

The shape of the energy deposits in the calorimeter is a useful measure

for rejecting jets, as hadronic showers are expected to be wider and longer
than electromagnetic showers. The shower shape is quantified by the lateral
extension of the shower in the 1 direction (o), and the ratio of the energy
deposited in the HCAL to the ECAL supercluster (H/Egc).
Also the isolation variable is useful for rejecting electrons from jets. The PF
isolation is defined by Equation 42. For electrons, the neutral component is
corrected by the median energy density in the central region of the detector
(p), multiplied with a n-dependent effective area (Ag) correction to make it
independent of pileup:

ISOEL’[E Area — P ° At - (45)
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To reject photons converted in the tracker material, additional require-
ments can be placed on the reconstructed tracks. For converted photons the
first hit of the electron track is often not located in the innermost layer of
the tracker, resulting in missing hits in the reconstructed track. Another vari-
able that is calculated for each electron is the conversion veto. It is set to true
when track pairs are found that have a good fit result to a common vertex
consistent with a converted photon.

Charge Identification

Next to backgrounds from other particles, also a misreconstructed charge can
introduce backgrounds at the analysis level when selection two leptons. The
charge measurement is affected by bremsstrahlung photons that convert to
an electron positron pair. Hits from these particles can be wrongly included
in the electron track fit.

The electron charge is estimated from three measurements: the sign of the
GSF track curvature, the sign of the associated KF track curvature and the
sign of the difference in ¢ between the supercluster and the first hit of the
GSF track. The charge of the electron is then defined as the sign measured
by at least two of the three methods. To increase the purity, the agreement of
all three methods can be required.

4.3.4 Jets

Jet Clustering

Jets are reconstructed by clustering nearby PF particles. Multiple jet algo-
rithms exist, mainly divided in two categories: cone algorithms and sequen-
tial recombination algorithms [99]. The cone algorithms use a distance in
angle to define the jet, leading to cone-shaped clusters of particles. The se-
quential recombination algorithms are slightly more involved; they add par-
ticles to the jet one-by-one and make use of a distance in angle and energy
or momentum space. These algorithms are by consequence not as simple
and fast as cone algorithms, but are more similar in structure to the parton
shower development.

Particle-flow jets are reconstructed by clustering PF particles with a se-
quential recombination algorithm called the anti-k¢ algorithm. It uses as
distance measure:

(ARy)?

-2
)

dij = min(py7, Prj (ARy)? = (yi —yj)* + (b1 — d5)?,

(46)
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with y; and ¢; the rapidity’ and azimuth of particle i, and the radius pa-
rameter R set to 0.4.

This algorithm clusters jets around the hard particles, leading to circular-
shaped jets. An important property is that the algorithm is infrared and
collinear safe, meaning one finds the same jets when a collinear splitting or
soft radiation is added to the event.

Jet Energy Reconstruction

About 65% of the total jet energy is reconstructed from charged hadrons,
which can be accurately measured from the tracker hits. Another 25% of the
energy is carried by photons, the decay products of the short-lived neutral
pions, and can be measured with the ECAL with a resolution of a few per-
cent [100]. The remaining 10% of the jet energy is carried by neutral hadrons
and is measured with a lower energy resolution at the order of 10% in the
HCAL.

The measured energy of a jet is biased by the particles from pileup in

the jet cone, as well as by the non-linear detector response. Corrections are
performed to recover the true jet energy from the measured energy.
The out-of-time pileup is reduced by using the signal timing and pulse shape
to fit the in-time and out-of-time pulses simultaneously [101]. About 50%
of the in-time pileup in the tracker acceptance is removed by rejecting PF
candidates associated with pileup vertices, with an algorithm called charged
hadron subtraction (CHS) [102].

Jet Energy Corrections

Jet energy corrections (JEC) are applied to correct for the remaining energy
bias. This is done with a factorized approach, where each step corrects for
a different effect by rescaling the four-vector of the jets. This rescaled four-
vector is then used as input for the next step.

In the first step, the remaining energy from out-of-time pileup and neutral
particles from in-time pileup is subtracted. This is estimated per event from
the median energy density in simulation [103], calibrated with zero-bias data
(data triggered from the bunch crossing time). On top of this pileup offset
correction, the non-linear response is corrected from simulation as a func-
tion of 1 and pT. Small residual corrections are calculated from data-based
methods. An overview of the JECs that are applied is shown in Figure 28.

The rapidity y is defined as y = ln —M . It is invariant under boosts along the z-axis,
and is equal to the pseudorapldlty for massless particles.
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Applied to data —

Applied to simulation ——

Figure 28: Overview of the jet energy corrections that are applied to simulation and
data.

Jet Energy Resolution

To correct for the difference in jet energy resolution between data and simula-
tion, the four-momentum of the reconstructed jets in simulation are rescaled
by:
pT—P¥"

T+ (sppr—1)——1—, (47)

PT

with p the transverse momentum of the reconstructed jet, p§" the trans-
verse momentum of the geometrically matched generator-level jet, and sjgr
the data-to-simulation resolution scale factor.

Identification

A jet identification is applied to reject noise-contaminated jets originating
from calorimeter or readout electronics noise. The loose working point used
in Chapter 5 is almost 100% efficient for real jets.

b-tagging

Jets originating from b quarks - also called b-jets - can be distinguished from
jets produced by the hadronization of light quarks and gluons by making
use of the characteristic properties of b hadrons. Because of the relatively
long life-time of b-hadrons, the decay vertex will be displaced compared to
the primary vertex, typically by a few millimeters. This secondary vertex has
a high mass and high track multiplicity. Another property that can be used
is the appearance of leptons in semi-leptonic b decays. An electron or muons
is produced in about 40% of the b-jets.

The b-tagging algorithm used in the second part of this thesis is the Com-
bined Secondary Vertex vz (CSVv2) algorithm [104]. It uses a discriminator
from an artificial neural network trained on several variables related to the
tracks and secondary vertices.
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4.3.5 Hadronic T

The 7 is the only lepton heavy enough to decay into hadrons. T leptons decay
hadronically in about 2 /3 of the cases, and are identified and reconstructed
by the hadrons-plus-strips (HPS) algorithm [105]. In a first step, the T can-
didates are constructed by identifying the particles from one of the main
decay channels inside a PF jet. Then discriminators are used to separate the
T from gluon and quarks jets, and from electrons and muons. The isolation
of the T is the main handle for reducing the background from jets.

4.3.6 quiss
The missing transverse momentum (5% is defined as the negative vector
sum of of all reconstructed particle-flow particles:

PF particles
PP (raw) =— > Pra. (48)
i

The jet pt is usually replaced by the corrected jet pr (called the type-I MET
correction):

unclustered PF PF jets c
—mi N _JE
CEED MR S w
i i
where the sum is split in particles that are clustered in jets, for which the cor-

rected value p]TE € is used, and the remaining unclustered PF particles. The

size of the missing transverse momentum ]5’{“155 is referred to as p%‘iss or the
missing transverse energy ET"°.
A post-processing is performed to remove events with an artificially high

piss, usually caused by the misidentification or misreconstruction of a muon.

4.4 DATA PROCESSING

In order to process and store the large amount of simulated and experi-
mental data at the LHC, a large computing and data storage infrastructure
is required. For this purpose, the LHC Computing Grid has been created,
consisting of tens of thousands of PCs distributed in about 50 cluster over
the world. The software that is run on the grid is based on the CMSSW
framework [106] consisting of many classes written in C++ and python. For
statistical analysis and visualization it relies on the ROOT package [107].
The processing of the data is performed in multiple steps, divided over the
computing centers. The final datasets that are used for analysis are reduced
in size, containing the basic reconstructed objects and event information that
is commonly used in analyses. For the analysis in Chapter 5, the total size of
the experimental dataset that is processed is about 70 TB.



4.5 ANALYSIS WORKFLOW

The quality of the raw data that is recorded with the CMS detector is mon-

itored both during data-taking and offline after the events are reconstructed.
A list of runs with high quality data, passing stringent quality requirements,
is then passed on to the physics groups.
The datasets are analyzed by Physics Object Groups (POG) to determine
optimal reconstruction settings for each physics object and corrections for
differences between simulation and data. The extraction of physics results
from the data is performed by the Physics Analysis Groups (PAG). It is the
responsibility of the analyzers to skim the datasets for information relevant
to the specific analysis, and apply the latest reconstruction settings and cor-
rections recommended by the POGs. This first step is performed over the
LHC computing grid, while further analysis of the data is usually carried
out on a local computer cluster.

4.5 ANALYSIS WORKFLOW

The main components that are needed to compare the experimental data
to theory were introduced. The general structure of a physics analysis with
data from the CMS detector is as follows:

1. Data and simulation:

A set of triggers is defined to select the signal events from the pp
collisions at the CMS detector. At the same time, the theory prediction
is generated in the form of Monte Carlo simulation samples for the
signal and background processes that might be present in the signal
region. After the data is collected, the pileup distribution and effect
of the trigger selection in the simulated samples are matched to the
conditions during the data-taking.

2. Objects:
The reconstruction algorithms and corrections to the physics objects
are developed within the respective POGs. Taking into account their
recommendations, the optimal selection criteria of each object are de-
fined for the specific analysis. Corrections are applied for the differ-
ences in selection efficiency, energy scale and resolution between data
and simulation for the various objects.

3. Event selection:
A phase space is defined that optimizes the significance of the mea-
surement. This can be done by placing selections on the kinematic
properties of the physics objects, or on discriminators from supervised
machine learning techniques.

4. Background estimation:
The background processes that are present after the event selection are
estimated from the simulation, the data, or a combination of the two.
The background estimates are then compared to data in control regions,
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by selecting events nearby but orthogonal to the event selection, to
assess their validity.

5. Statistical analysis:
The goal of the statistical procedure is to make a quantitative statement
on how well certain theoretical models agree with the data, taking into
account the statistical and systematic uncertainties. In the simplest case,
it is calculated from the event yields of the data and the expected signal
and background after the event selection, together with their uncertain-
ties.

46 STATISTICAL PROCEDURE

The statistical analysis of the CMS data makes use of a method of statistical
inference called hypothesis testing [108]. The method will be discussed here
for the simplest case of a signal process without free parameters.

The first step consist in defining two hypotheses: a null or background hy-
pothesis and an alternative or background plus signal hypothesis. The null
hypothesis is usually the SM without the signal process, while the alternative
model includes both. The expected yield can be expressed as:

w-s+b, (50)

with s, b the expected signal and background yields and u the signal strength
modifier. For p = 0 the expected yield reduces to the expectation under the

null hypothesis and p = 1 gives the expectated yield under the alternative

model.

When working with histograms, the expected yield in each bin is distributed

according to a Poisson distribution. The total probability to observe n; events

for each bin i of a histogram is the product of those Poisson probabilities:

Me*u‘si*bi

Poisson(m | u~s—|—b)=H o
i!

i

(51)

In general, s and b depend on nuisance parameters © that represent the
systematic uncertainties. The degree of belief on what the true value of 6
might be, is described by the systematic error probability density function
(pdf) p (0] ] ), with 0 the default value of the nuisance parameter.

For an observed dataset, n; are fixed and the probability can be interpreted
as a likelihood function with n and © as variables. The systematic uncer-
tainty pdfs p(6]0) are re-interpreted as posteriors of some real or imaginary
measurement 0. The pdf for the auxiliary measurement p (66) can be used
to constrain the likelihood, allowing for a purely frequentist treatment of the
uncertainties:

L (data|u, ®) = Poisson(datal - s(0) +b(0)) -p(éle). (52)
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The next step consist in defining a test statistic that can be used to com-
pare the compatibility of the data with the hypotheses. The test statistic q,
recommended by the LHC Higgs combination group is based on the profile
likelihood ratio [109]:

L(datalu,éu)

£ (datal (1, 0) (53)

qu=—2lo
with 0 < [& to require a positive signal and {1 < p as additional condition
when setting limits. The denominator contains the maximum likelihood with
parameter values [i and 0, while in the numerator the likelihood is profiled,
with 0, the fitted value of 0 that maximizes the likelihood for a fixed value
of .
The pdfs of the test statistic under the alternative f(q, | 1, éﬁbs) and null
flqu !0, éﬁbs) hypothesis can then be constructed. A hypothesis can be re-
jected at a pre-specified confidence level by placing a cut on the test statistic.
The confidence level defines how likely it is to make a false exclusion.

Excluding the background hypothesis

The confidence level that is required to claim a discovery in particle physics
is by convention equal to 1 — 2.87 - 10~7, meaning that the probability to
make a false discovery is 2.87 - 10~7. This probability corresponds to the
probability for an upward fluctuation of 50 in a Gaussian distributed vari-
able.

The measurement is characterized by the p-value which is the probability
that, assuming the null hypothesis is true, the test statistic has a magnitude
at least as large as the observed result:

inf

po=J0mﬂqu|Q9?ﬂ. (54)
qu

The p-value can also be written as a significance, equal to the number of

standard deviations that corresponds to an upward fluctuation of a Gaussian

distributed variable with probability po. A discovery can be claimed when

the observed significance is larger than 50.

Excluding the alternative hypothesis

A similar procedure is used to exclude an alternative hypothesis. The confi-
dence level that is generally used to place limits on p is 5%, corresponding
to a probability of wrongly excluding the alternative hypothesis of 5%. In-
stead of requiring this confidence level on the test statistic directly as is done
for excluding the background hypothesis, both the p-value under the alter-
native and null hypothesis are used to construct the quantity CLs:

CLg = (55)

T—po’
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This is known as the modified frequentist method. The denominator protects
against setting too strong limits caused by downward fluctuations in the
background.

Asymptotic limit

Generating the pdfs of the test statistic under the hypotheses is often imprac-
tical in terms of the computing power that is required. In this case, one can
rely on the asymptotic behavior of the test statistic to obtain a fair estimate
for the p-values. From Wilks theorem [110], one finds that the test statistic
qu is described by a x? distribution in the asymptotic regime. In practice,
this approximation has been shown to work very well, even for cases with
few expected events.

The statistical results that are derived in this thesis rely on the asymptotic
properties of the test statistic. They are calculated using the RooFit [111] and
RooStats [112] packages with a statistics tool (Combine) developed by the
CMS Higgs physics analysis group.



Part II

DATA ANALYSIS AND FUTURE EXPECTATIONS

Part II of this thesis explores vector boson scattering with the
CMS detector. The first destination on this path is the measure-
ment of a process dominated by VBS. As more data is collected,
new objectives come within reach; signs of new physics at a
high mass scale can be exposed by performing precision mea-
surements of the quartic couplings, while the role of the Higgs
boson in the VBS unitarization can be revealed by measuring the
longitudinal scattering component.

An overview is presented of the analysis of the electroweak
W*W=jj production in the leptonic decay channel, leading to
its discovery in the 35.9 fb~" of data recorded with the CMS de-
tector at the LHC during 2016. This is followed by a feasibility
study of VBS with 3000 fb™" of data collected with the upgraded
CMS detector at the high luminosity LHC.






MEASUREMENT OF THE ELECTROWEAK WEW=*jj
PRODUCTION

Measuring the properties of vector boson scattering is one of the primary
goals of the LHC physics program. Before the discovery of the Higgs boson,
the increase in the longitudinally-polarized VBS amplitude with center-of-
mass energy guaranteed new physics to enter at the TeV scale (Section 2.3).
Now the Higgs boson has been discovered, the VBS process remains interest-
ing for its sensitivity to modifications in the Higgs sector and to additional
resonances (Section 2.4).

VBS searches at the LHC are performed by the CMS and ATLAS experiments,
for multiple combinations of vector bosons at center-of-mass energies of 8
or 13 TeV. Public results are available for the W= W+ [113, 114], WZ [115],
7.7 [116], Wy [117], Z7y [118,119]and vy — W+ W ~ [120, 121] channels.
All of these channels have been measured in the leptonic final state, while
the WV channel (with V either a W or Z boson) has also been studied in
the semi-leptonic final state [122] for its high sensitivity to the anomalous
quartic gauge couplings.

In this chapter, the analysis of the electroweak production of same-sign W
boson pairs in the two jet and two lepton final state is described, in data
recorded with the CMS detector during 2016 at a center-of-mass energy of
13 TeV and with an integrated luminosity of 35.9 fb~*. The analysis lead
to the first observation of a VBS-dominated process [4], marking an impor-
tant step in determining the properties of vector boson scattering. In addi-
tion some of the most stringent constraints on new physics models are set
through limits on the dimension eight EFT operator couplings.

5.1 ANALYSIS OVERVIEW

The scattering of same-sign W bosons that decay to leptons is the VBS
process that can be measured with the highest sensitivity at the LHC (Sec-
tion 2.1.2). It has the smallest relative strong production background because
the two same sign W bosons can only be produced in combination with two
quarks at the LHC, and the presence of the two same-sign leptons in the final
state strongly reduces the backgrounds.

Nevertheless, the small cross section of the process (Section 3.3) in combina-
tion with the backgrounds from strong diboson production and from misre-
constructed jets make this a challenging analysis.
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A detailed description of the analysis is given in the next sections follow-
ing the usual structure of a physics analysis with data from the CMS detec-
tor (Section 4.5). The objective of the analysis is twofold. The main result is
the measurement of the electroweak W* W * j j process and its significance.
In addition, limits are placed on beyond the standard model theories in a
general effective field theory approach (Section 2.4.1.2). This covers theories
in which the new physics is characterized by a high energy scale, which man-
ifests itself at lower energies in deviations to the quartic gauge couplings as
predicted by the standard model.

5.1.1  Signal and Backgrounds

The signal is defined as the electroweak production of same-sign W boson
pairs in the two jet and two same-sign lepton final state. It is measured in a
phase space optimized for the VBS component (Figure 4), but also contains
contributions from other electroweak production diagrams (Figure 5). Non-
resonant and triboson electroweak diagrams (Figure 6) are negligible after
the event selection.

The background events can be split in two categories:

e [rreducible backgrounds have the same final state particles as the signal
process and can not be distinguished from VBS on an event-by-event
basis. In this case, only kinematic differences can be used to make a
statistical separation.

® Reducible backgrounds are processes with a final state different from
VBS, but can enter the signal region when objects are not correctly
reconstructed (e.g. a jet that is misreconstructed as a lepton) or are
not within the detector acceptance. These backgrounds would not be
present in the case of a perfect detector and can be reduced by improv-
ing the detector, reconstruction algorithms and object selections.

The irreducible background in this analysis is the strong same-sign W boson
production (Section 2.1.2). After the event selection the expected number of
events from the strong production is only 5% of the signal yield. The inter-
ference between the electroweak and strong production is about 3% of the
expected signal yield after the event selection and is treated as a systematic
uncertainty on the signal.

The main reducible backgrounds, in order of decreasing expected event
yield after the event selection, are:

* Backgrounds where one of the reconstructed leptons is a misrecon-
structed jet, called the non-prompt background. The dominant contri-
butions to this background originate from tt and W+jets events.
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Background Relative contribution
Non-prompt 60%

Wz 22%

Vy 7%

charge misassignment 4%

strong WEWEjj 3%

VvV 2%

ZZ, WW DPS < 1%

Table 4: The relative contribution of each background to the total background yield
after the event selection. V indicates a weak vector boson and can be either
a W boson or a Z boson.

* WZ production in the fully leptonic decay channel with one of the 3
final state leptons outside of the tracker acceptance or not passing the
lepton selection. This contains contributions from the electroweak and
strong production. Unlike the signal, this process can also be produced
from diagrams without two quarks in the initial and final state.

e Wy production where the photon is converted to an electron pair in
the detector material and reconstructed as a single electron.

¢ Backgrounds containing an electron with a misidentified charge,
e.g. from Drell-Yan (DY, also called Z+jets) events.

The non-prompt, WZ and charge misassignment backgrounds are estimated
using both data and simulation, while the other backgrounds and the signal
are estimated from simulation only.

Other backgrounds that are considered are the production of three vector
bosons (VVV), ZZ, Zy, and double parton scattering (DPS) when two inde-
pendent hard interactions take place between different partons within one
proton-proton collision, each producing a single W boson.

The relative contribution of each background to the total expected back-
ground yield after the event selection is shown in Table 4. Backgrounds with
a Z boson decaying to leptons also includes the contribution where the Z
boson is replaced by an off-shell photon (y*).

5.1.2  Analysis strategy

The VBS topology is characterized by two forward, highly energetic quarks
which are measured as jets in the detector (Section 2.2). These jets are called
the tag jets and have a large transverse momentum (pt) compared to the jets
originating from pile-up. They are identified as the two jets with the highest
pt, which selects the correct jets in more than 90% of the signal events.
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In addition, two same-sign leptons (combinations of electrons and muons)
are selected, which can either be directly produced from a W boson decay,
or from a W boson with an intermediate T decay. The leptons are generally
produced more centrally in the detector than the jets (Section 2.2.1).

The event selection has been optimized starting from the Run I analysis

at /s = 8 TeV with the CMS detector [113]. The optimization is performed
by scanning over several variables and cut values to measure their effect on
the expected signal significance. During this procedure all processes were
estimated from simulation only, to avoid sensitivity to statistical fluctuations
in the data.
The final event selection is enriched in VBS events and suppresses irreducible
backgrounds by selections on the invariant mass and pseudorapidity differ-
ence of the jet pair, and by requiring the leptons to be in between the jets
in pseudorapidity. To reduce the remaining backgrounds, additional event
selections are applied, and the lepton selections are optimized to suppress
leptons from misidentified jets, charge misassignment and misidentified pho-
tons.

In contrast to what could be assumed from the relative background con-
tributions (Table 4), reducing the non-prompt background further does not
significantly improve the signal significance. The sensitivity of the analysis
is dominated by the high mj; (> 1.5 TeV) region. Although the non-prompt
background is still substantial after the event selection, it becomes very small
at high m;;, and it is more important to have a precise description of this
background than to reduce it further. The VBS process falls off slower with
m;; and the main background in this region comes from WZ events with
a lepton that does not pass the reconstruction requirements or is outside of
the detector acceptance. This leads to a region with a small amount of back-
ground that is very pure in VBS events, but also has a limited number of
signal events.

5.2 DATA AND SIMULATION SAMPLES
5.2.1 Data

In this analysis, data recorded with the CMS detector during 2016 is used. It
consists of proton proton collisions with a center-of-mass energy of 13 TeV
and a total integrated luminosity of 35.9 fb~* 4+ 0.9fb~*. The events that
pass the trigger selections (Section 3.4.6) are stored in Primary Datatsets (PD)
that are produced centrally in the CMS collaboration (Section 4.4). The pri-
mary datasets are based on a list of similar triggers and contain the events
that passes at least one of the triggers in this list. The datasets that are used
in this analysis are the double lepton PDs (DoubleMuon, DoubleElectron,
MuonEG) and the single lepton PDs (SingleMuon, SingleElectron) to recover
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Primary Eras  HLT Path
Dataset
B-F HLT Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_v*
HLT_Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_v*
MuonEG
EH HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ_v*
HLT_Muai2_TrkIsoVVL_Ele23_CaloldL_TrackldL_IsoVL_DZ_v*
B-H HLT_Mu1y_TrkIsoVVL_Mu8_TrkIsoVVL_v*
*
DoubleMuon HLT Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ v
H HLT_Mu1y_TrkIsoVVL_Mu8_TrklsoVVL_DZ_v*

HLT Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ v*

DoubleEG B-H  HLT_Ele23_Ele12_CaloldL_TrackldL_IsoVL_DZ_v*

B-H  HLT_IsoTkMu24_v*
B-H  HLT_IsoMu24_v*

SingleMuon

B-H  HLT_Ele2y_WPTight_Gsf_v*
B-H HLT_Ele25_eta2p1_WPTight_Gsf_v*

SingleElectron

Table 5: The HLT paths used in the analysis.

some of the dilepton events that did not pass any of the double lepton trig-
gers. The PDs that include the latest available calibrations are used, and the
data is required to pass the data quality tests of the physics validation group.

At the beginning of the 2016 data taking, a bug in the L1 muon endcap trig-
ger (EMTF) lead to an inefficiency for events that have more than one muon
track in the same 60-degree sector of the endcap. To deal with this small
inefficiency, events with more than one muon in the same endcap sector are
vetoed both in data and simulation for the affected luminosity fraction. The
effect on the signal sample is found to be smaller than 1%.

Triggers

The data taking period is split in different eras, indicated by a letter from A
to H. The High Level Triggers (HLT) used in the analysis are summarized
in Table 5, showing also in which era (B until H) each trigger was deployed.
The trigger names indicate what selections the leptons passed at HLT level,
with the numbers showing the pt cuts (in GeV) that are applied. The trigger
efficiency of the signal after the event selection is ~ 99.9%, where about 4%
is recovered by including the single lepton triggers. The estimation of the
non-prompt background makes use of the additional triggers in Table 6.
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Primary Datatset ~ HLT path

HLT_Mu8_TrkIsoVVL_v*

HLT_Mu1y_TrkIsoVVL_v*

HLT_Ele8_CaloldM_TrackldM_PFJet3o_v*

SingleElectron HLT_Ele12_CaloldL_TrackIdL_IsoVL_PFJet3o_v*
HLT_Ele17_CaloldL_TrackIdL_IsoVL_PFJet3o_v*

SingleMuon

Table 6: The HLT paths used for the non-prompt background estimation.

5.2.2  Simulation

Multiple event generators (Section 4.1.3) are used to simulate events for the
signal and background processes. For some processes PYTHIA v8 [88] is used
to generate the full event, while others rely on MG5aMC [34] or POWHEG [89]
to generate the hard process and are interfaced with rYTHIA to obtain the
complete event description with parton showering and hadronization. The
detector simulation is performed with GEANT4 [91] as part of the usual CMS
workflow (Section 4.2).

The samples for the electroweak and strong production of the same-sign
W boson pairs were generated specifically for this analysis. They are gener-
ated in the central event production on the LHC Computing Grid, after hav-
ing the configuration files approved within the CMS collaboration, and use
MG5aMC at LO interfaced to PYTHIA V8. The same generator and procedure
is used to generate the aQGC samples (Section 2.4.1.2) for a range of non-
zero values of the dimension eight Wilson coefficients. It uses a reweighting
of the events for multiple points in the Wilson coefficients space to gener-
ate the events in a reasonable amount of time. The interference between the
electroweak and strong production is estimated with the PHANTOM genera-
tor [90].

MG5aMC at LO is also used to produce samples for WZ in multiple jet bins
and for Wy with two jets. It is used at NLO for the Zy and DY samples.
POWHEG at NLO is used in the production of the ZZ sample and the top sam-
ples produced for the estimation of the charge misassignment background.
The VVV and DPS samples are generated with pyraIA v8 at NLO and LO
respectively.

Data corrections

The simulated samples are generated with a distribution for the number of
pileup interactions that is meant to roughly cover the conditions expected for
the different data-taking periods. To correct for the exact pileup conditions
after the data is taken, the number of pileup interactions from the simulation
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is reweighted to match the data.

The effect of the trigger selection on data is reproduced in the simulation
samples by applying a scale factor. This scale factor estimates the probability
for an event to pass the trigger selection and is calculated from the data as a
function of the pt and n of the two leptons.

The calculation makes use of a tag and probe method on pairs of electrons
and muons from Z boson decays. The leptons are required to pass the tight
identification and isolation selections to measure the trigger efficiency inde-
pendent of the lepton selections. By selecting a tag lepton passing the trigger
requirements together with a probe lepton such that they together have an
invariant mass consistent with the mass of the Z boson, one obtains a clean
sample of real, probe leptons of a specific flavour. With this method, a col-
lection of probe leptons is obtained which can then be used to measure the
trigger efficiency in an unbiased way as a function of the pt and 1 of the
lepton.

The purity of the sample of dilepton events is increased further by perform-
ing a fit on the invariant mass distribution to subtract the contribution of
non-resonant dilepton pairs. An example of this fit to the collection of probe
leptons that fail the selection, and to the probe leptons that pass the selection
of which one wants to measure the efficiency is shown in Figure 29.

passing probe tailing probe

el (1)

2o

Figure 29: Fit of the m distributions to extract the real leptons from the probe
lepton collection as part of the tag and probe method for one bin in n
and p 1. The real lepton contribution originating from Z boson decays are
fitted (in red) together with the background from non-resonant dilepton
pairs (in blue).

This procedure is used to calculate the trigger efficiency for each trigger
leg in the double and single lepton triggers, from which the efficiency to pass
at least one of the triggers in the trigger selection is calculated. Some of the
dilepton triggers that are used in the analysis (Table 5) have a selection on
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DZ: the distance along the beamline between the track and primary vertex.
The efficiency of the DZ selection is measured separately, on events passing
the dilepton triggers with the same trigger legs but without the DZ selection.
The efficiency is between 95% and 99% depending on the dataset and is
applied in the simulation of the relevant trigger paths.

5.3 OBJECT DEFINITIONS

The object definitions that are used in the analysis are summarized here,
while a detailed description of the reconstruction and identification algo-
rithms is given in Section 4.3.

5.3.1 Leptons

Multiple lepton selections are used to identify electrons and muons:

¢ Tight lepton:
Used to select events with two leptons.

* Loose lepton:
To veto events with extra leptons and used in the non-prompt back-
ground estimation.

¢ Soft muon:
Used to tag b-jets.

The lepton selections follow the Physics Object Groups (POG, Section 4.4) rec-
ommendations. Only for the tight electron selection (Table 3) two additional
cuts are applied to reduce the backgrounds. The tight electron is required
to correspond to a track that is reconstructed without missing hits and the
three charge measurements that are performed on the electron need to have
the same result, described in more detail in Section 4.3.3.

These cuts reduce the backgrounds from photon conversion by a factor 5,
backgrounds from charge misassignment by a factor 20 and backgrounds
containing misreconstructed jets with 30%. The lepton selections are sum-
marized in Table 7.

Muons are identified according to the POG recommendations (Table 2) for
the tight working point with tighter cuts on impact parameters dyy and d.
to suppress non-prompt muons. The muon isolation criteria follow the rec-
ommended tight PF-based combined relative isolation with A3 correction
in a cone with a size of 0.4 in AR. The electron ID and isolation is based
on the recommended tight working point with additional HLT-safe cuts to
make the selection independent of the trigger selection.

The loose lepton selections are optimized for the non-prompt background
estimation. It needs to be loose enough to have enough events at high mj;
that can be used to estimate the non-prompt background, while at the same



5.3 OBJECT DEFINITIONS

Electron (In| < 2.5) Muon (In| < 2.4)
Tight Cut-based Tight + HLT-safe ID Tight ID + dxy <0.02cm, d, <0.1 cm
+ recommended impact parameter cuts + Tight PF Iso
+ Missing hits = o (relative A (3-corrected iso < 0.15)

+ Triple charge requirement

Loose HLT-safe ID Tight ID + dxy <o0.02cm, d, <0.1 cm

+ rel. PF Iso < 0.4, rel. track Iso < 0.4

Soft - Soft muon ID

Table 7: The lepton selections used in the analysis.

time being close enough to the tight selection not to introduce a bias.

Tau leptons that decay leptonically, to a lighter charged lepton and two
neutrinos, are reconstructed as an electron or muon. The more frequent
hadronic decayed taus are identified with the POG recommended discrim-
inator (decayModeFindingNewDMs) and required to pass a loose isolation
selection (LooseCombinedIsolationDeltaBetaCorr3Hits).

Lepton corrections

Corrections are applied for the differences in the lepton energy scale and res-
olution between simulation and data, following the POG recommendations.
For muons, the electron scale correction factors were not available at the time
of the analysis which is covered by an increased uncertainty.

Scale factors are derived as a function of the lepton pt and n with the tag
and probe method to correct remaining differences between simulation and
data. These are due to differences in the lepton reconstruction efficiency and
in the tight lepton selection efficiency. The efficiency and scale factor for the
tight electron selection as a function of p is shown in Figure 30. For muons,
the tight selection efficiency and scale factors are calculated for the identifi-
cation and isolation selection separately. The tight identification efficiency is
larger than 95% for muons with pt > 20 GeV, the tight isolation efficiency
is larger than 80% for muons with pt > 20 GeV and larger than 95% for
muons with pt > 40 GeV [123].

5.3.2 Jets, b-tagging and Missing Transverse Momentum

The jet collection is created by clustering the particle flow candidates with
the anti-kt algorithm and a distance parameter of 0.4 (Section 4.3.4). The clus-
tering is performed after applying the Charge Hadron Subtraction (CHS)
pileup mitigation. Default jet energy corrections are applied to correct the
measured jet energy for variations in the energy response of the detector
and other sources of bias. The jet energy resolution is corrected by rescaling
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Figure 30: Efficiency of the tight electron selection in data as a function of pt for
several bins in 1. The bottom window shows the scale factor that is cal-
culated by dividing the efficiencies in data and simulation (MC).

the four-momentum of the reconstructed jets according to the scale factors
provided by the POG. To reject jets originating from calorimeter or read-
out electronics noise the loose working point of the PF Jet Identification is
applied. Jets that overlap with a loose lepton (AR (lepton, jet) < 0.3, with
(AR)Z = (An)2 + (Ad)?) are removed from the jet collection.

B-tagging is performed with the medium working point of the Combined
Secondary Vertex vz (CSVv2) algorithm, corresponding to a b-jet tagging
efficiency of about 65% and misidentification rates of 1% for light-flavour
(udsg) jets and 15% for c-quark jets [104]. The data/simulation scale factors
are computed according to the POG prescription.

The missing transverse momentum (ﬁ{niss) is reconstructed as the negative
of the vector sum of pr of all reconstructed particles (Section 4.3.6). The size
of the missing transverse momentum (p°) is called the missing transverse
energy EXSS, The Jet energy corrections are propagated in the calculation of
the EINSS and events with large but artificial T are vetoed by imposing
quality filters according to the POG recommendations.
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5.4 EVENT SELECTION

The event selection has been optimized on simulated events, starting from
the event selection of the analysis at Run I. The final state objects that are
selected are:

* two tight, same sign leptons (electron or muon)
with plTep’1 > 25GeV and 'plTeP’2 > 20 GeV

® two jets with pt > 30 GeV and |n| < 5.0
. E%‘iss > 30 GeV.

Cuts on the m;j;, Anj; and Zeppenfeld variable for the leptons zliep (Equa-
tion 32) are applied to extract the VBS topology:

* m;; > 500 GeV
* Anjj; > 2.5
3 max(zlier’) <05.
The remaining backgrounds are suppressed by:

® b-jet veto:
- b-tagged jet veto (CSVvaM, p1 > 20 GeV)
- soft muon veto (p1 > 3 GeV)

¢ 3th lepton veto:
- loose lepton (p1 > 10 GeV)
- hadronic tau (p1 > 18 GeV)

¢ in ee final state:
|m11 — mz| > 15 GeV,
my > 20 GeV.

The dominant contribution to the non-prompt background comes from tt
events. It is suppressed by applying a veto on events that contain a b-tagged
jet or an additional soft muon. Backgrounds with more than two leptons
are suppressed by vetoing events with a third lepton, identified either as an
electron or muon passing the loose lepton selection, or as a tau that decayed
hadronically. Charge misassignment backgrounds are reduced by vetoing
events with two electrons that have an invariant mass within 15 GeV of the Z
boson mass, or an invariant mass smaller than 20 GeV to reject backgrounds
from low mass resonances.

75



76

MEASUREMENT OF THE ELECTROWEAK wiwijj PRODUCTION

5.5 BACKGROUND ESTIMATIONS

Most of the backgrounds can be estimated directly from the simulation sam-
ples. For backgrounds that involve misreconstructed objects, it is usually
necessary to rely on data to make an estimate. Misreconstructions typically
happen with a probability at the order of 10~# or lower, meaning a very
large amount of simulated events would have to be generated. The amount
of computing power that is required to do this, makes that it is usually not
feasible to estimate these backgrounds from simulation. In addition, the edge
of phase space where the misreconstruction happens is not necessarily well
described by the simulation. The non-prompt background for example in-
volves jets that pass the lepton isolation requirement, which is the very cor-
ner of its isolation distribution. An inadequate modeling of the underlying
processes by which jets are misidentified as leptons or even a small mismod-
eling of the pile up can introduce large differences between simulation and
data.

The non-prompt and charge misassignment backgrounds in this analysis are
estimated using a data-driven method. For the WZ background estimate, a
normalization to data is used to deal with the large theoretical uncertainties
associated with the simulation of VBS processes at leading order, involving
electroweak, strong and interference contributions.

5.5.1 Non-prompt background

The leptons that are reconstructed with the CMS detector can originate from
real leptons, misreconstructed jets, misreconstructed photons or from tracks
that are matched to unrelated hits in the ECAL or muon chambers [124].
For estimating the non-prompt background, the sources of leptons are split
in three categories. First of all, there are leptons from the leptonic decay of
heavy electroweak bosons (W, Z, or an off-shell photon y*) produced in the
hard interaction that decay immediately at their production vertex and are
called prompt leptons. The leptons we want to select to identify the W bosons
are in this category.

There are also leptons originating from light and heavy flavour hadron de-
cays. These hadrons typically travel some distance before decaying and can
produce non-prompt leptons. Finally, there are reconstructed leptons called
fake leptons which do not originate from a real lepton. In most cases they are
caused by the misidentification of a jet. Leptons from misreconstructed pho-
tons would normally also fall in this last category, but because they are not
estimated from data in this analysis but from simulation, misreconstructed
photons will be considered as part of the prompt leptons in the rest of the
discussion on the non-prompt background.

The name non-prompt background is used to indicate backgrounds that con-
tain a lepton that is either non-prompt or fake, or in other words a lepton
that does not originate from a heavy boson decay or a misreconstructed pho-
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ton.

Because electrons and muons are reconstructed differently, also the main
sources of the non-prompt background are different in the electron and
muon final states. For muons, this background is dominated by non-prompt
muons from tt events in the semi-leptonic decay channel. An example Feyn-
man diagram is shown in Figure 31. There is one prompt lepton from the W
decay, while a second, non-prompt lepton can be produced in the b-quark
decay.

£l

q

Figure 31: One of the possible Feynman diagrams for semi-leptonic tt production.

For electrons also fake leptons from light flavour jets become important.
This is mainly from W+jets events where a light flavour jet is misrecon-
structed as an electron.

Although the probability for the misreconstruction is low, these backgrounds
become important because the cross section of the processes involved is up
to a factor 10° higher than the signal process (Figure 18).

5.5.1.1 Fakeable object method

The data-driven method that is used to estimate the non-prompt background
is known as the fakeable object method. The first step of the method consists
in measuring the probability for a jet that passes a loose lepton selection to
also pass a tighter lepton selection. The measurement is performed in a data
region that is enhanced in non-prompt and fake leptons, and will be called
the measurement region. In the second step the measured probability is used
to estimate the non-prompt background in the signal region (defined by the
event selection).

The probability is called the fake rate (eggr) and is measured as a function of
the p1, n and flavour of the lepton:

N Tight leptons (flavour, p, In|)
NLoose leptons (flavour, p, m|) ’

with N the number of tight or loose leptons. The remaining contamination
from prompt lepton is corrected by subtracting their estimate from simula-

€FR — (56)
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tion from the numerator and denominator.

The fake rate is also sensitive to the flavour and pt of the quark from
which the non-prompt or fake lepton originates and the hadronic energy in
the event. Differences in these variables between the measurement region
and the signal region can introduce a bias in the non-prompt estimate and
care has to be taken in defining a loose lepton object so that the fake rate is
not strongly dependent on them.

The estimate of the non-prompt background in the signal region relies on
two nearby regions in data. The Tight-Loose (TL) region has the same event
selection as the signal region, except one of the leptons does not pass the
tight lepton selection but instead passes the loose lepton selection. In the
Loose-Loose (LL) region both leptons only pass the loose lepton selection.
The ratio of fake and non-prompt leptons passing the tight selection over
fake and non-prompt leptons passing only the loose selection is given by:

err (flavour, p1,m)

WL=TZ err (flavour, p1,1) 7

The denominator contains a small correction that reflects the different defi-
nition of the loose lepton category in Equation 56; for the efficiency egr the
loose leptons also include leptons passing the tight selection while for the
ratio wi_ the tight and loose categories are exclusive.

The non-prompt contribution in the signal region can be estimated by weight-
ing the data events in the TL region with the ratio w calculated on the loose
lepton. For the estimated non-prompt background yield this gives:

TL data
TL, data _
Nnon-prompt - Z WwL. (58)

The TL region however does not only contains events with one prompt and
one non-prompt lepton, but also events with two prompt leptons of which
one does not pass the tight lepton selection. To correct for these events, the
same weights are calculated for simulation events with two prompt leptons
in the TL region and subtracted:

TL data TL prompt sim
TL
Nnon-prompt = Z WL — Z WL . (59)

We can use simulation events for this subtraction as the prompt leptons are
well-described by the simulation.

An additional small correction is applied for the double counting of events
with two non-prompt leptons. Their effect is counted twice because they
end up in the TL region when either the first or the second lepton passes
the tight selection [125]. The expected non-prompt contribution of two non-
prompt lepton events in the TT region, is calculated by weighting the events
in the LL region by the product of the ratios wy calculated on both loose
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leptons. After correcting for the prompt leptons from simulation, this gives
as estimate for the non-prompt background yield:

TL data TL prompt sim
-] t
N non-prompt _ Z wp — Z wi (60)
LL data LL prompt sim

- Z wL1 WLz + Z WL1 - WL.2.

In summary, the non-prompt background is estimated by weighting data
events in the TL and LL regions and corrected for prompt lepton events
from simulation according to Equation 6o.

5.5.1.2 Fake Rate Measurement

The fake rate is measured in a data region enriched in di-jet events. This
measurement region is defined by the single lepton triggers in Table 6 and an
event selection that suppresses real lepton contributions:

¢ exactly 1 loose lepton (electron or muon) with pt > 10 GeV
o ENNSS < 20GeV

miss
¢ED

* my < 20GeV

¢ jet with pt > 35GeV and AR(jet,lepton) > 1.

With AR = +/(An)2 + (Ad)? and mi E?lssthe transverse mass' of the lep-

S

ton and EMSS. For events with a W boson decaying to leptons, mg ™ has
a maximum at the W boson mass (80 GeV). The remaining prompt lepton
contribution, as estimated from the DY and W+jets simulation samples, is
subtracted from the numerator and denominator of the fakemirsesite. It is cross-
checked in a control region with inverted MET and mi M cuts that the
prediction of the prompt leptons agrees with data.

The fake rate as a function of the py and |n| is shown in Figure 32 for elec-
trons and Figure 33 for muons.

5.5.1.3 Validation and Uncertainty

Several test are performed to assess the validity of the fakeable object method,
with the defined lepton selections and measurement and signal region, and
to determine the uncertainty on the non-prompt background estimate.

In the case of a decay into two particles of which the full energy can not be reconstructed,
the transverse mass is defined as:
2 2 = = 2
Mz = (E1;1 +E1,2)" — (Fr1 +P71,2)
with E2 = m? +p3.
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Figure 32: The electron fake rate (efr) as a function of the pt and |n| of the electron
measured on data, after (black) and before the prompt lepton subtraction
(blue), and on a simulated QCD sample (light blue).
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Figure 33: Muon fake rate (epr) as a function of the pt and |n| of the muon. The
fake rate is measured on data, shown after (black) and before the prompt
lepton subtraction (blue), and on a simulated QCD sample (light blue).

Closure Test on Simulation

The first test consists in cross-checking the fakeable object method on simula-
tion. Although the non-prompt background can not be estimated accurately
from simulation alone, a cross-check that relies only on simulation is useful
for testing the method and for investigating the source of possible discrepan-
cies by using the generator level information [126]. The closure test consists
of comparing the non-prompt background estimate from applying the fake-
able object method to simulated events in the TL and LL regions with the
direct non-prompt estimate using the simulated events that end up in the TT
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region.

The fake rate is measured in the QCD region, as is done when using the
fakeable object method on data, but here it is calculated on simulated QCD
samples. The event weights (Equation 60) are applied in the TL and LL sig-
nal region on tt and W+jets simulation samples. A global closure is found
within 20%, which is shown for the tt sample in Figure 34 with the estimate
from the TT region (simulated) in blue and the estimate from weighting the
LL and TL events (estimated) in green. The amount of non-closure gives an
indication of the remaining sensitivity to differences in flavour composition
and the mother parton pt between the measurement and signal region.

Events

estimated tt — simulated tt

N stat. error

— — T
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Figure 34: The m;; distribution in the signal region for the tt sample directly from
simulation (simulated, in blue) and from applying the fakeable object
method to simulation (estimated, in green). The pEut final state is
shown on the left and e® e final state on the right.

Control regions

Another important test is the comparison of the non-prompt estimate with
the data in control regions. Two control regions are defined:

* low mj; < 500 GeV region:
with a VBS selection that is inverted compared to the signal region

* b-tag region: at least one b-tagged jet is required, instead of the b veto.

The m;; distribution of both control regions is shown in Figure 35, com-
bining all lepton flavour final states. The my; distributions for the low m;;
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region, split in lepton flavour final states, is shown in Figure 36. The rela-
tively good closure in these regions shows that the non-prompt estimate is
quite robust against changes in the jet flavour and energy.
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Figure 35: The m;; distribution in the low mj; (left) and b-tag (right) control re-
gions.

Varying the measurement region

To estimate the dependence on the pt of the parton that the jet originates
from, the jet p1 cut in the measurement region is varied within 15 GeV of its
default cut value. This leads to a difference of 10% — 15% in the non-prompt
estimate.

Alternative prompt lepton correction

The uncertainty on the subtraction of the prompt leptons from simulation in
the signal region is estimated by using an alternative method that relies on
data to subtract the prompt lepton contribution. Next to the fake rate epg,
it also uses the prompt rate epgr: the probability for a prompt lepton that
passes the loose selection to also pass the tight selection. The prompt rate is
defined in the same way as the fake rate in Equation 56, but is measured on
prompt leptons in a data region enhanced in Drell-Yan events. The prompt
rate as a function of the lepton pt and |n| is shown for muons in Figure 37.
The prompt rate for electrons is about 20% lower because of the stronger
requirements in the tight electron selection (Section 5.3.1).

To simplify the notation, we will use f = epr and p = epr. The non-
prompt background yield can be estimated as [125]:

Nnon-prompt _ 2 “Nge+f-p-Npg, (61)
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with N¢¢ the number of events with two non-prompt or fake leptons, and
N+ the number of events with one prompt and one non-prompt or fake
lepton.

The quantities N¢¢ and N ¢ are not directly measurable in data, we can only
determine the number of leptons that pass the tight selection. The number of
events with two leptons that pass the tight selection Nyt for example, can
be written as:

Nt =12 Nge+f-p-Npe+p? Npp. (62)
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Figure 37: The muon prompt rate (epr) as a function of the pt and |n| of the muon
measured on data (black) and on a simulated DY sample (green).

The same can be done for the number of events with one tight and one loose
lepton Nt and two loose leptons Ny 1. By inverting these equations, one
finds the expressions for N¢¢ and N

Npp 1 £2 —f(1—1) (1—f)2 N

Nops ZW —2fp  p(1—f)+f(1—p) —2(1—p)(1—F) Nt

Ner p? —p (1 —p) (1—p)? Nt
(63)

This leads to N PrOmPt a5 3 function of N1, Ntr and Ntt. The non-
prompt background is estimated by weighting events in the LL, TL and TT
regions in data according to Equation 61, where the prompt and fake rate
are a function of the pt and |n| of the leptons. By setting p = 1 one recov-
ers the data weights that are used in the default method (Equation 60). The
non-prompt background estimate using the alternative method is found to
agree with the estimate from the default method within 1%.

For the alternative method a distinction needs to be made between the
prompt leptons and the leptons from photon misreconstruction, which were
considered as part of the prompt leptons in this discussion (Section 5.5.1).
The misreconstructed photons are not well described by the prompt or fake
rate, but have a rate that lies somewhere in between. The contribution from
the Vy background where a photon is misreconstructed as an electron is still
subtracted from simulation, as is done in the default method.

Total uncertainty

The maximum discrepancy that is observed in each test is summarized in Ta-
ble 8.
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Test Maximum discrepancy
Control regions 20%
Closure test on simulation 20%
Varying measurement region 15%
Alternative prompt lepton correction 1%

Table 8: The measured discrepancy in the non-prompt background tests.

Two systematic uncertainties are applied on the non-prompt estimate: a

bin-by-bin statistical uncertainty and a global systematical uncertainty of
30%, which is a conservative estimate motivated by the measured discrep-
ancies in Table 8.
Another cross-check was performed to examine if the shape uncertainty on
the fake rate is covered by the combination of the statistical and global sys-
tematic uncertainty. This is done by constructing a shape systematic uncer-
tainty from the variation in egr that happens when changing the jet pt cut
in the measurement region. The effect of the shape uncertainty on the final
results are within 1%. This can be expected, as the most sensitive data region
in this analysis is dominated by the statistical uncertainties.

5.5.2  Charge Misassignment background

Final states with two oppositely charged leptons are much more common
than with two same-sign leptons at proton proton colliders. Oppositely
charged leptons are produced in quark or gluon annihilation interactions
with for example an intermediate Z or tt state, while higher order interac-
tions are needed to create two leptons with the same charge.

When the charge of one the opposite-sign leptons is wrongly identified,
the event can enter the signal region of this analysis. The misreconstruction
of the muons charge is negligible due to the large distance the muon prop-
agates through the detector, allowing an accurate measurement of its cur-
vature. For electrons the probability of charge misreconstruction is between
1072 and 107> depending on the pt and 1 of the electron. This probability
is already strongly reduced by the extra requirements in the tight electron
identification (Section 5.3.1).

As there are not enough simulated events with a misreconstructed charge in
the signal region to directly estimate this background from simulation, the
charge misassignment probability is measured in simulation and corrected
for the difference with data in a region enhanced in Drell-Yan events. This
probability is then used to estimate the charge misassignment background
from simulated events passing the event selection with an inverted require-
ment on the lepton charge, i. e. from events with opposite-sign leptons. Sim-
ulated opposite-sign lepton events from DY, tt, tW, and W W™ processes
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are weighted to estimate the charge misassignment background.

The ratio of electrons with a misreconstructed charge over the electrons
with a correctly reconstructed charge (R.},) is measured in a simulated Drell-
Yan sample as a function of pt and n:

Nwrong charge (pr,Iml)
N orrect charge (pr,ImD)

Rean(pT,IMl) = (64)

Whether the charge of a lepton is misreconstructed is determined by com-
paring the reconstructed charge to the charge at the generator level.

To correct for the difference with data, a scale factor is derived by dividing

Ren calculated on data with Ry, calculated on simulation. The scale factor is
measured as function of the electron ||, while no significant dependence on
the pt of the electron was found.
Measuring Ry, in data requires a different approach, as it is not known
which one of leptons has a misreconstructed charge. Two regions dominated
in Drell-Yan events are used for the measurement. They have the common
event selection listed in Table 9, with the only difference that one region has
two same-sign (SS) reconstructed electrons and the other has two opposite-
sign (OS) reconstructed electrons. The pseudorapidity distribution of the
highest p1 lepton in both regions is shown in Figure 38. Contributions from
other processes are very small in both regions and are neglected.

Event selection

Exactly 2 electrons with plTE—p’l > 25GeV and plip’z > 20 GeV
Imyp —mz| <15 GeV

c:hargelep'1 . chargeleP'2 =-1(0S) or = 1 (SS)

Table 9: The event selection used to identify the Drell-Yan events in the opposite-
sign (OS) and same-sign (SS) regions for measuring Ry, in data.

The probability for an opposite-sign lepton pair to be reconstructed as
same-sign is the sum of the probabilities for either lepton to have a mis-
reconstructed charge. For the ratio of same-sign events over opposite-sign
events this yields:

Ngame sign(lT]lJ ’ |T]l,2|) . Rch(ml,l )+ Rch(ml,Z‘) (65)

Nopposite sign (M1, M121) T4+ Ran(n1l) - Ren(m2])

Five bins in |1| are used, which means there are five unknowns: Ry, (In|) in
each |n| bin. At the same time, there are 25 equations corresponding to Equa-
tion 65 for each combination of |1y 1| and Iny 2.

The overdetermined system is solved by performing a least squares fit to
Nsame sign/ Nopposite sign Measured in data. Dividing Rg,(Iml) in data and
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Figure 38: The pseudorapidity distribution of the highest pt electron in the
opposite-sign (OS, left) and same sign (SS, right) DY region defined in Ta-

ble 9.
[n| range Rgﬁm Rzi{“ Scale factor (R‘cifllta / Riﬁ“ )
0.0-0.5 (3.84+0.5)-10"° (3.0+0.3)-10° 1.27+0.22
0.5-1.0 (1.0+0.1)-10~* (0.74+0.05)-10—* 1.434+0.14
1.0-1.5 (5.7+02)-10~4 (6.0+0.2)-10~4 0.94 +0.04
1.5-2.0 (2440.05)-1073  (2.64+0.05)-103 0.9340.02
2.0-2.5 (244+0.05)-1073  (2440.05)-103 0.98 +0.03

Table 10: The ratio of electrons with a misreconstructed charge over the electrons
with a correct reconstructed charge in data and simulation, and the result-
ing scale factor as a function of the electron |n].

simulation leads to the scale factors in Table 10.

The estimate of the charge misassignment background is in agreement
with data, as can be seen from the my; distributions in the ee final state
of the low m;j; control region (Figure 36). The method was also verified
in the same-sign DY measurement region, by comparing the estimate from
weighted opposite-sign simulation events to data. A relatively good closure
is found in the DY region, shown for the m;; and n'*P"* distributions in Fig-
ure 39. The uncertainty on the measurement of Rgﬁta covers the difference
and is propagated in the statistical procedure of the analysis.
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Figure 39: The pseudorapidity of the highest p 1 electron (left) and the m;; distribu-
tion (right) in the same-sign DY region defined in Table 9 with the charge
missasignment background estimated from weighted opposite-sign sim-
ulation event.

553 WZ

Simulated samples are produced to describe the electroweak and strong WZ
production in multiple jet bins. The sum of the WZ contributions is fitted to
data as part of the statistical analysis. The details of this binned maximum
likelihood fit that is performed simultaneously in the signal region and a WZ
control region will be described in Section 5.6.1. The WZ region is defined by
modifying the following cuts on top of the signal event selection (Section 5.4):

¢ Exactly 3 leptons with total charge equal to one,
PPt > 25GeV, p'P? > 20GeV and p'P? > 10GeV

* Two opposite-sign same-flavor leptons
with [my; — mz| < 15 GeV.

The mj; and my distributions in the WZ control region before the fit to
data in the statistical analysis are shown in Figure g0.

56 SIGNAL REGION

The signal and background contributions after the event selection (Section 5.4)
are estimated from the simulated samples and the background estimation
methods described in the previous sections. Before the statistical analysis,
only the non-prompt and charge misassignment backgrounds are estimated
with data-driven method, while the other backgrounds and the signal pro-
cess are estimated from simulation. At this point, also the WZ background
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Figure 40: The pre-fit m;; (left) and mqy (right) distributions in the WZ control
region.

is still fully estimated from simulation.

The pre-fit distributions in several variables for the data and the estimated
signal and backgrounds are shown in Figure 41. It shows the distributions
in the pl-ﬁp’l, plfp’z, E‘Tniss and zlfp (Equation 32) variables that are used in
the event selection, as well as the m;; and my; variables from which the
measurements are performed in the statistical analysis. It is clear that the
electroweak WEWjj process makes up a significant fraction of the events
that pass the event selection, and that a high purity is obtained in the high
m;j; region. The event yields are listed in Table 11 after an accumulative
application of the cuts in the event selection.

5.6.1 Statistical Procedure

The two measurements that are performed in this analysis, of the elec-
troweak WHW*3jj signal process and of the anomalous quartic gauge
couplings (aQGC) (Section 5.1), make use of slightly different methods. For
both, quantitative statements on the agreement of the data with the theory
predictions are made from the asymptotic behavior of the test statistic as
defined in Section 4.6. The test statistic is based on a ratio of likelihoods and
is a function of the parameter of interest p. For the SM measurement, this
parameter is a global scale factor to the expected signal process yield, while
for the aQGC measurement it corresponds to the Wilson coefficients (Sec-
tion 2.4.1.2) that are part of the signal model.

Evaluating the test statistic for a specific value of w is done by performing
a binned maximum likelihood fit to the data. The statistical analysis relies on
a simultaneous fit in the signal region and WZ control region, which allows

89



MEASUREMENT OF THE ELECTROWEAK wiwijj PRODUCTION

90

data non-prompt VV  Vy chMisld m“”aobm. . VVV Sum Eooumaoﬁo.w.w
WEW=jj Backgrounds =~ W*W=jj

2 same-sign lep, >= 2 jets, 569 327.3 70.8  27.5 72.1 8.2 17.8 523.7 91.1
PT, M5, Anjj

m%mm 457 227.5 59.0 19.1 36.7 7.4 16.3 366 82.1
waﬁnwf 318 142.2 415 11.2 22.5 3.5 9.8 230.7 72.1
b-jet veto 227 98.4 364 9.2 18.0 3.2 3.9 169.1 68.1
soft muon veto 196 91.5 32.1 8.7 17.0 3.1 3.1 155.5 65.3
hadronic tau veto 180 83.1 246 84 16.4 2.9 2.4 137.8 63.0
[Mee — myz] 160 64.1 236 7.5 4.0 2.9 2.3 104.4 61.4
Mee 159 64.0 23.5 7.5 3.8 2.9 2.3 104 61.4

Table 11: Data and expected event yields after successive application of the event selections. The sum of the background yields is shown in the
second last column.
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Figure 41: The expected signal and background distributions in the signal region
before performing the statistical analysis (pre-fit). The signal contribution
(EW W+ W) in blue is stacked on top of the background contributions.

to correlate the processes and systematic uncertainties in both regions. The
free parameters in the fit are the parameter of interest u and the normaliza-
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tion of the WZ contribution. The other nuisance parameters are described by
a log-normal probability distribution.

The statistical analysis of the event yields is performed on histograms in
the mj; and my; variables. The variables and bins that are used in the sta-
tistical analysis for each measurement are summarized in Table 12, and de-
scribed in more detail below.

EW WEWE measurement Anomalous coupling limits
Signal region 2D histogram in m;; and myy 1D histogram in myy
WZ region 1D histogram in mj; 1D histogram in my
Binning m;;: (500, 800, 1100, 1500, 00)

my: (20, 100, 180, 300, c0) my: (20,100,180,300,400, c0)

Table 12: Overview of the statistical analysis.

Electroweak WEW=Ejj

The statistical analysis of the event yields relies on a two-dimensional simul-
taneous fit of the m;; and my, distributions in the signal region, and the
one-dimensional mj; distributions in the WZ region. The result is a measure-
ment of the signal strength and its significance, quantified by the probability
that the observed data is produced by the standard model without the signal

process.
The free parameters in the fit are the signal strength modifier u equal to
Nsignal / N;‘f,[n:ip ectations and the WZ normalization in each bin of mj;. As

post-fit the WZ background estimate in m;; is determined completely from
the fit, the WZ simulation only effects the final result through the WZ back-
ground shape in my;.

Anomalous Quartic Gauge Couplings

The statistical procedure to quantify the sensitivity to the dimension eight
EFT operators uses a simultaneous fit to the my; distributions in the signal
region and the WZ control region. The my; variable is sensitive to the new
physics characterized by the high energy scale A described with the effective
field theory, as the higher order operators enhance the cross section at high
mww. The effect of a non-zero aQGC coefficient on the my; distribution
is shown in Figure 42. The coefficient associated with the M operator is
chosen, although a very similar effect is found when modifying the other
anomalous quartic gauge couplings. As can be seen, the effect of a non-zero
aQGC depends strongly on my; and the sensitivity comes almost exclusively
from the last bin in my; (which includes overflow).

As the data shows no significant deviations from the SM expectation, lim-
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Figure 42: The effect of a non-zero coefficient fyg,/ A? (associated with the Mg
operator) on the electroweak WiWij j production as a function of my.
The chosen values of fyy, correspond to the measured exclusion limits at
68% (red) and 95% (green) confidence level. Their effect is shown on top
of the backgrounds (grey) and electroweak WEW=jj as predicted by the
SM (blue).

its are placed on the Wilson coefficients. A limit is placed on each Wilson
coefficient, with the parameter of interest p equal to the coefficient under
study and the other Wilson coefficients set to zero (corresponding to their
SM value).

The signal in this measurement is the effect of the dimension eight opera-
tors on the electroweak W*W=jj production, while the electroweak WEW=jj
production as predicted by the standard model is considered as a back-
ground.

The limits are insensitive to a possible effect of the aQGCs on the WZ pro-
cess. As this background is determined completely from the data, any effect
of new physics is absorbed in its estimate.

5.7 SYSTEMATIC UNCERTAINTIES

Next to the uncertainties due to the statistical fluctuations in simulation and
data, also systematic uncertainties have to be taken into account. The sources
of systematic uncertainties that are considered in the analysis can be split
in four categories: uncertainties arising from the collider setup, from the
detector simulation and reconstruction, from the event simulation called the
theory uncertainties, and from the background estimation methods.
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5.7.1  Collider uncertainties

Luminosity

The luminosity is measured by counting the mean number of pixel clusters
per bunch crossing, calibrated with Van der Meer scans. These are performed
with a dedicated LHC machine set up, by scanning the two beams through
one another in the transverse plane of the detector from which the size of the
beams at the collision point can be determined. In combination with infor-
mation on the number of circulating protons, this allows the determination
of an absolute luminosity scale [127].

The uncertainty on the luminosity is 2.5%, giving a total integrated luminos-
ity of 35.9 + 0.9 fb~"[128].

Pileup

The pileup in data is calculated by multiplying the instantaneous luminosity
with the total inelastic cross section. The uncertainty is estimated by varying
the cross section by 5% in both directions and using the associated variations
in the pileup distribution as shape systematic uncertainties. Their effect on
the event yields in each bin after applying the event selection is smaller than
2%.

5.7.2  Detector uncertainties

Jet Energy

One of the main systematic uncertainties in the analysis comes from the un-
certainty on the jet energy reconstruction. It is estimated by rescaling the jet
four-momenta (up and down) with the jet energy uncertainty as measured
by the corresponding POG. With this procedure, both the acceptance after
the event selection and the shape difference in the jet distributions are prop-
agated. The jet energy scale uncertainty has an effect between 1% and 7%
on the final event yields over all bins.

The uncertainty on the jet energy resolution is also considered as a shape
systematic uncertainty with a very small effect below 1%.

Lepton and Trigger

As for the jets, the uncertainty on the lepton momentum scale of about 1% is
propagated by varying the momentum of the leptons by their uncertainties.
Other systematic uncertainties involving the leptons are related to the iden-
tification and isolation scale factors and the trigger scale factor. These have a
total effect of about 2% per lepton.
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Missing transverse energy

The uncertainty on the ET® is computed from the energy scale uncertainties
of its components. It is propagated as a shape uncertainty and has an effect
on the event yields of about 1%.

B-tag efficiency
The uncertainties on the b-tag scale factor for light flavour jets and for heavy

flavour jets are included as two shape systematic uncertainties. Their total
effect is within 3%.

5.7.3 Theory uncertainties

Interference

The interference between the electroweak and strong production of same-
sign W bosons is estimated with the PHANTOM generator. Large simulation
samples are generated for the total electroweak W¥W=jj production, and
for the electroweak and strong production components separately. The inter-
ference is calculated in the relevant variables by subtracting the electroweak
and strong contributions from the total electroweak WEWEjj production.
The study is performed at generator level, with an event selection applied
to the generator level objects approximating the event selection used at re-
construction level in the analysis. The estimated interference is applied as a
shape systematic uncertainty on the signal and is found to be smaller than
4% in all the bins used in the statistical analysis.

QCD Scales and PDFs

The uncertainty on the signal simulation leads to the main systematic un-
certainty in this analysis. All processes that are estimated from simulation
dependent on the Parton Distribution Functions (PDF), the strong coupling
os, and the factorization (pt¢) and renormalization (1) scales that are used
for the event generation. The information that is needed to estimate the un-
certainties is produced during the event generation as event weights. The
scales ¢ and i, are varied by a factor 2 to estimate their uncertainty. The
uncertainty on the signal yield is between 3% and 12% over all bins, and
it is largest for the triboson background where is is between 10% and 25%.
The procedure for estimating uncertainties from the PDF and « follows the
recommendations from the PDF4LHC group [129]. A shape systematic is de-
rived by reweighting the events according to a predefined set of PDFs, with
the uncertainty on s added in quadrature. This leads to another uncertainty
up to 5% of the event yields.
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5.7.4 Background estimation

The systematic uncertainties described so far are all uncertainties related
to the simulation. Different systematic uncertainties are applied for back-
grounds that are estimated using data.

Non-prompt

The systematic uncertainty on the non-prompt background estimate is quan-
tified by a global uncertainty of 30% as motivated in Section 5.5.1.3. The
non-prompt estimate relies on simulated samples to remove the contribution
from prompt lepton, which are subject to the usual simulation systematic
uncertainties. The effect of these systematic uncertainties on the non-prompt
estimate was measured and has been found to be covered by the global un-
certainty.

Wz

An unconstrained uniform uncertainty is used for the WZ background nor-
malization in each bin in mj; for the electroweak WEW=jj measurement
and in my; for the anomalous coupling measurement. The systematic uncer-
tainties on the simulation also influence the WZ estimate in the electroweak
WEW*jj measurement through its effect on the my; distribution. Post-fit
the dominant uncertainty comes from the fit in the WZ control region that
has limited statistics, giving a total uncertainty between 20% and 60% over
the different bins. The post-fit WZ uncertainty in the most sensitive m;; bin
of the electroweak WEW®jj measurement is 37%.

Charge misassignment

The charge misassignment background is estimated from weighted opposite-
sign simulation events. As a consequence the estimate is subject to the sys-
tematic uncertainties on the simulation. The weights are derived from simula-
tion as well, and are corrected with a scale factor to data. A global systematic
uncertainty of 7% is applied that covers the uncertainty from the scale factor
measurement.

5.7.5 Uncertainty impacts

The most important systematic uncertainties in the fit to data are shown
in Figure 43 ranked by decreasing impact on the parameter of interest. The
impact of a systematic uncertainty is defined as the change in the measured
signal strength {1 when varying the post-fit value of the uncertainty by +10.
The figure also shows the pull (and its post-fit uncertainty) for each nuisance
0, defined as:

06— 0,
AB

pull = (66)
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with © the post-fit value of 8, and 8 and A8 the initial (pre-fit) value and
uncertainty.

Three of the five systematic uncertainties with the largest impact are re-
lated to the theory. These are the systematic uncertainties related to the QCD
scales on the signal process (QCDscale_EWK), the quark PDFs (pdf_qqbar),
and the interference between the electroweak and strong production (EWK_Intf).
The uncertainty on the QCD scale in the leading order generation of the
signal process corresponds to an uncertainty of about 10% on the mea-
sured signal strength . Other important systematic uncertainties come from
the estimate of the non-prompt lepton background (fake_syst) and the en-
ergy scale uncertainties of jets (CMS_scale_j) and missing transverse energy
(CMS_scale_met).

Unconstrained Gaussian ¥
Do Eeomanecasses  CMS Internal U=0.986 + 0.225
1 QCDscale_EWK H
2 fake_syst
3 pdf_qapar
4 CMS_scale_j
5 EWK_Intf
6 lumi_13TeV_2016
7 CMS_scale_met —_——
8 CMS_wwss_WZnorm_bin0 0.98193% :
9 CMS_wwii_bin10_Fake_ibin_1_stat H
10 CMS_wwij_bin5_Fake._ibin_1_stat
11 CMS_wwij_bin3_Fake_ibin_1_stat
12 fake_syst WZ
13 ss_WZnorm_bin3 v o2,
14 _wwss_WZnorm_bin2 . ©0476932
15 QCDscale_WG
16 CMS_wwjj_bing_Fake_ibin_1_stat
17 CMS_idiso_ele
18 CMS_wwij_bind_Fake_ibin_1_stat
19 CMS_scale_m
20 CMS_wwss_WZnorm_bin 1455
21 CMS_vewij_bin6_Fake_ibin_1_stat
22 CMS_wzj|_bin2_Fake_ibin_1_stat
23 CMS_idiso_mu
24 CMS_wwij_bin3_Vg_ibin_1_stat
25 CMS_wwij_bin1_Fake_ibin_1_stat : :
26 CMS_wwil_bin11_WpWpJJ_ibin_1_stat —_—
27 CMS_wzj_bin3_Fake_ibin_1_stat ————i
28 CMS_pu
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30 CMS_wwjj_bin7_WpWpJJ_ibin_1_stat
2 -1 0 1 2 -0.1-0.05 0 0.05 0.1
N
~-Pull [l +1c Impact [[-1c Impact (6-6,)/A8 A

Figure 43: The main systematic uncertainties ranked by decreasing impact on the
post-fit value of the parameter of interest {1 (right), and the mean and
standard deviation of the pull (middle).
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5.8 RESULTS
5.8.1 Electroweak WEW=jj

The m;; and my distributions in the signal region after the maximum likeli-
hood fit are shown in Figure 44. The post-fit distribution of the m;; variable
in the WZ region is shown in Figure 45.

The observed signal strength relative to the SM expectation . is O.99f8§g,
while the value that is expected from the estimated signal and backgrounds
is 1 .OOfg%g. The observed significance of the measurement is 6.10. The ex-
pected significance is calculated with the background estimates from data by

performing the fit with u = 1 (a posteriori), and is equal to 6.1 0.
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Figure 44: The mjj (left) and myy (right) distributions in the signal region after
performing the statistical analysis.
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Figure 45: The mj; distribution in the WZ region after performing the statistical
analysis.
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The version of the analysis that is submitted for publication [4] contains
small differences to the version discussed in this thesis. A first difference is
that the tight electron selection does not include the HLT safe selection. In
addition, small differences are present in the event selection, with the main
difference the slightly tighter VBS selection in this thesis, while the MET
selection is looser. The exact cut values that are used in the two version of the
analysis are listed in Table 13. Both versions of the analysis use a completely
independent framework, but have been synchronized at the percent level in
the muon final state after applying the event selection used in the publication
version. The expected and observed significances with the selections from the
paper are respectively 5.50 and 5.7 o. These results are the first observation
of the electroweak W¥W3jj production with a significance greater than 5.

Differences Thesis version Publication version
Tight electron ID  requires HLT safe not required
max(zl.lep) <0.5 <0.75

ErTniSS > 30 GeV > 40 GeV

Table 13: The main differences between the analysis version in this thesis and the
version used in the publication.

The measured signal cross-section in a fiducial region is reported in the
publication [4]. The cross section is measured in a fiducial region to obtain
a maximally model-independent result, that allows a straightforward com-
parison to theory predictions. The fiducial region is defined on generator
objects with the selections in Table 14, using MG5aMC and excluding the
W — 1v — lvvv decays. The fiducial cross section is measured to be
3.83 £ 0.66 (stat) 0.35 (syst) fb. The predicted theoretical cross section at
LO is 4.25 4+ 0.21fb in the fiducial region, in agreement with the measure-
ment.

Event selection

two same sign leptons (electron or muon) with pt > 20 GeV and In| < 2.5
two jets with p1 > 30 GeV and In| < 5.0
mj; > 500 GeV

AT]J']' >25

Table 14: The event selection of the fiducial region.
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5.8.2  Anomalous Quartic Gauge Couplings

The my; distributions in the signal and WZ region are fitted simultaneously
to extract limits on the dimension eight operator coefficients. The limits are
calculated on top of the analysis version that is submitted for publication [4].
The expected and observed 95% confidence level (CL) limits are given in Ta-
ble 15. The observed limits are up to a factor 6 stronger than the limits ob-
served at Run I in CMS analyses, and the strongest limits that have been
set on some of the anomalous quartic gauge couplings. This is shown for
the M-operators in Figure 46, which gives an overview of the aQGC limits
obtained by CMS and ATLAS. The strongest limits on the aQGCs associated
to the M;, Mg and M7 operators were set in this analysis.

Observed limits ~ Expected limits ~ Run-I limits Run-1I

(TeV—4) (TeV—%) (TeV—%) analysis
fso /A [-7.7, 7.7] [-7.0,7.2] [-38, 40] ss WW
fg, /A? [-21.6,21.8] [-19.9,20.2] [-118 , 120] ss WW
fao /A [-6.0, 5.9] [-5.6, 5.5] [-46,46] vy —>WW
fatg /A [-8.7.,9.1] [-7.9,8.5] 17,171 vy =-WW
faie /AY [-11.9,11.8] [-11.1,11.0] [-65, 63] ss WW
fM7//\4 [-13.3,12.9] [-12.4,11.8] [-70, 66] ss WW
fro /A% [-0.62,0.65] [-0.58,0.61] [-3.8, 3.4] Zy
fry /AY [-0.28,0.31] [-0.26,0.29] [-1.9,2.2] ss WW
fro /AY [-0.89,1.02] [-0.80,0.95] [-5.2, 6.4] ss WW

Table 15: Observed and expected 95% CL limits on the coefficients of dimension-
eight operators in the EFT Lagrangian. The last two columns show the
strongest limits obtained by CMS with Run-I data.
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VBS AT THE HL-LHC

The high luminosity (HL) upgrade of the LHC (Section 3.5), planned for 2024,
will provide the opportunity to study many features of the SM and beyond
in detail. It will be combined with upgrades to the CMS experiment to deal
with the high luminosity environment. These upgrades to the detector are
necessary to make optimal use of the 3000 fb™" of data that will be recorded
in the decade after the HL upgrade, which is a tenfold of the amount of data
that will be collected before 2024.

The study of the Higgs boson will be central to the HL-LHC program [2]; the
large dataset allows precise measurements of the Higgs couplings, including
the Higgs self-coupling through the di-Higgs production, and searches for
rare SM and BSM decays. This will be complemented by studies of vector
boson scattering to test the role of the Higgs boson in the electroweak sym-
metry breaking.

The other main component of the program consists of searches for new
physics, e.g. supersymmetry, new heavy gauge bosons, extra dimensions
and dark matter. The upgrades also ensure the continued study of SM phe-
nomena with high statistics, which is useful to test our current knowledge
of particle physics and to have well-modeled backgrounds for the discovery
portion of the program.

Even after the first discovery of the electroweak production of di-bosons

pairs in combination with two jets, the study of VBS remains important as
many of the interesting properties of VBS are still unexplored by the LHC
experiments. Measurement are needed to precisely determine the role of the
Higgs boson in the normalization of the VBS process, the longitudinal scat-
tering cross section and the quartic gauge couplings.
The prospects for the electroweak WEW+jj production at the HL-LHC are
explored in this chapter. The results have been used to support the techni-
cal proposal for the Phase II CMS detector [2] and were later updated and
summarized in a public analysis summary [3].

6.1 ANALYSIS OVERVIEW

Because of the large amount of data that will be recorded with the phase
II CMS detector at the HL-LHC, not only is it possible to measure the elec-
troweak WEW=%jj production cross section, but also measurements of the
VBS properties can be performed. In total, four separate measurements are
chosen for which the sensitivity is estimated with 3 ab™".
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First of all, a precision measurement of the electroweak W¥W+jj process
can be performed. The sensitivity of the measurement is quantified by the
uncertainty on the cross section.

Information on the role of the Higgs boson in VBS can be obtained in

several ways. One way is by measuring the longitudinal component of the
process, for which the incoming and outgoing W bosons are longitudinally
polarized (W?_EW% — Wfo). The different polarization components can
be separated using the kinematics of the outgoing particles, which depend
on the polarization of the W bosons. By measuring the longitudinal compo-
nent, one can test if the longitudinal scattering process is unitarized through
the presence of the Higgs boson (Section 2.3) as predicted by the standard
model.
Another possibility is to measure the effect of partial unitarization on the
total electroweak WEW=jj process. In theories involving more than a single
Higgs boson, e.g. a two Higgs doublet model introducing additional heavy
bosons, the VBS process is only partially unitarized by the Higgs boson (Sec-
tion 2.4). Models that are nearly degenerate at the Higgs resonance could be
resolved from their different behaviors at higher energies [131]. The sensi-
tivity to partially unitarized theories is estimated both in a qualitative and
quantitative way.

Finally, the sensitivity to new physics in the electroweak sector at a high
mass scale is estimated. The new physics could lead to strong enhancements
in the cross section at high energy, which can be approximated through
the effect of higher dimensional operators in a effective field theory (Sec-
tion 2.4.1.2). As before, only dimension eight operators are considered.

6.1.1  Detector scenarios

As the study was initiated for the technical proposal of the CMS upgrade, its
main goal has been to assess the performance of the upgraded detector in the
high luminosity environment. For VBS studies specifically, the tracker and
calorimeter extensions and improved granularity are crucial for the tagging
of VBS events as they allow for an improved reconstruction of the forward
jets.

The main detector scenario that is used in the analysis corresponds to the
upgraded Phase II detector, described in Section 3.5, in the high luminosity
conditions with on average 140 pileup interactions per bunch crossing.

To compare the performance of the upgraded detector, two other detector
scenarios are considered.
The Phase I, 50 PU detector scenario corresponds to the current Phase I detec-
tor and data conditions as they are before the HL upgrade, with on average
50 pileup events per bunch crossing and without assuming degradations due
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to radiation.

The Phase I aged, 140 PU detector scenario describes an aged phase I detector,
including radiation damage after 1 ab~', in the HL conditions. At this point,
a large fraction of pixels in the pixel tracker lose functionality and the ECAL
and HCAL scintillating elements become opaque. As both the tracker and
forward calorimeters are close to becoming completely dysfunctional with
this amount of radiation damage, this is not a detector scenario that could
be used throughout the HL operation, but is used to identify the key areas
to be addressed by the upgrade.

The target of the CMS phase II upgrade is to recover the current perfor-
mance of the detector, described by the Phase I, 50 PU scenario, in the chal-
lenging conditions after the HL upgrade characterized by an increased lumi-
nosity and pileup, described by the Phase II, 140 PU scenario.

An overview of the detector scenarios and analysis benchmarks that are used
in the analysis is summarized in Table 16. In the following, the three detector
scenarios will be denoted by Phase II, Phase I and Aged.

Analysis benchmarks Detector scenarios

Electroweak WEWTjj cross section Puase I Phase II, 140 PU

Longitudinal scattering cross section PHASE I Phase I, 50 PU

Partial unitarization Phase I, 140 PU
AGED

Anomalous quartic gauge couplings + radiation damage

Table 16: Overview of the analysis benchmarks and detector scenarios.

6.1.2  Analysis strategy

The signal is defined as the electroweak production of same-sign W boson
pairs in the two jet and two same-sign lepton final state, as in the Run II data
analysis Section 5.1.1. The interference between the electroweak and strong
production is found to be at the order of a few percent after the event selec-
tion and its effect is neglected in the analysis. The analysis strategy is also
similar to the one described in the previous chapter, as the VBS topology
is exploited to select a phase space enriched in VBS events. An additional
handle that is used to select the electroweak events is the amount of soft
QCD radiation. Backgrounds that are initiated by the strong interaction are
expected to contain a more QCD radiation in the central region of the detec-
tor than the signal process, for which the QCD radiation is suppressed in the
rapidity gap (Figure 10) between the tag jets [32].

The main difference with the analysis strategy described in the previous
chapter is that the backgrounds can not be estimated from data but have
to be estimated completely from simulation. This is not straightforward for
the estimation of the non-prompt background, as it is known to be not well
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described by simulation. To deal with this limitation, the final results are
produced not only as a function of the integrated luminosity, but also as a
function of a global scale factor to the non-prompt background estimation.

Because of the large integrated luminosity of 3000 fb™*, stronger event
selections can be applied than in the Run 2 analysis. This leads to a very
pure signal region, with only small background contributions, of which the
non-prompt background is the dominant one. The large amount of data also
allows to perform the statistical analysis with a 2-dimensional binned fit in
multiple final state categories.

6.2 SIMULATION SAMPLES

Simulation samples for all the backgrounds and signal, with three different
detector scenarios, are needed to perform this study. As it is not feasible to
produce all these samples with a detailed detector simulation, the detector
simulation is performed using a parametric implementation of the detector
response based on the Delphes package, described in Section 4.2. In this way,
the amount of time and computing resources that are needed is strongly re-
duced.

In the signal and background samples, only decays of the vector bosons to
electrons and muons are considered, while decays to taus are excluded in
the simulation. This reduces the recources needed to produce the simulation
samples with only a small effect on the final results.

No additional corrections are applied to the simulation as is done in a
data analysis. Also no trigger inefficiency correction needs to be applied as
indicated by the trigger studies performed for the HL-LHC [2]. The studies
show that the addition of tracker information in the L1 trigger allows for di-
lepton triggers with an efficiency of ~ 100%, for pt thresholds of 20 GeV
for the first and 10 GeV for the second lepton.

6.2.1 Event Generators

Multiple matrix element generators (Section 4.1.3) are used to simulate the
hard interactions, which are interfaced with pyTHIA v8 for the parton shower
and hadronization steps.

The samples for the WEW=jj signal, irreducible background and their in-
terference are produced at leading order with the PHANTOM 1.2.6 generator.
This event generator is also used to produce the WZ background samples,
samples with opposite sign leptons and two jets (used to estimate the charge
misassignment background as well as a small fraction of the non-prompt
background), and signal samples for the partial unitarization benchmark
with rescaled Higgs to vector boson couplings.

For the reducible non-prompt background estimate, a semi-leptonic tt sam-
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ple is generated with rownec v2 at NLO QCD, and samples with a sin-
gle vector boson in association with jets are generated with MADGRAPH
v5.2.2.3 [132] at LO. The MADGRAPH generator is also used to produce the
signal samples for the anomalous couplings study and the longitudinal scat-
tering signal samples with the DECAY v4 package (which is part of the
MaDGRraPH framework) to preserve information on the polarization.

The CTEQS6L [133] parton density functions (PDF) are used for MADGRAPH
and PHANTOM, while POWHEG relies on the CT10 [134] PDE.

6.2.2 Detector Simulation

The detector simulation for all the samples is performed with Delphes. A
limited set of samples has been processed as well with a detailed simula-
tion performed with GEANT4 (Section 4.2), and are used to tune the Delphes
setup. The efficiencies and resolutions of the reconstructed leptons, jets, and
missing energy, as well as the b-quark tagging efficiency and the particle
misidentification probability are measured in the detailed simulation sam-
ples, and consequently implemented in Delphes to perform the fast detector
simulation.

For the Phase II and Phase I detector scenarios, a dedicated Delphes con-
figuration was made for the technical proposal studies, implementing the
detector geometry and performance as observed in detailed simulation. For
the aged scenario, no Delphes tune had been studied and the phase II con-
figuration was modified according to the POG recommendations and from
comparing the corresponding detailed simulation samples. Several system-
atic uncertainties were downgraded and the signal yield was scaled down to
70%, corresponding to the loss in signal efficiency as measured in detailed
simulation.

The reliability of the Delphes simulation to reproduce the kinematics of

VBS events is validated by comparing the main analysis variables after a
typical VBS event selection in signal samples with Delphes and detailed sim-
ulation. A good agreement in the main variables is observed between the
samples, as can be seen in Figure 47 showing a few of these variables for the
phase I detector scenario.
Another validation of the Delphes simulation is performed by comparing
the event selection efficiencies, shown in Figure 48. The largest difference
is observed for the matching of reconstructed to generator level jets. This
matching is not used in the analysis and the discrepancy is caused by small
differences in the jet resolution and in the parton showering, hadronization
and PU description between Delphes samples using ryrHIA v8 and detailed
simulation using PYTHIA V6.
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Figure 47: Distributions of some of the main analysis variables after a typical VBS
selection for the signal sample with dedicated simulation (CMSSW) and
Delphes simulation, and at generator (Gen) level and after reconstruction
(Reco), in the phase I detector scenario.

63 OBJECT RECONSTRUCTION

To make use of the improved phase II detector design in the object recon-
struction (Section 4.3), reconstruction algorithms have been designed for the
new sub-detectors as part of the detailed simulation. In the Delphes simu-
lation, the reconstruction of physics objects is performed with a simplified
particle flow method that combines information from the subdetectors to
perform particle identification [93].

The efficiencies and resolutions of the reconstructed objects are imple-
mented as measured from detailed simulation. In addition, the leptons are
required to be isolated. The isolation variable, defined as in Equations 42
and 45 with a p-based PU correction, needs to be smaller than 0.25 and 0.6
in the 50 PU and 140 PU scenario respectively. Loose leptons are defined
using the same identification selections and a relaxed isolation requirement
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Figure 48: Efficiency of a typical VBS selection for the signal sample with dedicated
simulation (Full SIM) and Delphes simulation in the phase I (left) and
phase II (right) detector scenarios.

< 0.35 in the 50 PU and < 0.75 in the 140 PU scenario.

The identification and isolation efficiency for tight leptons with pt > 20 GeV
and |n| < 1.5 is 75% for electrons and 80% for muons. The efficiencies
reduces to respectively 55% and 65% at |n| ~ 2.5 and remains constant up
to |n| ~ 4.0 for the Phase II detector.

Jets are clustered from the PF particles that have been cleaned for the
contribution of charged particles from pileup with charged hadron subtrac-
tion (Section 4.3.4). They are reconstructed with the anti-k algorithm with
cone radius AR = 0.4. A median energy subtraction in bins of |n| is applied
to mitigate residual pileup effects.

Jets containing b quarks are identified with the CSV algorithm which pro-
vides an average efficiency of 70% with a mistag rate of 1% for light flavour
and gluon jets. The b-tagging algorithm is used only up to |n| < 2.5 for
the Phase II detector scenario. This conservative approach is used as the b-
tagging algorithm requires further study to be extended to the full tracker
acceptance.

To estimate the amount of hadronic energy in the event, frack jets are used
because of their low dependence on pileup. They are reconstructed with the
anti-k¢ algorithm with AR = 0.4, by clustering tracks (Section 4.3) with a
pt > 0.5 GeV originating from the primary vertex. The estimator of the to-
tal hadronic activity in the event Ht is defined as the sum of the transverse
momenta of the track jets with a p1 > 2 GeV:

track jets

Hr= ) pf, (67)
i

excluding the track jets that are geometrically matched to one of the tag jets
or leptons.
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64 EVENT SELECTION

The cuts to select the final state objects is the same as in the Run I analysis:

* two tight, same sign leptons (electron or muon)
with pt > 20GeV and |n| < 2.4

¢ two jets with pt > 30 GeV and |n| < 4.7
o EMISS > 40 GeV.

The leptons are selected only up to [n| = 2.4, even for the Phase II detector
scenario with a tracker up to [n| = 4.0. The reason is that less than 10%
of the signal events have a lepton at a pseudorapidity larger than 2.4, while
the backgrounds remain significant in this region. In addition, we can not
accurately estimate the non-prompt background at high pseudorapidity.
The VBS topology is extracted with the following selections:

* mj; > 850 GeV

* Anjj > 4.0

. max(zliep) < 0.5,

* Ht <125 GeV (< 150 GeV for phase II).
The remaining backgrounds are suppressed by:

* b-jet veto:
- loose b-tagged jet veto (p1 > 30 GeV)
- soft muon veto ( pt > 5 GeV,
inside a jet with p1 > 20 GeV)

3th loose lepton veto
(pt > 20 GeV, In| < 2.4 (phaseI) / 4.0 (phase 11))

e 7 mass veto: |my; — myz| > 20 GeV
e my > 40 GeV

e AR(jj, 1) <6

e Anu<2.

Tight selections are placed on the m;; and Anj; variables. This is com-

plemented with a cut on the Zeppenfeld variable for the leptons z\F (Equa-
tion 32) and on Hy (Equation 67). For the phase II scenario, a tighter se-
lection on Hrt is applied because of the extended tracker pseudorapidity
coverage of the Phase II detector.
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Variables that have not yet been used in the event selection of the run I
and II data analyses are the distance in R between the di-jet and di-lepton
system:

AR J] “' \/(Aﬂ]; ll Ad))) U.)

and the n-separation between the leptons.

65 BACKGROUND ESTIMATIONS

Most of the backgrounds (and the signal) are estimated directly from the
simulation samples. Also the WZ background is estimated directly from sim-
ulation, which is different from the approach that was followed for the data
analysis in Chapter 5.

Because of the tighter event selection that is used in this study, some of the
smaller backgrounds in the Run II data analysis, as ZZ and VVV, become
negligible. These backgrounds are therefore not considered in this study.
Also the Vy background has been neglected.

For the backgrounds that involve a misreconstruction, dedicated methods
have to be developed. To estimate the background containing electrons with
a misreconstructed charge, the charge misreconstruction probability is used
as an event weight on opposite-sign lepton events passing all other event
selections. The probability measured on data at /s = 8 TeV is used as func-
tion of pt and [n| [135]. The estimation of the background from jets that
are misreconstructed as leptons is generally performed on data. It will be
referred to as the non-prompt or fake lepton background, which includes all
backgrounds with a reconstructed lepton that originates from a jet as in Sec-
tion 5.5.1. To provide a preliminary estimate for this study, an extrapolation
procedure using only simulation samples has been developed.

6.5.1  Non-prompt background

Similar to the fakeable object method used in Section 5.5.1.1, the probability
for a lepton-like object to be reconstructed as a tight lepton is measured. The
measurement is performed in a large detailed simulation sample and the
probability is then applied to Delphes samples to estimate the non-prompt
background.

Instead of defining a loosely identified lepton, the jet definition is used as the
denominator object. As there is no misreconstruction simulated in Delphes,
using loose leptons is not possible. The jet on the other hand, is a robust ob-
ject with a very similar reconstruction in the Delphes and detailed simulation
samples. The measured probability on the jets of the detailed simulation sam-
ple can therefore be applied on the jets reconstructed in the Delphes samples.
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The small misreconstruction probability is susceptible to bias introduced

by differences between the measurement and application region. To control
this potential bias, the probability is measured on a tt sample which is the
dominant contribution to the non-prompt background and the measurement
is performed for b jets and non-b jets separately.
A detailed simulation tt sample with /s = 13 TeV and on average 20 pileup
events per bunch crossing is used for the measurement. This samples was
chosen because of its large amount of events (25M), needed to precisely mea-
sure the probability at the order of 5- 10~ for a jet to be misreconstructed
as a lepton.

The fake rate (eggr) is defined as:

N Tight leptons (flavour, pT,m|)
Nijets (flavour, p, 1)

€FR — (68)
€rr is measured as a function of pt and |n| of the jet, separately for elec-
trons and muons, and for b-jets and non-b jets.

To make sure that the jets and leptons that are used in the measurement are
not prompt leptons, all the generator level leptons from W boson decays in
the tt event (Figure 31) that are within the tracker acceptance are required to
be geometrically matched to a reconstructed lepton. Also the jets are cleaned
for prompt leptons and are required to originate from the primary vertex so
that generator level information can be used to associate a flavour to them.
In addition, for the jet to electron measurements the reconstructed jets are
required not to pass the b-tag working point used in the event selection. For
the jet to muon measurements this is not required as no dependence on the
b-tag selection was found.

The denominator of the fake rate is filled with the cleaned jets, while the
numerator is filled with cleaned jets that are matched to a lepton with
PT > 20 GeV passing the tight lepton identification and isolation.

Because the method uses two different physics objects, an additional step
has to be implemented to account for the difference in their kinematics. The
transverse momentum of the non-prompt lepton will in general be smaller
than the pt of its originating jet. To transform the jets to leptons in the
estimation of the non-prompt background, the pt has to be changed as well:

T

Mp = [PF' = PP (flavour, pr n) . (69

The pt migration Mp, is measured as a function of jet pt and |n| for the
different flavours of jets and leptons.

Both measured quantities are then used to estimate the non-prompt back-
ground from simulated events with at least 1 prompt lepton and at least 3
jets. For each jet in the event, two new event are created in which the jet
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is transformed to an electron and to a muon with a pt lowered by the pt
migration matrix, and weighted with the corresponding fake rate.

Fake rate and pt migration

The measured fake rate as a function of the jet pt is shown in Figure 49 and
as a function of the jet |n| for electrons in Figure 50. Differences in the fake
rate are observed for b jets and non-b jets, and for electrons and muons. To
understand these differences, it is important to realize that the decay chain
of heavy quarks often contains leptons. Non-prompt leptons that are present
in the b jets can pass the lepton selections, while for light flavour jets a mis-
reconstruction needs to take place for it to be reconstructed as a lepton.

The b jets are almost two times as likely to be reconstructed as a muon than

as an electron, which can be explained by the tight selections on electrons
e.g. on the ECAL cluster shape and H/E requirements (Section 4.3.3). Light
jets on the other hand, have a very small probability to be reconstructed as
a muon as they are unlikely to produce a consistent lepton signature up to
the muon chambers.
The importance of separating b jets and non-b jets also shows in the different
shape of the non-b and b-jet fake rate as a function of p. For b jets, a higher
pT causes the jets to be more collimated which reduces the probability for
the lepton to pass the isolation requirement. For light flavour jets, the behav-
ior is very different; the fake rate increases with p, indicating the dominant
contribution comes from the probability for the jet to pass the lepton identi-
fication requirements.

Also small differences in the pt migration are observed. The p1 migration
for jets that are misreconstructed as electrons is shown in Figure 51.

Validation

To check the dependance of the measured quantities on the center-of mass
energy, the fake rate and the pt migration factors are also determined using
a tt sample at /s = 8 TeV with 7M events and similar pileup conditions.
The pt migration factors are found to be in good agreement between both
samples, the fake rate shapes are in agreement as well while the normal-
izations are within a factor 2. The fake rate as a function of pt is shown
for b jets to muons in Figure 52. The large difference in normalization is
expected as different reconstructions are applied in the samples while the
same lepton identification and isolation requirements were used. This sug-
gest that the fake rate does not depend strongly on the center-of-mass energy
and the measured quantities at /s = 13 TeV can be used for this study at
Vs = 14 TeV as well.

To validate if the fake rate estimate can be used for the different upgrade
scenarios, the same quantities were calculated on the tt detailed simulation
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Figure 50: The fake rate as a function of the p1 of non-b jets (left) and b jets (right)
for electrons.

samples produced for the HL studies with 0.5M events. Again an agree-
ment of the fake rate shapes are found within the uncertainties.

It is therefore reasonable to use the fake rate derived from the /s = 13 TeV
sample with small statistical uncertainties for all the detector scenarios. Be-
cause the normalization of the fake rate determined from simulation has
been found to be unreliable in previous studies on data, the final results will
be stated as a function of a global fake rate scale factor to account for the
unknown data-to-simulation ratio.

6.6 SIGNAL REGION
The expected signal and background distributions in several variables after
the event selection are shown in Figure 53, for the Phase II detector config-
uration and an integrated luminosity of 3 ab™". Two signal models stacked
on the backgrounds are shown in this figure: the signal as predicted by the
standard model (blue continuous line) and the signal process in absence of
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Figure 52: The fake rate of b jets to muons as a function of Pt (top) and |n| (bottom)
at 8 TeV (left) and 13 TeV (right).

the Higgs boson (dashed pink line). The difference between the two is shown
with the continuous red line.

6.6.1 Statistical procedure

The final state is categorized according to the lepton flavour (ee, ep, pe,
up, where the leptons are sorted in pt) and the lepton charge (++, ——),
yielding a total of eight categories. The final state with two positive charged
leptons has a larger signal contribution due to the positive charge of the two
initial protons. Different backgrounds are present in the lepton flavour cate-
gories e. g. the non-prompt background depends on the lepton flavour and

PT-
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Figure 53: Distributions after the event selection with an integrated luminosity of
3 ab™ ! and the Phase II detector configuration. The blue continuous line
corresponds to the signal as predicted by the standard model, the dashed
pink line corresponds to the signal process in absence of the Higgs boson,
and the continuous red line is equal to the difference between the two.



67 SYSTEMATIC UNCERTAINTIES

The results are obtained by a maximum likelihood fit with the same meth-

ods as described in Section 5.6.1, relying on the asymptotic behavior of the
test statistic defined in Section 4.6.
For each benchmark the fit is performed simultaneous in all the final state
categories. A one-dimensional fit is performed on my; for the anomalous
coupling measurement, while the results for the other benchmarks are ob-
tained by a two-dimensional fit using the pair of variables that maximizes
the analysis sensitivity. A large set of variables are tested, with the main ones
listed in Table 17.

An example of the two-dimensional scan to determine the pair of vari-

ables that gives the highest significance for the longitudinal scattering mea-
surement is shown in Figure 54. This procedure is repeated for the other
benchmarks and leads to the pair of variables that maximizes the sensitivity
for each benchmark, listed in Table 18.
The final results are presented as a function of the integrated luminosity with
the non-prompt scale factor equal to one, and as function of a global scale fac-
tor to the non-prompt background estimate with the integrated luminosity
setto3 ab™".

Description Definition

jet pr pi, PP

lepton pt pLT1 ,pi?

R-variable =y PR)/F P

jet asymmetry asim; = (‘pT —p2)/ (P +pP)
lepton asymmetry asim = (py' —pi2)/ (P} +p¥)
VBS variables Anjj, my;

missing energy value Eniss

¢ separation Abir, Adjj, Adyy ppis, Abui
Razor mass mg =\/(EL1 +EL2)2— (pl' +pi?)2

Transverse Razor mass mR = \/[E‘T“iss(plT‘ +pl2) — Emis. (511 4 pl2)]/2

Table 17: The main variables considered for the 2-dimensional maximum likelihood
fit in order to optimize the analysis sensitivity.
The Razor variables contain information on the mass of pair-produced
heavy particles that decay to a detectable and undetectable part [136, 137].

67 SYSTEMATIC UNCERTAINTIES

The statistical procedure takes into account the systematic uncertainties in
the analysis (Section 4.6). Shape systematic uncertainties modify each bin
used in the fit, while global systematic uncertainties affect only the normal-
izations.
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Figure 54: The expected significance of the longitudinal scattering measurement in
the phase I scenario, using the pairs of the variables defined in Table 17.
The highest significance is obtained when combining the A¢;; and p IT‘

variables.
Analysis benchmarks Fit variables
Electroweak WEWTjj cross section R, myy
Longitudinal scattering cross section Adjj, p %-‘
Partial unitarization R, my1
Anomalous quartic gauge couplings miy

Table 18: Overview of the variables used for each analysis benchmarks in the maxi-
mum likelihood fit.

The systematic uncertainties estimated for the Phase I detector are assumed
to be identical for the Phase II scenario, as the performance of the object re-
construction is expected to be similar [2].

For the aged scenario, several systematic uncertainties are downgraded (re-
lated to the b-tagging, energy scale and energy resolution) according to the
POG recommendations and from comparing the Phase II and aged detailed
simulation samples.

The full list of systematic uncertainties that are considered and their relative
effect on the event yields are summarized in Table 19.

The systematic uncertainties that rely on data for their estimation are taken
from the analysis at Run I [113]. These are the uncertainty on the luminosity
and on the data-driven estimate of the non-prompt and charge misassign-
ment backgrounds. Also the uncertainty on the trigger, lepton reconstruction
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and selection efficiencies and on the b-tag efficiency are taken from the Run
I analysis.

The uncertainties on the energy scale and resolution of the objects are es-
timated with the same methods as described in Section 5.7 and applied as
shape systematic uncertainties.

The QCD scale uncertainties are estimated by varying the renormalization
and factorization scale by a factor two from their nominal value used in
the simulation, while PDF uncertainties are taken from the Run I analysis.
The effect of the theory uncertainties on the event selection efficiency is sep-
arated out for the signal process (called the signal acceptance uncertainty
in Table 19).

Detector scenarios

Systematic sources
PhaseI =~ Aged  Phasell

LHC luminosity 2.6% 2.6% 2.6%
jet energy scale 1-3% 1.5-4% 1-3%
jet energy resol. 5% 6.5% 5%
muon energy scale 1% 2% 1%
muon energy resol. 1% 2% 1%
electron energy scale 2% 4% 2%
electron energy resol. 2% 4% 2%
lepton efficiency 2% 2% 2%
b-tag efficiency 4% 5.5% 4%
lepton fake rate 30% 30% 30%
lepton wrong charge 30% 30% 30%
signal acceptance 2% 2% 2%
QCD scale 3-5% 3-5% 3-5%
PDF 5-7% 5-7% 5-7%

Table 19: The relative effect of the systematic uncertainties on the event yields for
each of the detector scenarios.

6.8 RESULTS
6.8.1  Electroweak WEW=jj

The measurement of the electroweak WEW=jj cross section with the largest
expected significance is obtained with a two-dimensional fit on R and myy,
with the R-variable defined as the product of the transverse momenta of
the leptons divided by the product of the transverse momenta of the tag
jets (Table 17). The expected uncertainty on the cross section measurement
as a function of the fake rate scale factor and integrated luminosity is shown
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in Figure 55. With 3 ab™ ' of data, the expected uncertainty is about 6% for
the Phase II and Phase I detector scenarios, and 8% for the aged detector
scenario. This means the Phase II detector in the high luminosity environ-
ment recovers the performance of the Phase I detector at the current pileup
conditions. As explained in Section 6.1.1, the Aged detector scenario is not a
realistic detector scenario beyond 1000 fb™* of data, but is used to identify
the key areas to be addressed by the upgrade.

Note that the uncertainty as a function of luminosity is shown up to 6ab™*
of collected data, while the expected luminosity that will be collected at the
HL-LHC is between 3 and 4 ab™" (Section 3.5). At this point, the uncertainty
on the cross section measurement is dominated by the systematic uncertain-
ties.
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Figure 55: The expected uncertainty on the cross section measurement for the var-
ious detector scenarios, as a function of the fake rate scale factor with
3 ab~ ' of data (left) and as a function of the integrated luminosity with
unity scale factor (right).

6.8.2  Longitudinal scattering

Even with the large amount of data that will be collected at the HL-LHC,
measuring the Wfo — WijLE process remains challenging. The compo-
nent with two longitudinally polarized W bosons makes up only about 5%
of the total electroweak W*W=jj production (Section 2.3). The largest signif-
icance for the measurement of the longitudinal component was found with
the two-dimensional fit on A¢j; and p-lr‘ . The normalized distributions in
these variables for the longitudinal polarized (LL), transverse polarized (TT)
and mixed state (TL) contributions are shown in Figure 56.

The significance of the measurement as a function of the fake rate scale fac-
tor and integrated luminosity is shown in Figure 57. A significance between
20 and 30 is expected after 3 ab™ " of data collected with the Phase I CMS
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detector, which recovers the performance of the current Phase I detector and

luminosity conditions.
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Figure 56: Normalized distributions of the LL, TL, and TT components of the elec-
troweak WEW=3j production in Adj; and pY! with the Phase II detec-
tor after the event selection.
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Figure 57: The expected significance for the wfwf — waf process in associa-
tion with two jets for the various detector scenarios, as a function of the
fake rate scale factor with 3 ab™" of data (left) and as a function of the
integrated luminosity with unity scale factor (right).

6.8.3 Partial unitarization

The sensitivity to models in which the Higgs boson only partially unitarizes
the VBS process is studied. Instead of testing specific BSM models, a more

general approach is chosen.

As a first step, we can exclude the model in which the Higgs boson does
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not take part in the unitarization of the VBS process. The distributions of
the electroweak W¥W%jj production in the no-Higgs model after the event
selection are shown in Figure 53 with the pink dotted line. To test the sensi-
tivity to partial unitarization, we define the difference between the SM elec-
troweak WT¥W%jj production and the same process in absence of the Higgs
boson as the signal, and the SM process as background. An exclusion limit
can be placed on the fraction of the difference between the no-Higgs and SM
process (shown as the red line in Figure 53). The strongest limits are found
with a two-dimensional fit on R and my.

When an exclusion limit at 95% confidence level (CL) can be placed at 1
the no-Higgs model is excluded, while stronger limits provide a qualitative
assessment of the potential to separate partially unitarized theories from the
SM. The exclusion limits at 95% CL as a function of the fake rate scale factor
and integrated luminosity are shown in Figure 58. The no-Higgs model is ex-
pected to be excluded already with the 300 fb™" of data collected before the
high luminosity upgrade. With 3 ab™ ' of data, a sensitivity of about 0.15 of
the difference between no-Higgs and SM process is expected with the Phase
IT detector scenario.
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Figure 58: The expected limits at 95% CL on the fraction of the difference between
the no-Higgs model and the SM, as a function of the fake rate scale factor
with 3 ab™" of data (left) and as a function of the integrated luminosity
with unity scale factor (right).

A second quantitative study was added after the technical proposal, by
rescaling the coupling between the Higgs boson and vector bosons ky. Simi-
lar to the previous study, we can then calculate the expected significance for
measuring the electroweak WEW®jj process with rescaled ky, with the SM
process as background. As the signal diagrams containing an intermediate
Higgs boson have an amplitude proportional to k%, the results are presented
as a function of the squared coupling. The expected significance as a func-
tion of the rescaled squared coupling for the different detector scenarios is
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shown in Figure 59, together with the probability density of the test statistic

for k4 = 1 and k% = 0.5. Partially unitarization models with k& < 0.75

are expected to be excluded at 95% CL for the Phase II detector scenario.
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Figure 59: The test statistic for the partial unitarization hypothesis with k& = 0.5
and the SM (k& = 1) for the Phase II detector (left). The expected sig-
nificance for the partial unitarization scenarios as a function of 2 for
the three detector scenarios (right). Both with an integrated luminosity of
3ab~ ! and unity fake rate scale factor.

6.8.4 Anomalous Quartic Gauge Couplings

Exclusion limits are placed on the Wilson coefficients associated to the di-
mension eight operators in the SM EFT (Section 2.4.1.2) that modify the WW
scattering cross section. The coefficients with dimension TeV~* are scanned
independently, assuming the other operators to be zero as in the SM. For the
So and S; operators, a two-dimensional scan is performed, while setting the
other seven coefficients to zero.

The expected limits are determined from a fit to the my; distribution. The
expected my distributions for the SM signal and its modifications for two
values of the coefficients associated with the Sp and Ty operators are shown
in Figure 60 for the Phase II detector scenario.

The expected upper limits are shown in Table 20 for the different detector
scenarios with an integrated luminosity of 3 ab~" and unity scale factor of
the fake rate. The evolution of the limit with the integrated luminosity is
shown in Figure 61 for the S; operator, together with the two-dimensional
limit on the Sy and S; Wilson coefficients.

The limits with the Phase II detector scenario are 10% to 15% better than
the limits obtained with the aged detector scenario.
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Figure 60: The mq; distributions (with my; > 600GeV) for the electroweak
WEWEjj production and its modifications for two values of the coef-
ficient associated with the Sy (left) and Ty (right) operators with the
Phase II detector scenario.

Phase I Phase II Aged
(TeV —%)  (TeV —%) (Tev —%)

So 2.47 2.49 2.85
Sq 8.19 8.25 9.45
My 1.88 1.76 2.03
M, 2.54 2.38 2.72
M 3.78 3-54 4.05
My 342 3-24 375
To 0.17 0.17 0.19
T, 0.078 0.070 0.080
T, 0.25 0.23 0.25

Table 20: Expected 95% CL limits on the dimension-eight operator coefficients in the
SM EFT Lagrangian for 3 ab—! of data and unity scale factor of the fake
rate for the three detector scenarios.
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Figure 61: The expected 95% CL limits on the S; Wilson coefficient as a function
of the integrated luminosity (left) and the 2D contour 95% CL limits on
the coefficients associated to the So and Sy operators for 3 ab—! of data
(right), for the three detector scenarios and with unity scale factor of the
fake rate.






CONCLUSIONS AND OUTLOOK

A measurement of the electroweak WEWjj production in the leptonic de-
cay channel was described in Chapter 5, in data collected with the CMS
detector throughout 2016. This was followed by a feasibility study of the
same process at the High Luminosity LHC with the Phase II CMS detec-
tor in Chapter 6. Measurements of the VBS process, like the ones that are
described in this thesis, are one of the primary goals of the LHC physics
program, as they play an important role in determining the nature of the
electroweak symmetry breaking mechanism and the self-interactions of the
electroweak bosons.

The electroweak WEW=jj production was measured in Run II CMS data
at a center-of-mass energy of 13 TeV and with an integrated luminosity of
35.9 fb~*. This measurement corresponds to the first discovery of a VBS-
dominated process, with an observed (and expected) significance of 6.10.
Limits were set on anomalous quartic gauge couplings in an EFT framework.
These measured limits are a factor 5 to 6 stronger than the limits obtained
in the Run I measurement of the same process, and are the strongest limits
obtained so far for some of these couplings. The large improvement in these
limits is due to the increase in center-of-mass energy from 8 TeV to 13 TeV
in 2015, which allows to probe a region that is more sensitive to new physics
at a high energy scale.

In the near future, the analysis of the same-sign WW boson scattering in
2017 and 2018 Run II data could benefit from several improvements. The
main one is the simulation of the signal with the full NLO corrections that
were calculated recently. The dominant systematic uncertainties in the anal-
ysis originate from the theory uncertainties in the signal estimate, which
shows the importance of including the NLO corrections in the theory calcu-
lations.

As more data is collected, splitting the events in charge and flavour final state
categories could also improve the sensitivity. This has also been studied for
the current analysis but did not improve the results due to limited statistics
in the already pure high-m;; region.

During the Run II and Run III LHC operation, it will also become possible
to discover other electroweak VVjj processes, with the most obvious can-
didates the Zy and WZ scattering processes that were measured with the
highest expected significance at Run I. Public results with Run II data are
available only for the ZZ scattering processes [116] so far, while measuments
of other VBS processes are under study, including the first measurement of
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the WH W™ scattering process.

The study of VBS after the high luminosity upgrade of the LHC is explored
in the last chapter, with the Phase II CMS detector. It was found that the
phase II detector, in the higher luminosity environment present during the
HL-LHC operation, reaches the target of recovering the performance of the
current detector (Phase I 50 PU). The tracker extension up to 1 = 4.0 is use-
ful for VBS studies as it improves the selection and reconstruction of the tag
jets that characterize the signal events, and can be used to reject backgrounds
from WZ and misreconstructed leptons. Sensitivity was found to models in
which the Higgs boson only partially unitarizes the vector boson scattering,
and improvements are expected to the anomalous quartic gauge coupling
limits. Detecting the longitudinal component of the electroweak WHW=jj
production in the leptonic decay channel remains challenging, with an ex-
pected significance of 2.4 0. Another possibility, which was not mentioned
in this study, would be to measure differential cross sections.

The results of the VBS study at the HL-LHC are a first estimate, and some
approximations that were used, will have to be addressed when performing
a data analysis. Several backgrounds will need to be estimated with a data-
driven approach, an estimate for the Vy background should be added, and
the tau decays of W bosons need to be included in the simulation which can
increase the expected signal yield by about 15%.

In general, one could expect that better results might be attained in future
measurements at the HL-LHC. First of all, conservative estimates were used
for the pixel detector performance. Also in the event reconstruction there
is room for improvement; the object identification and reconstruction algo-
rithms will be optimized in the next decade and the b-tagging algorithm can
be extended up to [n| = 4.0, which was only applied up to n| < 2.5 in
these studies. Another improvement which is currently under study, is to
use the enhanced time resolution of the upgraded detector to associate the
neutral energy with specific vertices in the event. This could greatly reduce
the impact of pileup on the object reconstruction, improve the identification
of leptons and jets, and the di-jet invariant mass reconstruction.

Next to the experimental advancements, also improvements from the theory
side can be expected; higher order calculations of the VBS processes can re-
duce some of the main systematic uncertainties.

Finally, studying the so far unexplored semi-leptonic decay channel of the
electroweak WT¥W%jj production is another promising opportunity to en-
hance the analysis significance. Although the signal over background ratio
is smaller in this final state, recent developments in the study of boosted
topologies [138, 139] and the possibility to reconstruct the complete final
state add separation power to the measurement of the longitudinal scatter-
ing and anomalous couplings.
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VBF HIGGS TO B QUARKS

The event topology of Higgs production through vector boson fusion (VBF)
is very similar to that of vector boson scattering. Instead of producing two
outgoing vector bosons, the incoming bosons merge to a Higgs boson, which
subsequently decays to two b quarks in about 60% of the decays. The main
Feynman diagrams for this process are shown in Figure 62, with the final
state consisting of four jets: two tag jets and two b jets from the Higgs decay.

Figure 62: Feynman diagrams of the VBF-produced Higgs boson process decaying
to b quarks, with the Higgs boson produced from two Z bosons or two
oppositely charged W bosons.

The main challenge for measuring this process is the overwhelming QCD

background that can not be estimated accurately from simulation. A first
measurement of this process was performed in Run I data recorded with
the CMS detector [1, 140], at a center-of-mass energy of 8 TeV and with an
integrated luminosity of 19.8 fb~".
A brief overview of the analysis is given, with a focus on the statistical proce-
dure and its validation method. The analysis is described here for the largest
of two datasets that are used in the analysis. Both datasets are recorded dur-
ing the same data-taking period, but rely on a different set of triggers.

ANALYSIS OVERVIEW

Measuring the small signal is only possible with a dedicated approach at all
levels of the analysis. A topological trigger on four-jet events was developed
to select the signal events. The trigger requires four jets passing pt and b-
tagging requirements, as well as selections on the invariant mass and the
pseudorapidity difference of the tag jets. To identify the jets originating from
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the Higgs boson in the offline analysis, a boosted decision tree (BDT) [141]
is trained on the 1 and b-tagging values of the jets. This is followed by the
event selection listed in Table 21. The pair of most probable jets from the
Higgs decay will be denoted by bb and the pair of most probable tag jets by

99

Event selection

4jets with p123? > 80,70,50,40 GeV and |n| < 4.5

2 jets that pass a loose b-tagging requirement (CSV algorithm (Section 4.3.4))
Adpp < 2.0

Mgq > 250 GeV and Angq > 2.5

lepton veto

Table 21: The event selection, with bb the pair of jets identified as originating from
the Higgs decay and gq the identified pair of tag jets.

The event selection consists only of loose selections because the main se-
lection of the signal region is performed with a boosted decision tree. This
multivariate discriminant makes use of variables related to the kinematics
of the tag jets, the angle between the qq and bb planes, b-tagging values, a
quark-gluon discriminant and the hadronic activity in the event. The output
of this BDT for the signal, backgrounds and data is shown in Figure 63.

The events are split in multiple categories according to the BDT output. A
signal extraction method is developed for this analysis that is based on the
search for a signal “bump” on top of the smoother QCD background shape
in the my,y, distribution in each category. The BDT output values at which
the boundaries are set, are optimized to maximize the expected significance
while keeping sufficient statistics to fit the signal and background templates
in each category. The categorization in the BDT output is shown in Figure 64.

The lowest BDT category (CAT-1) is not used in the statistical procedure
because the signal extraction method requires the my,, distribution to not
depend strongly on the BDT category, which is not fulfilled for this category.
This can be seen in Figure 65 that contains the average myy, as a function of
the BDT output.

The signal discrimination is enhanced further by a jet regression technique
developed for this analysis that improves the energy scale and resolution of
the invariant bb mass.

STATISTICAL PROCEDURE

The signal is measured with a parametric fit to the binned invariant mass dis-
tribution of the bb system in multiple categories. In the signal distribution
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Figure 63: The distributions of the BDT output used to separate the signal and back-
ground regions. The VBF and gluon fusion (GF) Higgs boson signal have
been multiplied by a factor 10 for a better visibility, the QCD simulation
estimate is scaled to the data.
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Figure 64: The normalized data, signal and background distributions in the BDT
output, with the categories indicated. The plot is taken from [140].
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Figure 65: The average my,, as a function of the BDT output. The region with a BDT
output smaller than -0.6 is not used in the statistical procedure.

a bump at the Higgs mass is expected, while the large QCD background has
a falling spectrum as a function of myy,. The invariant mass distributions of
the data and simulation, summed over all categories, are shown in Figure 66.
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Figure 66: The my,, distribution after the jet regression. The VBF and gluon fusion
(GF) Higgs boson signal have been multiplied by a factor 10 for a better
visibility, the QCD simulation estimate is scaled to the data.

In the fit model, the signal and backgrounds from the production of a Z or
W boson (called the Z background) and from single top and tt production
(called the top background) are modeled from simulation. The dominant
QCD background can not be accurately determined from theory and has to



VBF HIGGS TO B QUARKS

be estimated from data. The QCD background model consists of a function
that describes the global shape of the background, multiplied by a transfer
function that is category dependent. As the my,, distribution does not de-
pend strongly on the BDT output, factorizing out this contribution strongly
reduces the degrees of freedom needed to describe the QCD background in
all categories. The fit model f; for category i can be written as:

fi(mpp) = - Nip - Hi(mpp) + Niz - Zi(mpy )+

(70)
NiTop - Ti(mpy) + Nigcp - Ki(mpy) - B(myp ),

with the signal strength p the parameter of interest, and H, Z and T the
parametric models that describe the signal, Z and top components with nor-
malization N. The global QCD shape B(myy,) is measured in the lowest
BDT output category (CATO) where the signal is negligible. The measured
B(mypy ) template is identical in all categories of the fit model. The depen-
dency of the QCD shape on the BDT discriminant is contained in the transfer
function K;(myy, ) which is measured from the myy, ratio between the cat-
egories, blinded in the signal region. The measured transfer functions are
shown in Figure 67. The functional form of the QCD shape B(my,) and
transfer functions K (mypy, ) are determined from a bias study, which is ex-
plained in the next section.
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Figure 67: The transfer functions fitted to the ratio of the normalized my,, distribu-
tions, for CAT1 to CAT3 divided by CATO.

The QCD normalization N; gcp is unconstrained in the fit, while the top
and Z normalizations (NiTop and Njz) are allowed to float within 30%
of their expected values. The signal normalization is modified by the un-
constrained signal strength u, while N 1 is fixed to its SM prediction. The
models determined from simulation include parameters that describe their
variation with the jet energy scale and resolution, which are free in the fit.
The parameters of the QCD shape B(myy}, ) are allowed to float according
their uncertainties, while the transfer functions K;(mp,) parameters are
unconstrained in the fit. The fit results to data in all categories are shown
in Figure 68.
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Figure 68: The total fit model (in blue) and the separate components after fitting to
the my,, distribution in all categories, with CATO the least sensitive and
CAT3 the most sensitive category. In the bottom panel the background
subtracted distribution is shown, including the fitted signal and the 1o
and 2o background uncertainty bands.

BIAS STUDY

As the underlying function that describes the QCD background can not be
determined from theory arguments, a functional form has to be chosen. Ide-
ally, the background model would be general enough to accurately describe
the true underlying model (which is unknown), while at the same time not
being able to absorb the signal contribution as well. Also for the transfer
functions, a parametric model needs to be chosen. The optimal functions are
determined from data with a bias study, meaning the functional form is cho-
sen that minimizes the potential bias in the fit.

In order to estimate the potential bias on the parameter of interest p, differ-
ent classes of functional forms that can describe the QCD background shape
B(myy ) are tested, which are listed in Table 22. For each possible B (myy,)
model 1000 pseudo-dataset are generated with the full model (Equation 70).
The same fit model, but with a different function for B (myy, ), is then fitted
to each of the pseudo-datasets with a simultaneous maximum likelihood fit
in all categories.
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The signal bias is defined as the difference between the measured and in-

Function name Parametrization

expPow(x) (x —30)¢ -exp(—bx*©)

modG(x) exp(—ax) - erfc(b —cx)

tanh(x) a—tanh(bx —c¢)

sine(x) T+a-sin(bx—c)
n=4—6

Bernsteing-6(x) VEO Bvbyn(x),

with by n (%) = (J)x¥ (1 —x)" 7Y
Table 22: The functional forms that are tested in the bias study of the QCD back-
ground shape B (my,y, ). Bernsteing-6 corresponds to polynomial functions
of order 4 to 6, with the Bernstein form chosen for numerical stability.

jected signal.The signal bias is considered as acceptable when it is smaller
than 20% of the uncertainty on the measured signal, quantified by the root
mean square of the measured signal strength distribution.

A polynomial function of order 5 as B (my} ) model gives the best results,

with an average bias within 20% of the uncertainty on p for all the B (1myy, )
models (Table 22) used in the pseudo-dataset generation. The measured bias
with the Bernsteins QCD function in the fit model as a function of the in-
jected signal strength is shown in Figure 69.
To optimize the fit window and bin size in my,y,, the bias study is repeated
with different options for the fit window and bin size. The optimal settings
are a fit window between 80 GeV and 200 GeV with a bin size of 0.5 GeV
in Mpp. The functional form of the transfer functions Ki (myy ) is decided
on with a second bias study in which linear, quadratic polynomial and expo-
nential functions are tested for K; (1myy, ). It is found that the linear transfer
function with free parameters that is used in the fit model has an expected
bias well within 20% of the total uncerainty.

RESULTS

The analysis is performed on two datasets that rely on a different set of trig-
gers that were active during the same data-taking period. On the second,
smaller dataset, the same analysis strategy is applied, but with small differ-
ences in the event selection and statistical procedure. The final results are
derived from combining the four categories described in this chapter, and
three additional categories from the second dataset.

The observed significance of the signal measurement, for a Higgs boson
mass of 125 GeV, is 2.2 standard deviations, while the expected significance
is 0.8 0. The fitted signal strength is u = o/osm = 2.8f}:‘6‘.
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Figure 69: The average bias as a function of the injected signal strength (o/ogym)
for a fit model with B (myy, ) a 5th order Bernstein polynomial. The leg-
end shows the functions that were used for B (myy, ) while generating
the pseudo-datasets. The root mean square of the measured signal distri-
bution is shown by the yellow band, and osn denotes the signal cross
section as predicted by the standard model.

In addition, upper limits are set at 5% confidence level on the signal cross
section, for five different Higgs boson mass hypotheses (between 115 and
135 GeV). The expected and observed limits are shown in Figure 70. The
expected limits are shown in the case there is no Higgs boson and in the
case of a Higgs boson with a mass of 125 GeV.
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cross section in units of the SM expected cross section, as a function of
the Higgs boson mass. The limits expected in the presence of a SM Higgs
boson with a mass of 125 GeV are indicated by the dotted curve.
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