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Abstract

Abstract

A search for exotic particles decaying via WZ to nal states with electrons and muons is performed using a data sample of
pp collisions collected at TeV center-of-mass energy by the CMS experiment at the LHC, corresponding to an integrated
luminosity of . −. A cross section measurement for the production ofWZ is also performed on a subset of the collision
data. No signi cant excess is observed over the Standard Model background, so lower bounds at the  con dence level
are set on the production cross sections of hypothetical particles decaying to WZ in several theoretical scenarios. Assuming
the Sequential Standard Model, W′ bosons with masses below GeV/c are excluded. New limits are also set for several
con gurations of Low-Scale Technicolor.
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 Introduction

Physics currently recognizes four fundamental forces which
account for nearly all knownphenomena in physics. Ahand-
ful of notable observations from the past few decades, how-
ever, have identi ed key de ciencies in our existing model.
Much of the basic research being conducted in physics to-
day is focused on exploring modi cations or additions to
the known forces and matter particles in order to provide
explanations for these new observations.

is thesis describes an experimental search for such
new physics using the Compact Muon Solenoid (CMS), a
four-story-high detector housed  feet underground de-
signed to study particle interactions produced by the Large
Hadron Collider (LHC). e LHC is the highest-energy par-
ticle accelerator ever constructed and has brought together
thousands of physicists from across the globe interested in
pushing the frontiers of knowledge to ever-smaller scales.

We will start by considering an overview of the Standard
Model of particle physics (Chapter ), a theory which de-
scribes the fundamental forces as arising from the exchange
of various mediating bosons between particles of matter. e
more speci c focus of the thesis on W and Z bosons, the
mediators of the weak force, is discussed in Chapter  along
with motivation for investigations into associated WZ pro-
duction as a probe to reveal new physics. Previous exper-
imental work which informs our current understanding of
weak interactions is introduced in Chapter , leading to an-
depth explanation inChapter  of the capabilities of theCMS
detector and the LHC.

Chapters  through  discuss the various tools and strate-
gies used in building a compelling analysis of particle colli-
sion data and in particular the method used to isolate and
understand a sample of WZ events recorded by CMS. All
of this builds to a presentation of two new investigations
performed using this collision data. First is a measurement
of the WZ cross section (Chapter ) which is a general-
ized description of the frequency with which WZ events are
produced in a particular type of collision. Measuring that
interaction probability is an important demonstration of our
analysis capabilities and provides a rst window for prob-
ing deviations from the predictions of the Standard Model.
In Chapter , we move on to an explicit investigation of
new physics by looking for an excess of WZ events clustered
around a mass value corresponding to a new heavy particle.
We provide new limits on the production of such a particle
and discuss the constraints they provide on a variety of pro-

posed models for new physics.

. Terminology and Conventions

In many areas of physics which involve investigations at
small scales, energies are discussed not in terms of the typical
SI units of Joules, but rather in terms of the electron volt (eV),
equal to the fundamental unit of charge multiplied by the SI
unit of electric potential. Most energies discussed in this text
will be in terms of GeV = 109 eV or TeV = 1012 eV.

Particle interactions at the GeV or TeV scale are neces-
sarily relativistic, meaning that the energies associated with
the particles’ rest masses (E0 = mc2) are insigni cant in
comparison to their kinetic energies. Relativistic velocities
are characterized by the Lorentz factor:

γ = 1
√

1 − v2
c2

, (.)

with v the velocity of the particle and c the speed of light
in a vacuum. e total energy of a particle is given by its
rest energy and momentum as E =

√
E2

0 + (pc)2 and can
be expressed in terms of the Lorentz factor as E = γmc2,
meaning that the kinetic portion of the total energy is given
by T = (γ−1)mc2. Considering that an electron with kinetic
energy of just GeV achieves a Lorentz factor γ ≈ 2000, this
relationmakes clear that the rest mass of most particles plays
no signi cant role in the relativistic limit. As a result, we
oen speak of a “GeV electron” or a “TeV muon” where
the energy value refers interchangeably to the total energy or
the kinetic energy. Indeed, particle physicists routinely drop
the factors of c from their equations and speak of mass and
momentum in energy units, understanding that others in the
community can easily infer their intended meaning. In an
effort to remain accessible to a wider audience, this thesis
maintains the distinctions between energy, momentum, and
mass, along with their associated units (GeV, GeV/c, and
GeV/c) whenever possible.

e existence of antiparticles, one of the early discoveries
of the particle physics era, has become an integral piece of the
eld theories which describe relativistic interactions. While

antiparticles share most characteristics including mass with
their particle counterparts, other properties are inverted.
When discussion demands a distinction between particles
and antiparticles, it is usually sufficient to specify the electric
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charges; thus, an electron is designated e− while the anti-
electron or positron is designated e+. In the case of neutral
particles or when speci cation of electric charge would be
distracting, an alternate notation is used where antiparticles
receive an overbar; we can then distinguish a neutrino ν
from an antineutrino ν̄ or a proton p from an antiproton
p̄. Because antiparticles are quite common in high-energy
interactions, the distinction between matter and antimatter
is oen ignored. Unless explicitly stated otherwise, a refer-
ence to “electrons” refers also to positrons while a reference
to “muons” apply equally to µ+ as it does to µ−.

Our theoretical understanding of particle interactions is
deeply mathematical, enabling us to produce incredibly pre-
cise predictions for observable processes based on various
quantum eld theories. While the calculations can be com-
plex, they can be constructed in a rather straight-forward
manner from simple Feynman diagrams (example in Fig. .)
which show the possible interactions as pictures. For this
thesis, I will use the convention that the horizontal axis of
the diagram represents time, so that particles on the le
represent the initial state and particles on the right represent
the nal state.

..

q

.

q′

.

W

.

γ

. W

Figure 1.1: An example Feynman diagram.

Each line represents a particle, with solid lines for
fermions and wavy lines for bosons. e arrows on the
fermion lines represent the particles’ momenta, meaning
that arrows pointing toward the le represent particles trav-
eling backwards in time. is is the Feynman diagram
convention for representing antiparticles, which are indeed
physically equivalent to the corresponding matter particles
running in reverse. e convention makes it easy to turn
or twist the diagram to represent related processes. By as-
signing momenta to the various lines and coupling values to
the various vertices where those lines come together, these
diagrams can be translated directly into equations which
predict the probability for a given interaction.





 e Standard Model

. History and Overview

e Standard Model of particle physics combines into one
theory all themajor successes of the past century concerning
our theoretical understanding of fundamental particles and
their interactions. It incorporates three of the four known
fundamental forces (electromagnetism, the weak nuclear
force, and the strong nuclear force), leaving only gravity
out of the picture. In , Sheldon Glashow succeeded in
unifying electromagnetic and weak interactions into a sin-
gle electroweak theory [], later working concurrently with
Steven Weinberg and Abdus Salam to explain the weak bo-
son masses by incorporating the Higgs mechanism [, , ].
By the mid-seventies, the modern theory of the strong in-
teraction was also completed. In the decades since, the
Standard Model has been strikingly successful as new ex-
periments have veri ed Standard Model predictions to ever-
increasing accuracy.

e Standard Model rests on the concept of quantized
energy and momentum relations, forming a set of quantum
eld theories associated with the fundamental forces. e

properties of the forces are re ected in the symmetries of
their respective eld theories. In the language of group the-
ory, the Standard Model can be described as:

SU(3)C × SU(2)L ×U(1)Y, (.)

with the SU(3)C group corresponding to the strong force
generated by color charge C, the SU(2)L group correspond-
ing to weak isospin T3 (relevant only for le-handed par-
ticles), and the U(1) group corresponding to weak hyper-
charge Y. Each group implies a gauge symmetry which en-
forces conservation of the associated charge and determines
the properties of the resulting gauge bosons which mediate
the interaction. e SU(2)L×U(1)Y piece describes themix-
ing and uni cation of theweak and electromagnetic forces in
Glashow’s original electroweak theory. Of particular inter-
est is the non-Abelian nature of this symmetry which gives
rise to weak bosons which themselves carry weak charge.
As a result, it becomes possible to have direct interactions
between these bosons, with signi cant implications which
will be discussed in Chapter .

. Fundamental Particles

e particle content of the Standard Model is naturally split
into fermionswhich constitutematter and bosonswhich carry
forces. e fermions can be further divided into two distinct
families — the quarks which interact via the strong nuclear
force and the leptons which do not (Table .). Among the
bosons, the electromagnetic force is mediated by the pho-
ton (γ), the weak force is mediated by the W and the Z, and
the strong force is mediated by gluons (g) (Table .).

e normal matter of everyday life is made up of just
three fundamental fermions. e protons and neutrons that
form the nucleus of any atom are each colorless clusters of
three quarks, tightly bound together via the strong force. e
proton consists of two up quarks and a down quark (uud)
while the neutron has one up and two down (udd). No
atom would be complete, however, without electrons (e−)
orbiting the nucleus to balance the positive electric charge
of the protons. Together with the electron neutrino (νe, a
nearly massless particle which interacts very rarely), these
form the rst generation of matter particles.

While the additional two fermion generations (the charm,
strange, top, and bottom quarks along with the muon and
tau, and their associated neutrinos) are otherwise identical
to the rst, they carry substantially greater masses. Due to
couplings with theW boson, these heavy fermions are able to
participate in interactions which cross generational bound-
aries and are thus unstable. ey can exist only momentarily
before they decay, leaving behind rst generation fermions.
Experimental evidence con rms that only these three gener-
ations exist [], but a theoretical explanation for that number
is one of the unanswered questions of the Standard Model
(discussed further in Sec. .).

. Fundamental Particles in the Context of a
Collider

While the Standard Model provides a pleasantly polished
roster of distinct particles, most of these are highly unstable
and thus rarely found in nature. We must use colliders to
produce bursts of energy intense enough to produce them,
then view the lower mass products into which they decay.
As such, we now take a more pragmatic look at how funda-
mental particles behave in that context.
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1st Generation 2nd Generation 3rd Generation

s Q T3 C f mc2/eV f mc2/eV f mc2/eV
1
2 + 2

3 + 1
2  u  × 6 c . × 9 t . × 11

1
2 − 1

3 − 1
2  d  × 6 s . × 8 b . × 9

1
2 0 + 1

2  νe < . × 0 νµ < . × 5 ντ < . × 7

1
2 −1 − 1

2  e . × 5 µ . × 8 τ . × 9

Table 2.1: e fundamental fermions, with spin s, electric chargeQ, weak isospin T3 (equal to zero for right-handed particles),
presence or absence of color indicated by C (the charge of the strong force, with quarks carrying one unit of red, green, or blue
color), and massm. e common symbol used for each fermion is given by f, with up-type quarks in the rst row, down-type
quarks in the second, neutral leptons (neutrinos) in the third, and charged leptons in the fourth. For each listed particle, there
is a corresponding antiparticle with the same mass, but opposite values of Q and T3.

Symbol Interaction s Q T3 C mc2/eV
γ electromagnetism     
W weak nuclear force  ±  ±   . × 

Z weak nuclear force     . × 

g strong nuclear force     
H —     > . × 

Table 2.2: e fundamental bosons with spin s, electric charge Q, weak isospin T3 (the charge of the SU(2) interaction),
presence or absence of color indicated by C (the charge of the strong force, with all bosons colorless except for the bicolored
gluon), and mass m.

e structure of the strong interaction ensures asymp-
totic freedom [], meaning that the strength of the interac-
tion becomes arbitrarily weak only at small separations be-
tween quarks; the strength of the interaction actually grows
as colored particles move apart. As a result, quarks simply
cannot survive outside the con nes of a colorless hadron. A
high-momentum quark immediately begins shedding its en-
ergy by pulling qq̄ pairs out of the vacuum, thereby providing
new partners with which to form colorless bound states. An
experimentalist sees the result of this hadronization process
as a collimated jet of charged and neutral particles. e total
energy of a jet, which is closely related to that of the original
quark, can be determined by measuring the momenta of the
charged hadrons as they bend in a magnetic eld along with
the total energy deposited by the charged and neutral parti-
cles as they interact with a dense material. ese strong and
electromagnetic interactions produce showers of secondary
particles which can be directly detected, as described below.
Of the six quark avors, the notable exception to this rule
of hadronization is the extremely massive top quark whose
lifetime is too short to form bound states; it instead decays
directly to the lighter fermions.

Among the charged leptons, only the electron is truly sta-
ble, although its low mass makes it prone to bremsstrahlung
when passing through matter, a process of energy emission
in the form of photons which can further split to form new
electron-positron pairs. Assuming a high momentum for

the original electron, this splitting is likely to continue sev-
eral times over, forming a cascade known as an electromag-
netic shower. Despite the splitting, the energy of a primary
electron can be determinedwith high accuracy bymeasuring
the total energy released in the shower.

Surprisingly, the unstable muon oen turns out to be a
cleaner object for experimental observation than the stable
electron, as its high mass suppresses bremsstrahlung losses.
At GeV energy scales, its relatively long lifetime (. µs) al-
lows a muon to travel through hundreds of meters of matter
before decaying to an electron. e muon, then, can be di-
rectly detected by sampling its trajectory as it moves through
a magnetic eld.

In contrast to the electron and muon, the tau lepton de-
cays much too quickly to be identi ed directly in a detector.
Reconstruction of a tau relies on piecing together its de-
cay products, which will be some combination of electrons,
muons, and jets.

e neutral leptons (neutrinos) are the most elusive of
the fundamental particles. ey are light enough to be sta-
ble and they interact only via the weak force, giving them
the unique ability to pass through large quantities of mat-
ter undisturbed. Experiments which detect neutrinos are
able to sample only a small fraction of the neutrinos passing
through their detectors, so they rely on dedicated sources
with large statistics to mitigate the low interaction probabil-
ity. In the context of a collider, an individual neutrino is en-
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tirely untraceable. When searching for processes involving
a neutrino, the collider experimentalist’s only recourse is to
employ conservation laws, knowing that no particle in the
initial state has a momentum component transverse to the
beampipe. By analyzing the distribution of energy deposits
for all detectable particles, we can detect an imbalance in
the transverse direction (Emiss

T ) to associate with a supposed
neutrino (a more detailed description of this technique is
given in Sec. .).

Each of the bosons can be observed using some combi-
nation of the techniques already discussed. Photons are sta-
ble and can be detected by the same electromagnetic showers
seen for electrons. Gluons ejected from collisions hadronize
similarly to the quarks, so they can also be observed through
jets of charged particles. e W and Z bosons may decay
through a variety of channels, producing either leptons or
hadrons.

. Electroweak Symmetry Breaking

Mathematically, the electromagnetic andweaknuclear forces
are nearly identical, suggesting a strong symmetry. Each can
be described by a potential:

V ≈ 1
r
e−mr, (.)

with r the distance between two interacting particles and m
the mass of the boson mediating the interaction. Within
quantum eld theory, the interaction is described as a set
of probabilities proportional to:

g4

(q2c2 −m2c4)2
, (.)

with m as before, q the momentum transferred between the
interacting particles, and g the coupling associated with the
force. e electromagnetic and weak couplings are inti-
mately related, with gEM = −e and gweak = −e cot θW differing
only by a multiplicative constant near unity (cot(θW) ≈ 1.7)
de ned by the Weinberg or “weak mixing” angle θW. e
substantial low-energy asymmetry between the weak and
electromagnetic forces, then, is not due to the coupling but
rather due to the high mass of the W and Z bosons which
limits the range of weak interactions in comparison to elec-
tromagnetic interactions mediated by the massless photon.

e coupling “constant” for an interaction is only an
approximation, as its value actually depends on the momen-
tum transfer involved in an interaction. In contexts where
this variation in energy scale becomes a noticeable effect,
we speak of a “running” coupling constant. In practice,
however, we are indeed able to treat the electromagnetic and
weak couplings as constant since the low-energy value of or-
der − increases by only  at the energy scale ofW andZ
bosons. At energies much higher than those achievable with

current colliders, quantum electrodynamics (QED) predicts
that the running of the electromagnetic coupling does even-
tually become signi cant, yielding in nite contributions at
nite energies which threaten to spoil the theory. is di-

vergence, though, is generally accepted as an indication that
the theory is only a low-energy approximation of somemore
general interaction, so the true behavior of the coupling at
high energy is unknown. In contrast, the running of the
strong force coupling is most pronounced at low energies,
so calculations in the theory of quantum chromodynamics
(QCD)must always be performed in reference to a particular
energy scale.

At high energies (q/c >> m), the mass of the mediat-
ing boson no longer plays a signi cant role. e values of
the weak and electromagnetic couplings also converge in
this region, leading the two interactions to have comparable
strength and thus realizing the uni cation which is the hall-
mark of electroweak theory. Understanding the symmetry
within the theory, we now turn our attention to how an
element can be introduced which breaks that symmetry in
order to accomodate the observed behavior at low energy.

Within the StandardModel, electroweak symmetry break-
ing is effected through the Higgs mechanism which intro-
duces a Higgs eld φ which generates mass-like terms in
the Lagrangian [, , ]. e Higgs eld is a doublet in the
SU(2) electroweak interaction, but a singlet in the SU(3)
color interaction,

φ = ( φ
+

φ0 ) . (.)

is eld carries a potential,

V(φ) = µ2φ†φ + λ(φ†φ)2, (.)

with mass parameter µ2 and Higgs eld self-interaction
strength λ. A positive or null value of µ2 would mean no
Higgs interaction whatsoever; to provide an opportunity for
the desired spontaneous symmetry breaking, we chooseµ2 <
0, leading to a potential with degenerate minima,

φ†φ = −µ
2

2λ
= v2

2
, (.)

with v =
√
−µ2/λ the vacuum expectation value of φ.

is non-zero value forφ allows for interactions ofmass-
less free particles with the Higgs eld at all points in space,
making them appear massive. In particular, the Standard
Model Lagrangian includes terms quadratic in the elds for
the vector bosons, leading to masses given by:

M(W) = v∣g∣
2
, (.)

M(Z) =
v
√
g2 + g′2

2
. (.)

with g and g′ the couplings associated with SU(2) and U(1)
gauge groups respectively. At this point, we have achieved
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Figure 2.1: A qualitative plot of the Higgs potential (V(φ)),
showing the “champagne bottle” shape. ere is no single
minimum, but rather a circle of degenerate minima along
the base of the bottle.

the electroweak symmetry breaking which was the original
intention of the Higgs mechanism, although the theory can
be extended to generate masses for the fermions as well. If
we choose to re-express the theory in terms of the eld:

φ̃ = φ − φ0, (.)

withφ0 theHiggs eld, we end upwith “Yukawa interaction”
terms gφ0ψ̄ψ which correspond to a fermion with mass gφ0.
At present, we have no theoretical motivation for the values
of these Yukawa couplings g, leading to another set of pa-
rameters which must be experimentally derived.

While this is the simplest proposed mechanism for im-
parting mass to the Standard Model particles, we have yet
to observe a Higgs boson, and discovering a Higgs is indeed
one of the major physics goals of the LHC.

. Shortcomings of the Standard Model

While the proposed Higgs mechanism in the Standard
Model provides a comparatively simple explanation for elec-
troweak symmetry breaking, it leaves open a variety of theo-
retical questions. In particular, this elementary Higgs model
[, ]

• provides no dynamical explanation for electroweak
symmetry breaking in the sense that the vacuum ex-
pectation value of the Higgs must be experimentally
derived (µ2 could just as well be positive or zero, spoil-
ing the theory),

• seems unnatural since it requires an enormously pre-
cise ne-tuning of parameters to avoid quadratically
divergent contributions to the Higgs mass,

• cannot explain the hierarchy problem of a vast gap be-
tween the electroweak scale (O(102 GeV)) at which
the Higgs gives mass to the weak bosons and the
Planck scale (O(1019 GeV)) at which gravity is ex-
pected to have a similar strength the SM forces,

• is trivial in that it is understood to be invalid beyond
some cutoff scale Λ, and

• provides no insight into avor physics, giving no ex-
planation for fermion generations, masses, or mixing.

e triviality problem refers to the same behavior al-
ready discussed in quantum electrodynamics which predicts
divergent contributions at high energy. e problem is so
named because the only way to avoid the divergent catastro-
phe without adding new elements to the theory is to require
that the normalized charge be zero, leading to a “trivial”
theory of noninteracting particles. is characteristic is not
generally seen as a problem in QED since the energy scale at
which the theory becomes inconsistent is inaccessibly large,
suggesting that the theory is a successful low-energy approx-
imation of some more fundamental set of interactions. e
luxury of ignoring divergences, however, cannot be indulged
for the Higgs mechanism as the predicted cut-off scale is
much lower, perhaps within the energy reach of the LHC.

Several of these issues (particularly unnaturalness and
the hierarchy problem) can be mitigated in supersymmet-
ric models []; indeed, LHC Higgs searches typically con-
sider various supersymmetric con gurations alongside the
SM Higgs. is thesis does not consider supersymmetry,
but does consider various Higgless models (see Section .)
which can also overcome these difficulties.

e success of Glashow’s electroweak theory in unifying
the electromagnetic andweak forces seems to suggest that all
the fundamental forces may really be different aspects of one
uni ed force, but the SM fails to fully integrate the strong
force with the electroweak interaction and ignores gravity
completely. All efforts thus far to develop a quantum theory
of gravity have failed, as quantummodels seem incompatible
with general relativity. For the strong force, there is more
hope, and a variety of so-called GrandUni edeories have
been proposed to fold color in with the electroweak interac-
tion (see section .).

Other problems with the SM involve its limited scope.
While the SM has provided some tremendously accurate
predictions, it relies on an unreasonable number of ad hoc
parameters which must be experimentally derived, includ-
ing all the particle masses and couplings. Besides this, the
past few decades have produced several astronomical obser-
vations inconsistent with the existing content of the model.
In some regions of space where gravitational effects indicate
matter should be present, we observe none of the radia-
tion expected from the known massive particles, prompt-
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ing speculation on new neutrino-like dark matter candi-
dates with no electromagnetic or strong couplings, but with
mass great enough to explain the observed gravitational ef-
fects. We have also observed an overall outward accelera-
tion of the universe incompatible with any known force; the
most promising explanations for this are dark energymodels
where some new quantum eld acquires a vacuum expecta-
tion value, but we have little to guide as at this point as to the
details of such a theory. Finally, the Standard Model fails to
provide any mechanism which could explain the substantial
dominance of matter over antimatter in the universe; while
several experiments have con rmed some deviation in the
behavior of matter vs. antimatter with respect to weak in-
teractions, the small magnitude of the effect fails to provide
any compelling explanation for the complete absence of bulk
antimatter.







 Aeoretical View of Diboson Production

. Electroweak Diboson Production

While all electroweak interactions involve at least one of
the bosons γ, W, or Z, we can gain new insight into the
structure of electroweak theory by considering interactions
involving multiple electroweak bosons. ese interactions
occur less frequently than single-boson events, but they lie
within reach for modern colliders. Indeed, all triple-boson
couplings predicted to occur within the SM have already
been observed (see discussion in Chapter ).

In order to participate in a given interaction, a particle
must have a non-zero coupling to the associated boson, cor-
responding to a non-zero charge. Table ., describing the
properties of the various gauge bosons, lists a non-zero value
of weak isospin T3 (corresponding to the SU(2) interaction)
only for the W while the weak hypercharge Y = 2(Q − T3)
associated with the U(1) interaction is null for all gauge
bosons. As a result, the only couplings allowed in the SM
directly between the various electroweak bosons is through
the weak isospin of the W which connects it to both the
photon and the Z. us, we expect to see WWZ and WWγ
vertices, but neverZZZ,ZZγ,Zγγ, orγγγ; other conceivable
combinations are forbidden because they would not con-
serve electric charge.

e values of the various charges ascribed to the elec-
troweak bosons can be understood in terms of the gauge
structure of the two interactions involved. e observed
neutral bosons Z and γ are in fact superpositions of the
neutral SU(2) boson W0 and the U(1) boson B. Terms in
the Lagrangian corresponding to multi-boson interactions
arise from non-zero commutation relations within the cor-
responding group. Because operators from different groups
commute and because each operator necessarily commutes
with itself, we cannot build any non-zero term involving
only W0 and B operators. e WWZ and WWγ interactions
arise from terms which invoke the non-zero commutation
relations between W0 and W±.

e simplest diagrams leading to diboson production
can be drawn through simple recon guration of the fa-
miliar vertices which couple the gauge bosons to fermion
pairs; at a hadron collider, this takes the form of two
quarks individually radiating gauge bosons in the same
event (Fig. .). e annihilation of fermions to a sin-
gle gauge boson with subsequent radiation of an additional
boson (Fig. .) involves the previously mentioned trilin-
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Figure 3.1: Example diagrams of diboson production
through radiation from quarks.
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Figure 3.2: Example diagram of diboson scattering through
quark annihilation.

ear couplings while additional quartic couplings (QGCs)
W+W−W+W−, W+W−Z0Z0, W+W−γ0γ0, and W+W−Z0γ0

come into play in diboson scattering events (Fig. .). Fi-
nally, the SM predicts diagrams involving a Higgs boson
which can decay to gauge boson pairs (Fig. .).

Each diagram given in Figs. . through . shows the
simplest con guration which leads to that interaction. Ex-
perimental measurements, however, cannot discriminate
between these diagrams andmore complex ones which yield
the same nal state. In general, the contribution from a
given diagram decreases rapidly as the number of vertices
increases, since each vertex introduces a suppression to the
interaction probability on the order of the coupling value,
meaning that higher order diagrams can be ignored. e
same is not necessarily true in the case of QCD interactions
where the coupling can be of order unity. We are fortu-
nate that at the energy scale of weak bosons, the coupling
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Figure 3.3: Example diagram of diboson scattering involving
a quartic gauge coupling.
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Figure 3.4: Example diagram of diboson production involv-
ing a Higgs boson.

is small enough that a “perturbative QCD” citeEllis
approach which considers only some nite set of the sim-
plest diagrams can provide the needed precision. It becomes
useful then to talk about the maximum “order” in the QCD
coupling αs considered for a given calculation. e simplest
diagrams are “leading order” while those involving one or
two extra factors ofαs are “next-to-leading” (NLO) or “next-
to-next-to-leading” (NNLO).

. AssociatedWZ Production

e particular focus of this thesis is on events where W and
Z bosons are produced in association from the same hard-
scattering interaction. Within the SM, there are two QGCs
and one TGC which involve both theW and the Z (Fig. .).
e two leading order diagrams (given in Fig. .) which
contribute to WZ production at the LHC are the t-channel
process whereby a quark and antiquark emitW andZ bosons
through exchange of a quark propagator and the s-channel
process in which two quarks annihilate to an off-shell W
with subsequent radiation of a Z boson. ere exist many
possibilities for the subsequent decays of the vector bosons
(Fig. .), but the cleanest experimental signatures come
from their leptonic decays.

Although much more rare, processes that involve the
scattering of longitudinally polarized gauge bosons can also
result in the production of WZ pairs (Fig. .(c)). ese
are particularly interesting because the amplitudes for such

scattering processes violate unitarity at the TeV scale in the
absence of an interfering process to suppress the contribu-
tion []. e simplest scenarios which can provide such a
process involve either a SM Higgs (Fig. .(d)) or some new
particle with similar characteristics. Direct observation of
these scattering processes is within the reach of the LHC, but
the required collision statistics (on the order of  −) for
an observation will likely not be available for several years.
Alternative mechanisms for breaking the electroweak sym-
metry, however, could lead to enhancements which would
make this process observable more quickly. us, measure-
ments of associated WZ production provide tantalizing in-
sights into the structure of the electroweak theory regardless
of outcome; disagreement with Standard Model predictions
would indicate new physics while agreement provides fur-
ther evidence for the existence of a Higgs particle providing
the needed interference.

e Standard Model Lagrangian contains the following
terms to describe the WWZ coupling:

LSM
WWZ = −igWWZ [(W

†
µνW

µ −Wµ†Wµν)Zν +W†
µWν Zµν ] ,

(.)
with Wµ denoting the W eld, Wµν = ∂Wν − ∂Wµ, Zµ

denoting the Z eld, Zµν = ∂Zν −∂Zµ, and coupling gWWZ =
−e cot θW. New physics could add extra terms which aug-
ment the SM contribution to this vertex. Such anomalous
TGCs provide a model-independent language with which to
discuss constraints on physics beyond the Standard Model
parameterized in terms of an effective Lagrangian [, ]:

Leff
WWZ = −igWWZ [ g

Z
1 (W

†
µνW

µ −Wµ†Wµν)Zν+

kZW†
µWν Zµν+ (.)

λZ

M2
W
Wν†

µ Wρ
ν Zµ

ρ ],

which reduces to LSM
WWZ by setting gZ1 = kZ = 1 and λZ = 0.

Searches for new physics through anomalous gauge cou-
plings typically present their results as limits on the deviation
of these parameters from their SM values.

In a particle experiment, we are oen interested in pre-
dicting and measuring the rate at which different types of
interactions occur. e observed event rate (dN/dt) is highly
dependent on the particular con guration of the experiment
at any given moment, so we tend to express it as a cross
section (σ) which describes the likelihood of the interaction
multiplied by a luminosity (L) which describes the intensity
of the beam,

dN
dt
= σL. (.)

e cross section depends only on the energy of the collider,
so it serves as a convenient characterization of the probability
of a given process occurring.
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Figure 3.5: e three vertices giving direct couplings between the weak bosons.
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Figure 3.6: Major production modes contributing to the WZ states under study. e leading order s-channel and t-channel
processes dominate. e quartic scattering diagram, by itself divergent, is balanced in the SM by interference from the Higgs-
mediated scattering diagram. e nal-state leptons ℓ and ℓ′ may be either electrons or muons.

By integrating Eq. . with respect to some period of
collision activity, we obtain an integrated luminosity:

L = ∫
t

t0
L dt = N

σ
, (.)

for the number of produced events N for a process with
cross section σ over a period ∆t = t − t0. e integrated
luminosity is a convenient measure of the quantity of col-
lision data produced in an experiment since it has dimen-
sions of inverse cross section, typically expressed in pb− or
− = 1000 pb−. For a process withσ = 10pb, for example,
we would expect on average one event for every . pb− of
integrated luminosity.

Conceptually, the cross section for a process is analogous

to the area presented by a target to a stream of incoming
projectiles, but it takes into account that particle interactions
are described by probabilities rather than hits and misses.
One goal of this thesis will be to measure the cross section
for WZ production at the LHC (Chapter ).

For LHC operation at
√
s = 7TeV, we expect []

σNLO(p + p→W± + Z) = 18.57 ± 0.95pb (.)

based on the most up-to-date theoretical predictions. is
next-to-leading order (NLO) calculation takes into account
spin correlations as well as corrections for the probability
of radiating an additional jet, but the calculated value is
still dominated by contributions from the leading order s-
channel and t-channel diagrams. ese calculations must
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rely on measurable quantities such as charges which have
some dependence on the energy of the interaction, neces-
sitating the choice of some renormalization scale to obtain a
result. Additionally, these calculations rely on factorization
of the QCD pieces of the calculation into short-distance in-
teractions among individual partons accompanied by long-
distance interactions related to hadron formation []. e
choice of scale introduces uncertainty into the calculation.
e WZ cross section prediction above sets both the renor-
malization and factorization scales at the average weak bo-
son mass ((M(W) + M(Z))/2), then estimates errors by
repeating the calculation with scale variations around that
central value.

. Possibilities for New Physics

Experimentalists can take one of two approaches to search
for evidence of new physics in WZ production. is the-
sis focuses on a search for an excess in the WZ invariant
mass spectrum. Any new particle which can decay to WZ
would produce such an excess, revealing its mass. Another
approach is to look for anomalous couplings between the
weak bosons. Within the Standard Model, the SU(2)×U(1)
symmetry of the electroweak interaction completely xes the
WWZ coupling []. us, any deviation in the coupling
would necessitate new physics. is approach is sensitive
even to particles which lie beyond the mass reach of the
LHC, since new particles with couplings to the W and Z
could act as propagators, adding new diagrams in analogy
to Fig. .(a) and leading to loop corrections for the WWZ
vertex.

Technicolor

Various theories have sought to explain the abundance of
distinct particle types currently believed to be fundamen-
tal by exploring the possibility that they may actually have
substructure. ese compositeness theories have the power
to both simplify the particle zoo and explain electroweak
symmetry breaking without the need for a Higgs boson. e
most enduring class of compositenessmodels is Technicolor,
which proposes a new interaction modeled on the strong
force that can achieve dynamical breakdown of electroweak
symmetry [, ], eliminating the naturalness, hierarchy,
and triviality problems inherent in the SM Higgs []. Like
the strong interaction, Technicolorwould feature asymptotic
freedom, encouraging the formation of bound states with no
net Technicolor charge.

Technicolor in its original form was quickly ruled out
because of its prediction of avor-changing neutral currents
which had not been observed experimentally. However, the
more recent Extended Technicolor (ETC) models employ a
slowly-running or “walking” gauge coupling which allows
the theory to generate realistic masses for fermions and to

suppress the avor-changing neutral currents []. As an ad-
ditional consequence of the walking coupling, the predicted
masses of the Technicolor particles are lower than previously
expected, leading to a Low-Scale Technicolor (LSTC) []
spectrum accessible at the LHC.

Technicolor predicts a variety of new bound states of
techniquarks, several of which can decay to WZ (see Fig-
ure .), making this the most promising channel for an
LHC discovery of Technicolor. Indeed, the presence of new
particles coupling to the massive vector bosons is one of
the primary features which make the Technicolor idea com-
pelling since such couplings are necessary to provide a viable
alternative to the Higgs mechanism. e availability of new
particles which can decay to WZ is especially attractive, as
this can provide modi cations sufficient to control the WZ
scattering divergences above TeV. In analogy with QCD,
the technihadrons with IG(JPC) = 1−(0−+), 1+(1−−), and
1−(0++) are called πT, ρT, and aT. A long-standing problem
with walking Technicolor has been a very large value for
the precision-electroweak S-parameter, a quantity used to
provide generic constraints on physics beyond the Standard
Model []. Recent models incorporate the idea that the S-
parameter can be naturally suppressed if the lightest vector
technihadron, ρT, and its axial-vector partner, aT, are nearly
mass degenerate []. ese technihadrons are expected to
havemasses below GeV/c, and their decays have distinc-
tive signatures with narrow resonant peaks.

New Heavy Vector Bosons (W′)

Many extensions of the Standard Model predict heavy
charged vector bosons which can decay to WZ [, , ].
Such bosons are usually called W′, and they can arise due
to an extended gauge sector in uni cation models or due to
extra dimensions.

Grand uni ed theories (GUTs) attempt to yoke the
strong and electroweak interactions together under one ex-
panded gauge group (SU(5) in the simplest case) []. In
order to t with our current understanding of the universe,
the symmetry of this expanded gauge group must break to
give the observed SU(3) × SU(2) × U(1) symmetry of the
standard model. is breaking, however, necessarily leaves
behind excess symmetries which have yet to be observed.
Any additional U(1) symmetry can be associated with a Z-
like neutral vector boson while an additional SU(2) symme-
try can be associated with a W-like charged vector boson.

e greatest argument for GUTs is simply the aesthetic
virtue of being able to describe electromagnetic, strong,
and weak interactions as different manifestations of a single
force, but such theories oen carry additional explanatory
power. For example, an expanded gauge symmetry oen re-
quires that the charges of the electron andproton be precisely
opposite, providing a natural explanation for an otherwise
ad hoc parameter of the Standard Model.
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Figure 3.7: Branching fractions for the W and Z. Only 1.4% of WZ events lead to the desired trilepton nal states, but these
are by far the easiest decays to detect with in a collision experiment.
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Figure 3.8: Production and decay of a ρT. e quarks produce an intermediate off-shell W decaying to a pair of techniquarks
which form a ρT bound state with subsequent decay to WZ.

A W′ boson appears in an entirely different context for
models which predict a number of tightly-curled or “hidden”
extra dimensions []. In these models, the familiar vector
bosons can acquire a momentum in one of the additional
dimensions, leading to a series of excited states that would
appear as more massive versions of the W and Z.

Current limits on W′ searches in leptonic channels are
interpreted in the context of the Sequential Standard Model
(SSM) [, , ] and excludeW′ bosons withmasses below
.TeV at  con dence level []. While those searches
assume that the W′ → W + Z decay mode is suppressed,
manyW′models predict a suppression of the coupling to lep-
tons instead, leading to a relative enhancement in the triple
gauge couplings that could lead to a WZ nal state [].
For example, there are models in which the W′ couples to
new fermions where the decay to new fermion pairs would
be suppressed if their masses are larger than the W′ mass,
leading to a dominance of decays into vector bosons [].
erefore, a search for W′ → W + Z should be considered
complementary to the searches for aW′ decaying directly to
leptons.







 Previous Studies of Electroweak Physics

eGlashow-Weinberg-Salam (GWS) theory of electroweak
interactions was published in , predicting the existence
of W and Z bosons and prompting plans to search for them
experimentally. Indirect evidence for the existence of the
Z came in  when the rst weak neutral current inter-
actions were observed in the Gargamelle bubble chamber
at CERN []. Direct evidence had to wait until the con-
struction of CERN’s Super Proton Synchrotron (SPS) and
the observations of the UA collaboration in  of rst the
W [] and a few months later the Z []. Both observations
were quickly con rmed by the competing UA collabora-
tion [, ]. e measured masses showed no deviation
from the theoretical expectations.

By the end of the ’s, the SPS had been converted into
an injector for a new accelerator, the  km circumference
Large Electron-Positron Collider (LEP). In sharp contrast
to the complex pp̄ collisions of the SPS where each of the
constituent quarks carried energy and could participate in
interactions, the e+e− collisions at LEP allowed for a new
era of clean, high-precision electroweak measurements. In
its rst phase, LEP acted as a “Z factory”, recording .
million Z decays to quarks plus another . million decays
to charged leptons []. is high-statistics sample of Z
bosons allowed much more precise measurements of the
Z mass, width, cross section, and couplings, placing sig-
ni cant new constraints on the electroweak sector of the
SM []. In its second phase, upgrades allowed the LEP colli-
sion energy to surpass the requisite thresholds of GeV
for W+W− production (with observations by all four LEP
experiments [, , , ]) and GeV for ZZ produc-
tion (observed by L []). e LEP experiments were also
able to observe Zγ events where the photon is radiated from
one of the incoming electrons [, ]. Being an e+e− col-
lider, charged nal states were forbidden at LEP, excluding
any possibility for WZ and Wγ production. Nonetheless,
the LEP experiments were able to probe the various TGCs
through processes involving an off-shell intermediate boson,
e++e− → γ →W++W− and e++e− → Z→W++W− as well
as through the process e+ + e− → e± +W∓ + ν where a single
W is produced through fusion of W and Z bosons radiated
from the initial state particles.

e right mixture of design, collision energy, and lumi-
nosity to observe WZ events became available only in the
nal years years of running of Fermilab’s Tevatron, a proton-

antiproton collider operating at
√
s = 1.96TeV. us, pre-

vious studies of associated WZ events are limited to those
conducted by the Tevatron’s CDF and DØ experiments, as
discussed in the following sections. CDF and DØ were also
able to take measurements of the Wγ states which had not
been previously accessible [, ].

. Results from CDF

e CDF collaboration made the rst de nitive observa-
tion of WZ production in , using . − of collision
data []. e collaboration’s most recent result measuring
the WZ cross section [], described here, uses . −.
e analysis identi es WZ candidates by considering events
passing a muon or electron trigger with exactly three lep-
ton candidates passing identi cation requirements and with
pT > 10GeV/c, one of which must satisfy the trigger and a
higher pT requirement (GeV/c) in order to ensure a stable
trigger efficiency. e acceptance for leptons is limited by
the instrumented regions to be within a pseudorapidity of
. for electrons and . for muons. In order to reduce
background contributions, events are also required to have
Emiss

T > 25GeV. A Z candidate is chosen based on the pair
of same- avor, opposite-sign leptons for which the invariant
mass is closest to theZmass. If the best invariantmass differs
from the nominal Z mass by more than GeV/c or if any
additional tracks are reconstructed with pT > 8GeV/c), the
event is rejected. For passing events, the remaining lepton is
considered to be from a W decay.

In performing the cross section measurement, the data
must be compared to Monte Carlo (MC) expectations. For
each lepton in MC events, a correction factor is applied to
account for measured reconstructions and identi cation ef-
ciencies. e largest systematic uncertainties arise from

the luminosity measurement () and the simulated ac-
ceptances of the signal (≈ .) and background (≈ )
processes. e analysis nds  events in the signal region
compared to a total expectation of 55.4±4.9 events (8.0±1.0
background and 47.4 ± 4.8 expected WZ signal).

e nal separation between signal and background is
achieved through use of a neural network which takes as
input various kinematic quantities known to have distribu-
tions which differ signi cantly between the signal and back-
ground processes. e neural network uses MC input to
build a single output distribution which maximizes separa-
tion between the two regions, with the nal cross section



. P S  E P

σ(pp̄→WZ) = 3.93+0.60−0.53(stat.)+0.59−0.46(syst.)pb extractedwith
a binned maximum likelihood t method.

e expected backgrounds for a WZ analysis at CMS
come from the same processes considered in this CDF anal-
ysis, although the relative importance of the processes dif-
fers. e ZZ process where one of the resulting leptons falls
outside detector acceptance represents the primary contri-
bution at CDF, a concern which is less important for CMS
where the pseudorapidity coverage is considerably extended
and the probability of a missed electron ormuon is therefore
reduced. In contrast, the background from Z+jets which is
small for CDF becomes a signi cant concern at CMS due
to the high jet multiplicity from pileup collisions (additional
low-energy collisions which overlap a collision of interest) at
the LHC. e statistical and systematic uncertainties for this
late-stage result from CDF are of comparable magnitude to
those achieved in the rst results from CMS.

e nal state consisting of three leptons alongwith Emiss
T

represents only one small slice of the possible decay modes
for WZ events. Although these decays provide the cleanest
signatures, it is also possible to look for semi-leptonic signa-
tures with larger branching fractions in events with multiple
jets. Such an analysis suffers from a much larger population
of background events which cannot be sufficiently ltered
out through simple requirement-based procedures, necessi-
tating the use of more advanced multivariate techniques.

e decay W± + Z → ℓ + νℓ +  jets is virtually indis-
tinguishable from the same process with the Z replaced by
a W since the overall charge of the jets cannot be deter-
mined. By considering these two processes together, the
CDF collaboration was able to make a measurement of the
combined cross section σ(WW)+σ(WZ) = 16.0±3.3pb in
 []. e following year, the collaboration published
a new study in this channel with a particular emphasis on
the invariant mass distribution of the two jets, observing a
signi cant excess of events in the range between GeV/c
and GeV/c [] which can be interpreted in various new
physics models including Technicolor []. e results from
CMS presented in Chapter , however, rule out this Tech-
nicolor interpretation.

. Results from DØ

e other major Tevatron experiment, DØ, took measure-
ments ofW±+Z→ ℓ±+νℓ+ℓ′++ℓ′− with . − of data []
and placed the rst limits on W′ models with decays to WZ
[]. For the cross section measurement, WZ candidate
events are required to contain at least three lepton candidates
passing identi cation criteria and with pT > 15GeV/c which
are also separated by at least . in ∆R, de ned as:

∆R =
√
(∆ϕ)2 + (∆η)2. (.)

A Z candidate is chosen based on the pair of same- avor,
opposite-sign leptons for which the invariant mass is closest

6

Mode WZ ZZ Z + jets Z! Total W ! Data
eee 1.4± 0.3 0.07 ± 0.02 0.02 ± 0.01 0.03 ± 0.03 1.52± 0.33 1.07± 0.28 3
eeµ 2.0± 0.4 0.24 ± 0.06 0.07 ± 0.04 < 0.01 2.31± 0.49 1.17± 0.31 2
eµµ 2.0± 0.4 0.10 ± 0.03 0.04 ± 0.02 0.07 ± 0.07 2.21± 0.46 0.83± 0.22 2
µµµ 3.6± 0.8 0.54 ± 0.12 0.05 ± 0.03 < 0.01 4.19± 0.89 1.28± 0.34 2

TABLE II: Background estimation from the leading sources, the total background, expected signal, and observed events for
each signature. The signal corresponds to a SSM W ! with a mass of 500 GeV. The uncertainties reflect both the statistics of
the MC and data samples and systematics.
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FIG. 1: Transverse mass distribution of the WZ system in
data with the major SM backgrounds and two SSM W ! mass
hypotheses overlaid (color online).

expected limits at 95% C.L., as a function of the !T and
"T masses, are shown in Fig. 4.
In summary, we have presented a search for hypothet-

ical W ! particles decaying to a pair of WZ bosons using
leptonic W and Z decay modes in 4.1 fb"1 of Tevatron
Run II data. We observe no evidence of resonant WZ
production, and set limits on the production cross sec-
tion #!B(W ! " WZ). Within the SSM we exclude W !

masses between 188 and 520 GeV at 95% C.L. This is
the best limit to date on W ! " WZ production and is
complementary to previous searches [13–15] for W ! de-
cay to fermions. These limits are less stringent for the
models that predict W ! with width greater than that
predicted by the SSM model, but stay within the 1 s.d.
band around the expected SSM limits for widths below
25% of the W ! mass. The original limits are also in-
terpreted within the technicolor model. We exclude !T
with mass between 208 and 408 GeV at 95% C.L. for
M(!T ) < M("T )+M(W ). These are the most stringent
constraints on a typical LSTC phenomenology model [23]
when !T decays predominantly to WZ boson pair.
We thank Kenneth Lane for useful discussions and

help with interpretation of the results within the TCSM
parameter space and we thank the sta!s at Fermilab
and collaborating institutions, and acknowledge support
from the DOE and NSF (USA); CEA and CNRS/IN2P3
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FIG. 2: Observed and expected 95% C.L. upper limits and
±1 s.d. band around the expected limits on the cross section
multiplied byB(W !

! WZ) with the SSM prediction overlaid
(color online).
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mass (color online).
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Figure 4.2: Excluded regions of technicolor parameter space
based on results from DØ with the thresholds of the ρT →
W + πT and ρT → πT + πT decays overlaid.

to the Z mass. Of the remaining leptons, the one with the
highest transverse momentum is assigned to the W, with a
minimum Emiss

T of GeV required to further support theW
hypothesis. For the resonance search, the same basic selec-
tion ismodi ed to focus on higher-energy events, raising the
lepton pT requirement to GeV/c and the Emiss

T requirement
to GeVwhile demanding that the lepton assigned to theW
be separated by at least . in∆R from each of the Z leptons.

Employing a likelihood method to combine results from
each of the four leptonic WZ decay channels, DØ mea-
sures σ(WZ) = 3.90+1.01−0.85(stat. + syst.) ± 0.31(lumi.) pb with
uncertainties dominated by the available collision statistics.
e analysis nds  candidate events, compared to an ex-
pected 23.3 ± 1.5 signal and 6.0 ± 0.6 background events.
ese results are in agreement with an NLO prediction of
3.25±0.19pb [] by the samemethod as discussed for CDF.

For the resonance search, seeing that the number of ob-
served events is consistent with SM predictions, the analysis
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proceeds to set limits on W′ and technicolor models using
a modi ed frequentist approach. e limit-setting proce-
dure relies on the transverse mass of the WZ system to dis-
criminate between signal and background, leading to results
shown in Figures . and .. Within the SSM, they exclude
aW′ with mass in the range GeV/c to GeV/c at 
con dence level and nd their results hold well in models
with increased width of the W′. Within technicolor mod-
els, they exclude a ρT with mass in the range GeV/c to
GeV/c under the assumptionM(ρT) <M(πT)+M(W).

A comparison of this DØ study to the potential for mea-
surements at CMS closely follows the comparison made to
CDF above. e primary background at DØ is from ZZ
rather than Z+jets and their cross section sensitivity is com-
parable to what has been achieved in the rst results from
CMS. e higher energy of the LHC, however, makes a sub-
stantial difference in the reach for resonance searches with
CMS, ruling out new sections ofW′ and Technicolor param-
eter space as discussed in Chapter .







 Experimental Setup

. e Large Hadron Collider

In order to extend the energy frontier for collision exper-
iments, the existing LEP tunnel was repurposed to house
a new proton-proton machine, the Large Hadron Collider
(LHC). e . km LEP ring consists of eight straight
sections connected by eight arcs, housed at a depth of
m to m beneath farmland surrounding the Franco-
Swiss border []. e LHC is now the most powerful col-
lider in the world, currently operating at a center-of-mass
energy of TeV, although this thesis considers only the 
runs at the slightly lower energy of TeV. eLHCoperators
plan to nearly double the collision energy by .

Although a proton is nominally composed of only three
quarks, its structure also involves gluons and qq̄ pairs in con-
tinual ux. Each of these constituents, including the short-
lived components of the proton “sea”, carries some fraction
of the proton’s overall momentum. While the three valence
quarks typically carry the largest portions, the antiquarks
in the sea have some probability to uctuate to comparable
momenta. Many previous hadron colliders have followed a
pp̄ design in order tomaximize the possibility of high-energy
valence qq̄ interactions which have the possibility of gener-
ating a wide range of colorless nal states. e difficulty of
producing antiprotons in large numbers, however, limits the
achievable luminosity of such machines. e pp design of
the LHC will allow it to attain luminosities many orders of
magnitude beyond those seen at the Tevatron.

e instantaneous luminosity for a symmetric colliding
beam experiment such as the LHC is given as:

L = nN2f
Aeff

(.)

with n the number of bunches per beam, N the number of
particles per bunch, f the revolution frequency (. kHz),
and Aeff the effective cross-sectional area of the beams. e
beams are focused to  µm in each of the transverse direc-
tions (σx and σy) which can be used to calculate the value of
Aeff = 4πσxσy. e values of n andN have changed as the lu-
minosity has progressed, so values are given by machine era
in Table . while the total integrated luminosity delivered
over the course of  can be seen in Figure ..

e CERN accelerator complex includes a series of com-
ponents which progressively accelerate the proton beams to
higher energies. e LHC makes use of the LEP injection

chain to accelerate the protons to an energy of GeV be-
fore entering the main ring. e rst stage uses the Linac
to boost the protons to MeV in a series of radio frequency
(RF) cavities, followed by similar pushes in the Proton Syn-
chrotron Booster (PSB) to .GeV and then the Proton Syn-
chrotron (PS) to GeV. In the PSB, magnets begin fo-
cusing the beam while its bunch structure is introduced in
several steps through the PSB and PS stages. e protons are
brought up to a full injection energy of GeV in the Super
Proton Synchrotron (SPS). Before taking on its current role
as the main LHC injector, the SPS served as the colliding
machine for its own round of new physics discoveries, de-
livering beam to the UA and UA experiments which rst
con rmed the existence of theW and Z bosons. A schematic
of these accelerator stages is available in Figure ..

e actual LHC ring consists of a pair of evacuated
beampipes which pass through a series of bending and fo-
cusing magnets as well as RF cavities which boost and main-
tain the proton kinetic energy. e magnets’ unique twin-
bore design produces oppositely-directed elds for the two
counter-rotating beams of protons within a single structure,
designed to provide the bending eld of T necessary to
con ne a TeV proton beam in a ring of radius . km.
While current technical difficulties have limited the achieved
beam energy to .TeV, upgrades over the next several years
are expected to bring the LHC magnets much closer to their
design capacity. A cryogenic system allows the magnets to
avoid resistive losses by cooling them below K with liquid
helium, bringing them into the superconducting regime.

. e Compact Muon Solenoid Experiment

e analysis presented in this thesis relies on data col-
lected with the Compact Muon Solenoid (CMS) [], one
of two general-purpose detectors installed in the LHC. It
has a broad physics reach as a result of a layered design
with multiple calorimeter and tracking detectors arranged
to complement one another and provide a nuanced view
of collision events. CMS earns its “compact” moniker by
virtue of a novel design which ts both the electromagnetic
and hadronic calorimeters inside of its solenoidal magnet,
a goal which eluded the previous generation of detectors
for hadron colliders. is design reduces energy loss and
scattering for electrons and similarly energy loss for the con-
verted photon allowing highly precisemeasurements of elec-
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Figure 5.2: Overview of the CERN accelerator complex.





.. e Compact Muon Solenoid Experiment

Era E/TeV
√
s/TeV L/(cm−2s−1) N n

Late  .   ×   
Early  .   ×   
Late  .   ×   
Early  .   ×   
Design .   ×   

Table 5.1: LHC operation parameters where E is beam energy,
√
s is center of mass energy, L is instantaneous luminosity, N

is the number of protons per bunch, and n is the number of bunches per beam. ese numbers are only approximate, as the
real luminosity progression has occurred in much smaller steps, with frequent tests of new con gurations.

trons and photons. e arrangement of the subsystems can
be seen in Figure ..

e CMS design achieves hermetic coverage over a large
solid angle by tting endcaps on either side of a central bar-
rel. In most subsystems, there is sufficient overlap between
the barrel and endcap such that particles can be well mea-
sured throughout the entire detector volume.

Coordinate System

A location within the CMS detector can be described using a
typical right-handed cartesian coordinate systemoriginating
from the center of the detector. e x−y plane forms a verti-
cal cross section with the y-axis pointing upward and the x-
axis pointing south toward the center of the LHC ring. e
z-axis points west, following the direction of the counter-
clockwise proton beam as viewed from above. Particles pro-
duced in collision events originate near the center of the
detector and move quickly outward in all directions; for our
measurements, then, we typically are concerned with the an-
gle of the particle’s initial trajectory away from the center of
the detector. To this end, we de ne the azimuthal angle ϕ =
arctan(y/x) and the polar angle θ = arctan(

√
x2 + y2/z).

e products of -to- collisions mediated by the strong
force, accounting for the vast majority of events produced by
the LHC, tend to havemomentamuch larger along the z-axis
than transverse to it, rendering the polar angle an inconve-
nient description for deviation from the beam pipe. Particle
physicists have traditionally de ned a rapidity relative to the
beam axis,

y ≡ 1
2
ln(

E + pz
E − pz

) , (.)

which in the relativistic limit (E ≈ ∣p⃗∣) reduces to a simple
function of the polar angle,

η = − ln(tan θ
2
) . (.)

is quantity (known as pseudorapidity) proves most conve-
nient for describing de ection from the beam axis because
the occupancy of the detector is approximately constant in

equal η intervals. One of the distinguishing features of inter-
actions that producemassive particles is that the decay prod-
ucts tend to be produced in a more spherical distribution,
motivating a detector design with the best instrumentation
in the central region of pseudorapidity.

Solenoidal Magnet

Much of the CMS design is driven by the desire to provide
precise momentum measurements in the TeV regime. For
a particle of charge q, the transverse momentum can be in-
ferred from the radius of curvature of its trajectory (r) when
it moves through a magnetic eld B:

pT = qrB. (.)

e resolution of the radius measurement depends on the
amount of curvature, so as particles move towards higher
energies, the momentum resolution degrades. In order to
provide sufficient bending even for TeV-scale particles, CMS
was designed with the most powerful magnet built to date,
sustaining a homogenous .Tmagnetic eld over a volume
ofmore than m. e return eld saturates the iron yoke,
providing a consistent T eld throughout the outer muon
system, allowing an additional, large lever armmeasurement
of the transversemomentum for highly penetrating particles
such as muons. e capabilities and geometry of the magnet
guide the design of each of the CMS subsystems.

Inner Tracker

Starting from the beampipe and moving outward into CMS,
the rst instrumented region is the inner tracking detector.
e entire inner tracker is based on a silicon semiconductor
design. As charged particles traverse the tracker, they de-
posit ionization energy, dislodging electrons which in turn
produce secondary ionization. e semiconducting silicon
is held at a high voltage, causing the released electrons and
corresponding holes to separate. e electrons are collected
as an electric pulse, with some threshold applied to indicate a
“hit”, or the passage of a charged particle through a particular
region of silicon.
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Figure 5.3: A cut-away view of the barrel portion of the CMS detector with each of the main components labeled.

e primary role of the inner tracker is to provide pre-
cise measurements of the trajectories of all charged particles.
Its resolution, however, is also sufficient to distinguish a
secondary vertex in a single collision event corresponding
to displaced tracks which are the hallmark of the relatively
short-lived hadrons containing b or c quarks; this allows
discrimination between prompt leptons produced from the
decay of vector bosons and secondary leptons produced in
the semileptonic decays of hadrons. e total tracker system,
.m in length and .m in diameter, consists of silicon
pixels and strips, arranged in various layers, and covers the
pseudorapidity region −2.5 < η < 2.5.

e rst three layers (out to a radius of . cm) con-
sist of silicon pixels which provide maximum precision and
granularity for the extremely high particle occupancies ex-
pected in a region so close to the interaction point []. Each
of the approximately  million pixels is 100 µm× 150 µm in
size, leading to a total coverage of m. e pixels provide
tracking points in both the r − ϕ (resolution 10 µm) and
r − z (resolution 20 µm) planes. e design’s emphasis on
providing a z resolution on par with the r − ϕ resolution
is the key feature which allows successful secondary vertex
reconstruction in three dimensions.

Outside the pixel system lie ten layers of silicon mi-
crostrip detectors, each strip  cm to  cm long with a
height of  µm and spacing between the strips (known as
“strip pitch”) varying by region. e strips are distributed
across two barrel regions, the tracker inner barrel (TIB, strip

pitch of  µm to  µm) and the tracker outer barrel (TOB,
strip pitch of  µm to  µm), along with two endcap re-
gions, the tracker inner disks (TID) and the tracker endcaps
(TEC) with radial strips of  µm to  µm average pitch.
e overall layout of the tracker subsystems can be seen in
Figure ..

Hits in the silicon pixels and strips are used as input to
reconstruction algorithmswhich connect them together into
tracks and calculate the associated momenta. e momen-
tum resolution of the tracker is

σ(pT)
pT

= (pT/GeV/c) ⋅ 0.015%⊕ 0.5% (.)

for ∣η∣ < 1.6, with the relative error increasing in the forward
region to a maximum of

σ(pT)
pT

= (pT/GeV/c) ⋅ 0.060%⊕ 0.5% (.)

for ∣η∣ = 2.5. e rst term accounts for the curvature mea-
surement which becomes less precise for high-momentum
tracks that bend only slightly in the magnetic eld. e sec-
ond term accounts for interactions with the tracker material
such as multiple scattering.

Electromagnetic Calorimeter

e CMS electromagnetic calorimeter (ECAL) is designed
to detect electrons and photons, inducing electromagnetic
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Figure5.4: A transverse slice of the CMS detector, showing the various subsystems and expected behavior ofmuons, electrons,
photons, and hadrons.
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Figure 3.1: Schematic cross section through the CMS tracker. Each line represents a detector
module. Double lines indicate back-to-back modules which deliver stereo hits.

layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
up to 7 rings of silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick
on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h |< 2.4 with at least⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h |⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h |⇡ 1.4, beyond which it falls to about 1 X0 at
|h |⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
At a transverse momentum of 100GeV multiple scattering in the tracker material accounts for 20 to

– 30 –

Figure 5.5: Schematic cross section through the CMS tracker. Each line represents a detector module. Double lines indicate
back-to-back modules which deliver stereo hits [].
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The CMS electromagnetic calorimeter will consist of over 
80,000 lead-tungstate (PbWO4) crystals equipped with 
avalanche photodiodes or vacuum phototriodes and asso-
ciated electronics operating in a challenging environment: 
a magnetic field of 4T, a time of 25 ns between bunch 
crossings, a radiation dose of ! 1-2 kGy/year for LHC oper-
ation at maximum luminosity, and also difficult access for 
maintenance
After an intensive R&D program, lead tungstate  crystals 
were chosen because they offer the best prospects of 
meeting these demanding requirements.  The choice was 
based on the following considerations:

• PbWO4 has a short radiation length and a 
   small Molière radius
• it is a fast scintillator
• it is relatively easy to produce from readily available
  raw materials and substantial experience and pro-
  duction capacity already exist in China and Russia

The crystals have a front face of 
about 22x22 mm2 — which 
matches well the Molière radius 
of 22 mm.  To limit fluctuations 
on the longitudinal shower leak-
age of high-energy electrons and 
photons, the crystals must have 
a total thickness of 26 radiation 
lengths — corresponding to a 
crystal length of only 23 cm

PbWO4 is intrinsically radiation-hard, but non-optimized 
crystals do suffer from radiation damage.  The R&D pro-
gram of the last few years has led to a better understand-
ing of the damage mechanism.  The main conclusion is 
that radiation affects neither the scintillation mechanism 
nor the uniformity of the light yield along the crystal.  It only 
affects the transparency of the crystals through the forma-
tion of color centers and the transport of light is changed 
by self-absorption of the crystals. This light loss can be 
monitored by a light-injection system

Lead-Tungstate Crystals
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The "0  rejection algorithm using the preshower compares 
the highest signal (summed in 1, 2 or 3 adjacent strips) with 
the total signal in 21 adjacent strips centered on the high-
est-signal strip.  The fraction of the two energies, F, is then 

used to select 
photons (and 
reject "0 's)

CMS will utilize a preshower detector in the endcap region 
(rapidity range 1.65 < |#| < 2.6).  Its main function is to 
provide $–"0 separation
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The measurement of the energy deposition in the ~2 mm 
pitch silicon strips allows the determination of the impact 
position of the electromagnetic shower by a charge-
weighted-average algorithm with very good accuracy 
(~300µm at 50 GeV).  The fine granularity of the detector 
enables the separation of single showers from overlaps of 
two close showers due to the photons from "0 decays

The preshower 
detector contains two 
thin lead converters 
followed by silicon 
strip detector planes 
placed in front of the 
ECAL.

The scintillation light from the crystals must be captured by 
a photodetector, amplified and digitized.  A schematic of 
the readout sequence is shown in the figure below

The rejection ob-
tained with this 
simple algorithm 
approaches a 
factor of 3 and is 
fairly independ-
ent of ET.

The active planes of silicon detectors are built from a large number of 
identical modules each of which contains an individual detector, as 
shown above.  A module contains an aluminum tile ('holder') onto 
which a ceramic support is glued.  A silicon detector, subdivided into 
32 strips at 1.9 mm pitch, is then glued and bonded to the ceramic.  
The hybrid containing the analog front-end electronics is also glued 
and bonded to the ceramic.  The modules are then assembled on long 
ladders which contain two columns of adjacent detectors

On-detector light-to-light  readout

APD Preamp Floating-Point
 ADC

Fiber
Transmitter

S

To DAQ

Upper-Level VME
Readout Card

(in Counting Room)

Pipeline
Contol
Interface & Trigger
Interface & DAQ

Energy 
& 

Light 
& 

Current

Current 
& 

Voltage

Voltage
 & 
Bits

Bits
 & 

LightL ight

The upper level readout has four main functions:
• formation of trigger tower energy sums
• pipelining (storing the data until receipt of a Level-1 
trigger decision)
• transmission of the data from the triggered event to 
the Data Acquisition System
• providing interface functions for the on-detector 
electronics

Trigger path

DAQ path
FED
DDU Opto link

to farm

To first-level
trigger

LIN.

5 channel MCM

Optical
rec'vrOpto link

from VFE

Layout of the upper-level read-
out.  The optical receiver deseri-
alizes the data from the Very 
Front-Ends.  The linearizer  
transforms the incoming data to 
a representation which facili-

tates analysis by the trigger (e.g. formation of energy sums) without 
further conversions

The first element is the PbWO4 crystal which converts en-
ergy into light.  The light is converted into a photocurrent by 
the photodetector.  The relatively low light yield of the crys-
tal necessitates a preamplifier in order to convert the pho-
tocurrent into a voltage waveform.  The signal is then ac-
quired and digitized. The resulting data are transported off 
the detector via optical fibre to the upper-level readout
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To avoid the design 
and construction of 
a very large quanti-
ty of radiation-hard 
electronics, the data 
are transported, im-
mediately after the 
digitization step, to 
the counting room 
by fibreoptic links

E

p+

" (i)

n++

p++

n+

Photodetector (Avalanche Photodiode) princi-
ple: Photons convert in the p++ layer.  Photo-
electrons drift towards the abrupt p-n junction 
where ionization starts and avalanche break-
down occurs.  The avalanche breakdown re-
sults in impact electron multiplication.

The light monitoring sys-
tem, shown on the left, 
is designed to inject light 
pulses into each crystal 
to measure the optical 
transmission.  The puls-
es are distributed via an 
optical-fibre system.  
The system is designed 
to continuously monitor 
the calorimete

One of the principal CMS design objectives is to construct a very high per-
formance electromagnetic calorimeter.  A scintillating crystal calorimeter of-
fers excellent performance for energy resolution since almost all of the ener-
gy of electrons and photons is deposited within the crystal volume.  CMS has 
chosen lead tungstate crystals which have high density, a small Molière radi-
us and a short radiation length allowing for a very compact calorimeter sys-
tem.  A high-resolution crystal calorimeter enhances the H&$$ discovery po-
tential at the initially lower luminosities at the LHC
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Figure 5.6: A schematic showing the various features of the CMS ECAL.

showers and collecting the resultant photons. e ECAL
is able to achieve a remarkably high energy resolution due
both to the homogenous coverage provided by a crystal-
based design and to its location inside the solenoid, avoid-
ing the signi cant degradation seen in previous hadron col-
lider experiments due to interactions in the magnet mate-
rial. To keep the solenoid a reasonable size, however, the
ECAL must be incredibly compact, necessitating a dense in-
teractionmaterial whichmaintains transparency under high
doses of radiation so that photons can reach a collection
region with minimal energy loss. Lead tungstate (PbWO4)
crystals provide a high density (. g/cm), short radiation
length (. cm), and small Molière radius (. cm), leading
to rapidly progressing, tightly contained showers for high-
energy electrons and photons. e crystals emit a blue-green
scintillation light peaking near nm, which is collected
by avalanche photodiodes (APDs) and vacuum phototri-
odes (VPTs). e APDs and VPTs produce electrical signals
which correlate with the multiplicity of detected photons,
allowing us to calculate “energy deposits” le in each crystal.
A schematic is provided in Fig. ..

e ECAL barrel (EB) offers pseudorapidity coverage
to ∣η∣ < 1.479 through use of   crystals, each with a
tapered shape of roughly 22mm × 22mm at the front face,
widening to 26mm × 26mm at the rear, and with a mm
length of which provides approximately  radiation lengths
of material. e precise shape of the crystals is slightly dif-
ferent in various η regions. e EB crystals are arranged into
modules ( 500 crystals) and supermodules ( crystals)
which various structural and readout elements.

e ECAL endcaps (EE) cover a pseudorapidity range
1.479 < ∣η∣ < 3.0 through use of   identically-
shaped crystals, again with a tapered design widening from
28.62mm×28.62mm at the front face to 30mm×30mm at
the rear, with a mm length corresponding to  radiation
lengths. ey are grouped into 5× 5 mechanical units called

supercrystals.
Energy deposits in individual crystals are combined into

clusters of energy, which are further grouped into superclus-
ters in the reconstruction algorithms, serving as the starting
point for identi cation of electrons and photons in the de-
tector. e ECAL achieves an energy resolution given as:

σ(E)
E
= 1√

E/GeV
⋅ 2.8%⊕ 1

E/GeV
⋅ 0.0415%⊕ 0.3% (.)

where the three terms correspond to statistical uctua-
tions and intrinsic shower uctuations; electronic noise and
pileup energy; and detector non-uniformity and calibration
uncertainties.

Hadronic Calorimeter

eCMShadronic calorimeter (HCAL) is designed to detect
particles which primarily interact with atomic nuclei via the
strong force. Measurement of the energy of such particles is
particularly import for the reconstruction of jets of hadrons
and missing transverse energy, which could indicate the
presence of neutrinos or long-lived neutral exotic particles
in collision events. Strongly interacting particles typically
start showering in the dense material of the ECAL, so a full
picture of a jet’s energy relies combining information from
both the electromagnetic and hadronic calorimeters.

e basic design of the HCAL is a sampling calorimeter
with alternating layers of brass and scintillator. e brass
acts as a non-ferromagnetic absorber, capable of withstand-
ing the intense magnetic eld, providing . interaction
lengths ofmaterial in the barrel to encourage development of
hadronic showers. e scintillator consists of tiles alongwith
wavelength-shiing bre. Hadrons interact with the scin-
tillating material to produce a broad spectrum of photons
which are then absorbed in the bre and re-emitted in amore
narrow range to which the photodetectors are sensitive. In
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Light from waveshifting fibers is "piped" via clear optical 
waveguide fibers to readout boxes located at the ends of 
the barrel and endcap detectors at large radii relative to the 
beam, yet within the region of high magnetic field.  For
HCAL detector elements in the barrel region located be-
yond the magnet coil, the readout boxes are positioned on 
the iron flux return outside the muon system.

For the barrel and endcap detectors, the photosensors are 
hybrid photodiodes (HPDs).  For the forward detectors, 
conventional photomultiplier tubes are used.  

Readout

Within the readout boxes, the opti-
cal signals from the megatile layers 
are grouped into "towers" accord-
ing to !" x !# interval.  These tow-
er signals are detected and con-
verted into fast electronic signals 
by photosensors.

The gain of HPDs is typically 2000-3000 for applied voltag-
es of 10-15 kV.  HPDs are capable of operating in high ax-
ial magnetic fields and provide a linear response over a 
large dynamic range from minimum ionizing particles 
(muons) up to 3 TeV hadron showers.  The electronic sig-
nals from the HPDs are processed and digitized using spe-
cial front end integrated circuits called QIE chips.  QIE is an 
acronym for charge (Q) integration (I) and encode (E).    
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The demand of large dynamic 
range in the energy measure-
ment is accomplished through 
a multi-range technique.  The 
encoded output signals are 
then sent via fiber-optic links 
to the trigger and data acquis-
ition systems.

The HPDs are new de-
vices consisting of a fi-
ber-optic entrance win-
dow onto which a multi-
alkali photocathode is 
deposited, followed by a 
gap of several millime-
ters over which a large 
applied electric field accelerates photoelectrons onto a silicon diode 
target.  The target is subdivided into individual readout elements called 
pixels. For CMS, 19-channel and 73-channel HPDs will be used.  

The hadron barrel (HB) and hadron endcap (HE) calorime-
tesr are sampling calorimeters with 50 mm thick copper 
absorber plates which are interleaved with 4 mm thick scin-
tillator sheets.

Barrel & Endcap

Copper has been selected as the absorber material be-
cause of its density. The HB is constructed of two half-bar-
rels each of 4.3 meter length. The HE  consists of two 
large structures, situated at each end of the barrel detector 
and within the region of high magnetic field.  Because the 
barrel HCAL inside the coil is not sufficiently thick to con-
tain all the energy of high energy showers, additional scin-
tillation layers (HOB) are placed just outside the magnet 
coil.  The full depth of the combined HB and HOB detec-
tors is approximately 11 absorption lengths.

Light emission from the tiles is in the blue-
violet, with wavelength in the range $ = 410-
425 nm.  This light is  absorbed by the wave-
shifting fibers which fluoresce in the green 
at $ = 490 nm.  The green, waveshifted light 
is conveyed via clear fiber waveguides to 
connectors at the ends of the megatiles.

Megatiles are large sheets of plas-
tic scintillator which are subdivided 
into component scintillator tiles, of 
size !" x !% = 0.87 x 0.87 to pro-
vide for reconstruction of hadronic 
showers.  Scintillation signals from 
the megatiles are detected using 
waveshifting fibers.  The fiber diam-
eter is just under 1 mm.  

Megatiles are cut out on a 
special milling machine called 
a Thermwood.  The Therm-
wood is programmed to cut 
tiles of varying dimension and 
also to machine keyhole 
grooves in the plastic into 
which the waveshifting fibers 
are inserted.  The gaps be-
tween adjacent tiles are filled 
with diffuse reflective paint to 
provide optical isolation.

Forward
There are two hadronic forward (HF) calorimeters, one lo-
cated at each end of the CMS detector, which complete 
the HCAL coverage to |"| = 5.  The HF detectors are situat-
ed in a harsh radiation field and cannot be constructed
of conventional scintillator and waveshifter materials.  In-
stead, the HF is built of steel absorber plates; steel suffers 
less activation under irradiation than copper.  Hadronic 
showers are sampled at various depths by radiation-resist-
ant quartz fibers, of selected lengths, which are inserted 
into the absorber plates.

Quartz fibers of 300 
µm diameter are shown 
threaded into an early 
prototype HF test mod-
ule which utilized cop-
per absorber.  This view 
is looking directly
into the beam.

The energy of jets is measured from the Cerenkov light 
signals produced as charged particles pass through the 
quartz fibers.  These signals result principally from the 
electromagnetic component of showers, which results in 
excellent directional information for jet reconstruction.  Fi-
ber optics convey the Cerenkov signals to photomultiplier 
tubes which are located in radiation shielded zones to the 
side and behind each calorimeter.

Spectral analysis of da-
ta taken during intense 
radiation exposure of 
an HF prototype, un-
derway at LIL. Quartz 
fibers with various 
claddings were
tested.

The Hadronic Calorimeter (HCAL), plays an essential role in the identifica-
tion and measurement of quarks, gluons, and neutrinos by measuring the 
energy and direction of jets and of missing transverse energy flow in events.  
Missing energy forms a crucial signature of new particles, like the supersym-
metric partners of quarks and gluons.  For good missing energy resolution, a 
hermetic calorimetry coverage to |"|=5 is required.  The HCAL will also aid in 
the identification of electrons, photons and muons in conjunction with the 
tracker, electromagnetic calorimeter, and muon systems
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Supersymmetric particles may re-
veal themselves in some spectac-
ular events involving leptons, jets 
and missing energy.  
In this simulated event, jets are 
observed in the HB calorimeter. 
The hermeticity of the HCAL (the 
HB, HE and HF detectors working 
together) is used to identify the 
substantial missing energy in the 
event.

Hadronic calorimeter

Figure 5.7: A schematic showing the various features of the CMS HCAL.

the endcap, brass is replaced with steel and tile with quartz,
which are both better able to withstand the higher radiation
dose in that region. A schematic is provided in Fig. ..

e resolution for the barrel and endcap HCAL (∣η∣ <
3.0) is given as:

σ(E)
E
= 1√

E/GeV
⋅ 85%⊕ 7.4% (.)

with stochastic and constant terms in analogy to those dis-
cussed for the ECAL. e inferior performance relative to
the ECAL is due both to its operating principle of sampling
the shower rather than absorbing all produced energy in
high-resolution crystals and also to the intrinsically lower
particlemultiplicity in hadronic showers vs. electromagnetic
showers, leading to wider statistical uctuations.

Muon System

As suggested by its name, the Compact Muon Solenoid is
designed with the detection of muons as a high priority. As
such, it includes an advanced muon spectrometer capable of
distinguishing muons with high accuracy and contributing
to an impressivemomentum resolution for energeticmuons.
e muon system employs three types of gaseous particle
detectors optimized for different environments and goals
– dri tubes (DTs) in the barrel, cathode strip chambers
(CSCs) in the endcaps, and resistive plate chambers (RPCs)
covering nearly the entire barrel and endcap regions.

Muon chambers are arranged in  stations embedded
in a heavy iron yoke with each consecutive station located
further from the interaction region. e iron yoke provides a
support structure for the various chambers and concentrates
the return eld of the solenoid in order to provide signif-
icant bending of muons for the momentum measurement.

A schematic showing the layout of the muon system is pro-
vided in Fig. ..

DTs consist of chambers lled with a gasmixture ionized
by the passage of charged particles. Within each chamber is
a wire held at high voltage, setting up an attracting electric
eld to collect the ionization charge, producing an electric

pulse in the wire indicating the presence of a particle. Be-
cause the dri velocity for electrons in a particular gas mix-
ture is well de ned, a dri tube can provide a precise mea-
surement of the particle’s position based on the dri time
of the collected charge. ese chambers are an economical
and robust choice as the primary muon system detector in
the CMS barrel, a region with low occupancy and modest
magnetic eld, but they have a relatively slow response (dri
time up to ns) which disquali es them for use in the
more active endcap region. e sensitive wires in each tube
are .m long and the gas is a mixture of argon and carbon
dioxide. Each DT chamber consists of three superlayers,
each composed in turn of four layers of rectangular dri
cells staggered by half a cell. e two outer superlayers are
oriented with the wires parallel to the beam to provide track-
ing in the r − ϕ plane in which the muon bends due to the
magnetic eld. e third superlayer, present only in the rst
three stations, measures the z coordinate.

e higher occupancy of the endcap regions requires the
fast performance and high granularity of CSCs. e CSC is
a type of multiwire proportional chamber where a plane of
multiple anode wires is housed within a single gas chamber,
with each wire acting as an individual proportional counter.
e wires are held at voltage, providing an electric eld such
that the electrons produced by ionization due to a passing
charged particle are drawn to thewires, producing an electric
signal indicating the particle’s presence. e CMS endcaps
contain a total of CSCs, each comprised of six anodewire
planes interleaved among  cathode panels. All wires run
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Drift Tubes are used in the Barrel where the Magnetic field 
is guided and almost fully trapped by the iron plates of the 
Magnet Yoke.  Each tube contains a wire with large pitch (4 
cm), and the tubes are arranged in layers.  Only the signals 
from the wires are recorded — resulting in a moderate num-
ber of electronic channels needed to read out the detectors.  
When an ionizing particle passes through the tube, it liber-
ates electrons which move along the field lines to the wire, 
which is at positive potential. The coordinate on the plane 
perpendicular to the wire is obtained with high precision 
from the time taken by the ionization electrons to migrate to 
the wire. This time (measured with a precision of 1ns), mul-
tiplied by the electron drift velocity in the gas, translates to 
the distance from the wire.

 
Resistive Parallel plate Chambers are fast gaseous detectors 
whose information is at the base of the triggering process.  
RPCs combine a good spatial re-solution with a time resolu-
tion of 1 ns, comparable to that of scintillators.   The RPC is a 
parallel plate counter with the two electrodes made of very 
high resistivity plastic material.  This allows the construction 
and operation of very large and thin detectors that can oper-
ate at a high rate and with a high gas gain without Resistive 
Parallel plate Chambers are fast gaseous detectors whose 
information is at the base of the triggering process.  RPCs 
combine a good spatial re-solution with a time resolution of 1 
ns, comparable to that of scintillators.   The RPC is a parallel 
plate counter with the two electrodes made of very high re-
sistivity plastic material.  This allows the construction and op-
eration of very large and thin detectors that can operate at a 
high rate and with a high gas gain without developing 
streamers or catastrophic sparks.  The high gain and thin 
gap result in a small but very precise delay for the time of 
passage of an ionizing particle.  The high resistivity electro-

40 mm

11 mm

Radi_173

A DT layer is put together gluing to an aluminium  plate a 
set of parallel aluminium I beams.  The wires are  stretched, 
held by appropriate end plugs, and the layer is closed by 
another aluminium plate. Groups of four layers are grown in 
this way on a precision table. Copper strips are previously 
glued to the Al plates in front of the wire to better shape the 
electrostatic field.  A full-size final prototype of a DT 
chamber is shown below.  The chamber is 2m x 2.5m in 
size. The largest DT chambers to be used in CMS will have 
dimensions of 4m x 2.5m in size.

Drift Tubes Resistive Parallel plate Chambers

Fast tra
ck finder

Position is obtained from
gaussian fit to 
the recorded 
charges

slow 
signals 
from 
cathodes 
are held 
by track 
finder

Cathode Strip Chambers are used in the Endcap regions 
where the magnetic field is very intense (up to several Te-
sla) and very inhomogeneous.  CSCs are multiwire propor-
tional chambers in which one cathode plane is segmented 
intro strips running across wires.  An avalanche developed 
on a wire induces a charge on several strips of the cathode 
plane.  In a CSC plane two coordinates per plane are made 
available by the simultaneous and independent detection of 
the signal induced by the same track on the wires and on 
the strips. The wires give the radial coordinate whereas the 
strips measure !.  
In addition to providing precise space and time information,  
the closely spaced wires make the CSC a fast detector suit-
able for triggering.  CSC modules containing six layers pro-
vide both a robust pattern recognition for rejection of non-
muon backgrounds and also efficient matching of external 
muon tracks to internal track segments.  

Artist scheme of a CSC 
chamber, with a sketch of 
the mechanism of signal 
detection.  The electrons are 
collected by the wire, 
whereas a cloud of positive 
ions moving away from the 
wire of the wire and toward 
the cathode induces a 
current on the cathode 
strips perpendicular to the 

A six-layer CSC is built assembling together 7 Honeycomb 
panels. Three of them support two wire planes each, one on 
each face of the plate, wired at the same time as shown in 
the photograph below. The other four plates have the etched 
strip.  The two inner plates have strips on both faces, 
whereas the two outer plates (closing the chamber) have 
strips on only one face.

Cathode Strip Chambers 

Meantimer 
recognizes 
tracks and form vector/quartet

CMS will use three types of gaseous particle detectors for muon identifica-
tion: Drift Tubes (DT) in the central barrel region, Cathode Strip Chambers 
(CSC) in the endcap region and Resistive Parallel Plate Chambers (RPC) in 
both the barrel and endcaps. The DT and CSC detectors are used to obtain 
a precise measurement of the position and thus the momentum of the 
muons, whereas the RPC chambers are dedicated to providing fast informa-
tion for the Level-1 trigger
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The electric field inside a 
RPC is uniform.  Electrons 
made free by the ionizing 
particle near the cathode 
generate a  larger number of 
secondary electrons  
(exponential multiplication). 
The detected signal is the 
cumulalive  effect of all the 

avalanches.  A proper threshold setting allows the detection of a signal 
dominated by the electrons generated near the cathode.   The threshold 
setting determines to a large extent the time delay of the pulse, the time 
resolution and also the efficiency.  With a proper choice of the resistivity 
and plate thickness,  the rate capability can reach several thousand Hertz 
per cm2.

The drawing shows the simplicity of an RPC detector: one of 
the two resistive plates holds a glued array of small 2mm thick 
spacers having a typical pitch of 10 cm.  Also glued on the 
plate is the border that will guarantee the chamber tightness.  
The second plate is then placed on top and the detector is 
completed.
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Figure 5.8: A schematic overview of the various muon detector technologies.

azimuthally, with the ϕ coordinate localized by interpolating
charges induced on the strips.

An RPC [] consists of parallel electrode plates, setting
up a constant and uniform electric eld across an ionizing
gas in the gap. e electrodes are constructed with a high
resistivity such that the electric eld is suddenly switched
off when a charged particle causes an ionization discharge
in the gas, preventing the charge from propagating through
the gas. e uniform eld design yields a much better time
resolution than wire chambers with a 1/r eld dependence
around each wire. e RPCs installed in the CMS muon
system employ a double-gap design operating in avalanche
mode and although they cannot compete with either the
DTs or the CSCs for spatial resolution, their superior timing
resolution is ne enough to unambiguously associate muon
hits to a particular bunch crossing, even with the high rate
and pileup of the full LHC luminosity. As such, they are
useful in triggering muon events.

Trigger System

At design luminosity of the LHC, we expect beam crossings
at a frequency of MHz leading to collisions on the order of
one billion per second delivered to CMS, allowing unprece-
dented access to rare physics events. Ideally, we would like
to be able to keep a record of every delivered collision, but
no data acquisition or storage system available with current
technology would be able to deal with even a hundredth of
the requisite rate. Most events at the LHC, however, consist
only of “so” collisions without a signi cant momentum
transfer, producing nal states with low-energy jets which
have been extensively studied at lower-energy colliders and
are unlikely to reveal new physics insights. By ignoring these
low-energy events, we can de ne a more tractable stream
of collisions with higher likelihood for interesting content.

Determining which events to keep, however, requires a spe-
cialized “trigger” system capable of making sub-millisecond
decisions about the physics potential of incoming events.

e CMS trigger system uses custom hardware com-
bined with a computing farm to achieve a million-fold re-
duction in the stored event rate. e hardware step, called
the level- (L) trigger, is designed with an output rate of
 kHz, using coarsely binned information from the de-
tector to quickly detect any potentially interesting physics
content in an event. Events selected by L are passed to
the high-level trigger (HLT), where commercial computing
nodes run speed-optimized reconstruction algorithms in or-
der to further reduce the event rate to a target of Hz to
Hz for permanent storage.

Luminosity Measurement

e LHC machine cannot itself measure the luminosity of
proton collisions, so the CMS detector itself must be used
to perform a measurement, leading to one of the largest
sources of error in cross section measurements and in new
particle searches. As a result, much attention has been paid
to providing a reliable and precise luminosity measurement
at CMS.

rough , CMS had been using a luminosity de-
termination [] based on activity in the forward hadronic
calorimeter (HF) which covers the pseudorapidity range 3 <
∣η∣ < 5 to record the transverse energy of forward jets.
e primary technique involves “zero counting” where the
mean number of interactions per bunch crossing is inferred
from the average fraction of empty calorimeter towers. e
technique requires calibration through a Van der Meer scan
where the size and shape of the interaction region is mea-
sured by recording the relative interaction rate as a function
of the transverse beam separations []. is Van der Meer
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calculation includes a dependence on the LHC beam cur-
rents, which are only known to an accuracy of . [],
which becomes the primary contributor to the total uncer-
tainty of . on the luminosity measurement.

e new luminosity measurement approved in early
 [] relies on a calibration procedure based on clus-
ter counting in the pixel tracker. Because of the very ne
granularity of the pixel tracker, the probability of a given
pixel being hit by two different tracks in one bunch crossing
is small, meaning that the number of clusters per crossing
should vary linearly with the number of interactions per
crossing and thus the luminosity. is technique also re-
quires a Van der Meer scan, but here the calibration involves
monitoring pixel activity with less acute dependence on the
LHC beam current, allowing a precise determination of the
effective pixel cluster cross section. at cross section is then
applied to determine an instantaneous luminosity for each
luminosity section (corresponding to . s of collisions) of
the  physics data sample based on the level of activity
in the pixels. e new method achieves a total systematic
uncertainty of ..







 Event Simulation

. eMonte Carlo Approach

In order to understand rare collision events, experimental-
ists must be able to sort through trillions of collisions to nd
perhaps only a handful of interesting candidates. Resolving
these events would be impossible without rm theoretical
predictions to guide us in deciding what exactly to look for.
It is no simple task, however, to map the equations de ning
the differential cross sections for various processes onto the
discrete event structure of experimental data. To bridge this
gap, we generally use “Monte Carlo” techniques [] where
a random number generator is interfaced with the equations
governing a certain process in order to produce a large num-
ber of simulated collision events.

In practice, simulated data may pass through several dif-
ferent programs, with each specialized to emulate a particu-
lar aspect of particle collisions. e rst stage is a matrix
element calculation which describes the differential cross
section for a given hard scattering process or for a set of inter-
fering processes with the same initial and nal states (such
as in Drell-Yan production of leptons, qq̄ → ℓ+ℓ−, which
can be mediated by either a photon or a Z boson []). If
some of the nal-state particles from this initial process are
short-lived (such as the vector bosons), their decays will be
directly handled in the same calculation due to additional
interference possibilities. For particles with nite lifetimes
on the scale of a muon or a tau lepton, decays can be de-
coupled from the calculation and are generally handled at a
subsequent stage. ese later-stage programs choose decays
according to branching ratios which are derived primarily
through measurements from previous experiments.

Another program takes the colored partons—quarks and
gluons—produced in the hard scattering interaction along
with any radiated gluons and describes how they hadronize
into colorless composite particles in a parton showering pro-
cess. Still another program describes the underlying event
consisting of so interactions of the spectator partons which
did not directly participate in the hard scattering. ese
programs rely on parameterizations tuned rst by input from
previous colliders extrapolated to LHC energies and later
retuned based on data from initial LHC runs [, ].

. Parton Distribution Functions

Hadron colliders cannot be tuned to take advantage of res-
onant production because collisions take place at the par-
ton level. Although each proton carries a well-constrained
momentum, the distribution of that momentum amongst its
constituents is constantly in ux. As a result, each hard scat-
tering interaction is unique and a computer simulation must
seek to faithfully model both individual scattering interac-
tions with the relevant probabilities along with the aggregate
behavior of an ensemble of interactions. Programs simu-
lating hard scattering events are guided by parton distribu-
tion functions (PDFs) which describe the relative probability
for each parton type to be carrying a particular momentum
fraction x. Current calculative ability in QCD is insufficient
to predict these distributions, so they are measured exper-
imentally by ts to deep inelastic scattering, production of
electroweak bosons, and high energy jet events as well as
measurements directly dedicated to determining the strong
coupling constant αs [, ].

. Hard Scattering

e random number generator of a Monte Carlo program is
used rst to sample a chosen PDF in order to determine an
event’s initial state and then again to sample the differential
cross section, de ning momenta for the nal state particles.
Generators may consider a variety of Feynman diagrams,
generally limited to leading order or next-to-leading order
contributions, though specialized programs may be used to
determine higher-order effects for speci c processes when
necessary. Oen, a separate program will be used to deter-
mine the overall or differential cross section for a process to
higher order and these results will be used to applyweighting
factors, avoiding the computational expense of running the
full calculation for every simulated event.

. Parton Showering

Due to the notion of asymptotic freedom in strong interac-
tions, successful calculations using perturbative QCD can
only be valid at very short length scales or very high ener-
gies. ese calculations are sufficient to give a good picture
of hard scattering interactions at the TeV scale, but fail to
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considerwhat happens to the colored partons created in hard
interactions or the lower energy interactions which accom-
pany a collision event. Typically, we would not expect an
event containing only the desired state of interest in an anal-
ysis; rather, events of interest are accompanied by dozens of
low energy hadrons.

A signi cant fraction of this hadronic activity is due
to the energetic colored partons produced from the hard
scattering interaction which subsequently shed their energy
through parton showers. Because the energy scale of these
showers falls outside the domain of perturbative QCD, we
rely instead on a phenomenological description. In the Lund
string model [], quarks are bound together with a taught
gluon string. For a pair of quarks travelling away from one
another, this string becomes stretched and stores energy,
eventually snapping to produce new qq̄ pairs when the req-
uisite threshold energy is reached. With repeated stretching
and snapping, the energy scale eventually cools to the point
that quarks once again form bound states. is process of
an energetic parton progressing to a collection of colorless
bound states is known as hadronization. ese resulting
hadrons are typically collimated along the direction of the
initial hard parton, forming a coherent “jet” of particles. In
addition, nal or initial state partons may radiate additional
partons that are energetic enough to form their own distinct
jets.

. Underlying Event

In addition to the parton showers originating from the hard
interaction and from partons radiated in the initial or nal
state, so radiation from the remaining partons must also be
considered for a full picture of the event. Because the partons
originally formed a colorless proton, this so radiation will
be necessarily connected to the hard partons via a color eld,
in uencing the color and distribution of new qq̄ pairs pulled
from the vacuum in order to conserve color charge. e
result is a large number of low energy hadrons distributed
between the proton remnant and the hard jets which resulted
from the nal state partons. is additional activity, known
as the underlying event, can deposit signi cant energy in the
detector and must be modeled at the hadronization step.

. Pileup Interactions

At LHC luminosities, we are not given the luxury of consid-
ering single events independently. With thousands of pro-
tons in each bunch, there are oen dozens of collisions in a
single crossing. For simulated events, we copy this effect by
superimposing some number of so interaction events on
top of each nominal event, following the interaction mul-
tiplicity distribution observed in the experimental data as
shown in Fig. ..

. Detector Simulation

e simulation steps discussed to this point cover only the
initial evolution of the system within the vacuum of the
beampipe. As stable or long-lived particles produced in the
hard scattering and hadronization processes travel outward
from the collision point, they begin to interact with the ma-
terial of the detector. A detailed description of the CMS
detector and magnetic eld is used as input to the 
package [, ], a soware toolkit for simulating the pas-
sage of particles through matter. e soware simulates not
only the decays of the particles as they propagate through
various materials, but also the interaction of those particles
with the material and the response of the detector to the
presence of those particles. From that response, we simulate
signals in the electronics to generate raw data in the same
format produced by the physical detector. From this point
on, both collision data and Monte Carlo simulated events
can be run through the same reconstruction and analysis
soware, maximizing the validity of comparisons between
them.

. Samples Produced

For all Monte Carlo samples considered in this analysis,
a matrix element generator is interfaced with  []
which handles hadronization and then to  []
which handles all tau decays. e CMS collaboration han-
dles sample generation centrally whenever possible as a
means to ensure consistency in con guration. Except for
our W′ signal, we use official samples which have been con-
gured to match the beam energy, detector conditions, and

luminosity distribution of the full sample of collision data
taken in .

Backgrounds

All simulated background samples are taken from official
production of Monte Carlo events (see Table .). e ma-
trix element calculation is handled by either  []
or  [], both programswhich operate to xed order
in αs, generating a given electroweak nal state with addi-
tional jets. Where possible, we replace this xed-order cross
section with a value obtained from a higher-order calcula-
tion using a generator or dedicated programwithin the same
phase space and parameters.

Our primary background for a resonant search is SM
WZ production. e WZ Monte Carlo events are gener-
ated with  while the cross section is taken from
MCFM []. We must also consider ZZ production as an
irreducible background where one of the leptons is either
outside detector acceptance or is misreconstructed. e
other backgrounds represent reducible processes that can be
confused with signal due to misidenti ed lepton candidates
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Figure 6.1: Two illustrations of a collision event. e rst (reproduced from []) is a simpli ed schematic showing the hard
scattering interaction, parton shower, hadronization, and subsequent particle decays. e second (reproduced from [])
gives a more complete picture with the hard scatter in green and the hadronization processes in yellow.

from jets and photons. We expect these events with jets
faking leptons to be a signi cant concern, so we pay spe-
cial attention that the jets are well-modeled in the Monte
Carlo.  is designed with such needs in mind
and includes diagrams with up to four jets in addition to
the base process for which it is con gured. is treatment,
coupled with an accuratemodel of parton showering and the
detector’s response to jet activity, allows CMS to model the
probability that jets aremisreconstructed as charged leptons.

Signal

Both W′ and Technicolor models are implemented in the
current version of . e current implementation
of LSTC which corresponds to the Technicolor parameter
space of interest for this study, however, contains errors
leading to an arti cially low fraction of longitudinally po-
larized technihadrons. Because the expected kinematics for
ρT events in the LSTC are quite similar to those for SSMW′,
the  W′ routines can also serve as a sufficient model
for Technicolor events.

Although  considers only leading order diagrams
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M(W′)c2/GeV σLO/pb σNNLO/pb k

 . ×  . ×  .
 . ×  . ×  .
 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .

 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .
 . × − . × − .

Table 6.1: An overview of the W′ → WZ → ℓνℓℓ signal
samples considered in this analysis, giving theW′mass along
with the associated leading order (LO) and next-to-next-to-
leading order (NNLO) cross sections in the SSM followed
by the associated k-factor. ese samples were locally pro-
duced, following the same prescription used for official sam-
ples. e cross sections include the branching ratios for the
bosonic decays into charged leptons (e, µ, or τ ).

Sample σLO/pb σ(N)NLO/pb









WZ(→ ℓνℓℓ)+ jets . × − . × −
WW(→ ℓνℓν)+ jets . ×  . × 

Z(→ ℓℓ)+ jets . ×  . × 

W(→ ℓν)+ jets . ×  . × 

Vγ + jets . ×  —
t̄t+ jets . ×  . × 

 





ZZ→ e+ e− e+ e− — . × −
ZZ→ µ+µ−µ+µ− — . × −
ZZ→ τ +τ −τ +τ − — . × −
ZZ→ e+ e−µ+µ− — . × −
ZZ→ e+ e−τ +τ − — . × −
ZZ→ µ+µ−τ +τ − — . × −

Table 6.2: Background processes considered for this analy-
sis with leading order (LO) and higher-order cross sections.
Each process corresponds to a dataset from official produc-
tion, using either  or  for the matrix el-
ement calculation. e W+ jets cross section is next-to-
next-to-leading order (NNLO) while all others are next-to-
leading order (NLO).eVγ + jets sample considers both of
the heavy vector (V) bosons W and Z.
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Figure 6.2: Distribution of the reconstructed collision vertex
multiplicity observed in the  data, demonstrating the
magnitude of pileup effects.

in its matrix element calculations, we can apply a scaling
factor to the results in order to bring the overall cross section
in line with a higher-order calculation. For all signal sam-
ples, we employ an NNLO calculation from MCFM which
includes all diagrams of orderαs as well as the “box diagram”
for WZ radiation initiated from a pair of gluons, which is of
order α2

s .
For the W′ search, we focus on een individual mass

points between GeV/c and GeV/c, in each case
producing   events in  and an NNLO cross sec-
tion in MCFM (see Table .). For Technicolor investiga-
tions, we use these sameW′ samples from , but apply
modi ed cross sections. Each sample is assigned a leading
order cross section from the  LSTC implementation
which is then scaled by a factor σNNLO/σLO (known as a k-
factor) determined from the MCFM calculations forW′ (see
Table .).

For Technicolor, we concentrate on the TCSM mass
points not excluded by other experiments which cover a
phase space region accessible with  − of data. As dis-
cussed in Section ., suppression of the electroweak S pa-
rameter requires near degeneracy between the vector and
axial-vector resonances; we choose M(aT) = 1.1M(ρT).

e relationship between M(ρT) and M(aT) signi -
cantly affects BR(ρT →WZ). eWZ branching ratio drops
below  for M(ρT) > M(πT), but approaches unity if
M(ρT) < M(πT) + M(W). For this analysis, we assume
a parameter set used in previous CMS investigations []
where M(πT) = 3

4M(ρT) − 25GeV and also investigate the
dependence of the results on the relative values of the ρT and
πT masses.
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M(ρT) M(aT) M(πT) (σLO × BR)/pb (σNNLO × BR)/pb
   . × − . × −
   . × − . × −
   . × − . × −
   . × − . × −
   . × − . × −
   . × − . × −
   . × − . × −
   . × − . × −
   . × − . × −

Table 6.3: Technicolor parameters used to generate cross sections for this analysis. All masses are given in GeV/c. BR refers
to the product of the branching ratios of the ρT/aT to WZ and the subsequent decay of W and Z to electrons, muons, or taus.
Quoted cross sections are computed by  to leading order (LO).







 Event Reconstruction

eCompactMuon Solenoid, comprised ofmillions of indi-
vidual detector channels, cannot by itself give us information
about what particles have traveled through its volume; it
can only offer a readout of hits in the muon and tracking
detectors, energy deposits in the calorimeters, and other
basic electronic signals. e trajectories and identities of
the particles which induced that detector response must be
inferred through reconstruction algorithms which draw on
the raw detector data to build a more coherent picture of a
collision event. e success of this analysis thus rests both
on the successful functioning of the detector hardware and
on the logic which builds electrons, muons, and Emiss

T from
the hardware output. An initial view of such reconstructed
output can be seen in Fig. . which visualizes the content of
a recorded WZ event.

. Electron Reconstruction

e basic signature for an electron in CMS is an ECAL en-
ergy deposit matched to a track in the inner tracker, which
the CMS reconstruction soware identi es via two comple-
mentary algorithms []. e “tracker-driven” algorithm is
optimized for low-pT electrons and those inside jets, starting
from a collection of tracks and looking for corresponding
clusters of energy in the ECAL. e “ECAL-driven” algo-
rithm, however, is more relevant to this analysis since it is
optimized for isolated electrons in the pT range under con-
sideration (pT > ). As implied by its name, this technique
starts in the ECAL, grouping together associated clusters
of energy into “superclusters” which are narrow in η but
may have a signi cant spread in ϕ, characteristic of an elec-
tron bending in the magnetic eld and radiating as it passes
through the tracker material. Once these superclusters are
identi ed, they are matched not with reconstructed tracks,
but rather with pairs or triplets of hits in the innermost layers
of the tracker. ese hits are used as seeds for a special elec-
tron tracking algorithm which takes into account a model
of the typical electron energy loss when moving through the
tracker.

At this reconstruction stage, some loose quality require-
ments are imposed to remove faulty candidates while main-
taining an efficiency above  for isolated electrons. e
ratio of energy deposited in the HCAL vs. the ECAL in
the supercluster region must fall below . as signi cant
deposits in the HCAL would indicate hadronic activity from

a jet. In addition, the displacement between the supercluster
centroid and its associated track must fall within the bounds
∆η < 0.02 and ∆ϕ < 0.15. In general, the requirements
imposed at the analysis level are more strict and supersede
these reconstruction-level criteria. Additionally, these re-
quirements are loose enough that the objects classi ed as
reconstructed electron candidates can be used to study other
physics objects beingmisidenti ed as electrons. e electron
four-momentum and point of origin are assigned based on
the track parameters at the distance of closest approach to
the nominal beam spot, with the energy determined from a
combination of tracker and ECAL information.

. Muon Reconstruction

Muon reconstruction in CMS starts from local pattern
recognition in each of the muon subsystems, followed by
“stand-alone” and “global” reconstruction algorithms [].
e stand-alone reconstruction phase integrates informa-
tion throughout the muon subsystems, linking together
track segments from the individual chambers and tting
them into stand-alone muon tracks. is algorithm looks
for seeds in the innermost chambers, rst building tracks
outward using a Kalman- tter technique [], then re tting
inward to de ne track parameters at the innermost muon
station. ese stand-alone muons are then compared to
independently-reconstructed tracks from the inner tracker
by propagating those tracks to the inside surface of the
muon detector. Compatibility in terms of momentum, posi-
tion, and direction are considered in matching stand-alone
muons to tracker tracks and the hits from matched pairs are
used as input for a new, global t. e resulting collection
of global muon tracks may contain ambiguities and poor
matches, so arbitration and quality algorithms are applied to
choose at most one nal global track to associate with each
stand-alone muon.

While the inner tracker can in general provide a much
higher momentum resolution than the muon system due
to its high granularity and the greater multiplicity of hits
available for the track t, the combination of these two sys-
tems becomes important for muons with momentum above
GeV/c. At high energies, the reduced bending of the
muon tracks limits the resolution of the inner tracking al-
gorithms. In these cases, just a few hits at the large radius
of the muon system can signi cantly improve the curvature
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Figure 7.1: Visualization of aWZ event in CMS (Run , Event , recorded Friday,  June ). e wireframe
shows the volume of the inner tracker, with generic reconstructed tracks drawn in green. e heights of red and blue columns
resting on the wireframe surface indicate themagnitudes of energy deposits in the ECAL andHCAL respectively. e Z boson
has decayed into two electrons, emerging from the far side of the tracker; they appear as light blue tracks accompanied by large
ECAL deposits. eW boson has decayed into a muon and a neutrino (indicated by the large Emiss

T arrow) in the foreground;
the muon track is shown in red, extending outward to the muon chambers (shown as translucent red blocks).

measurement, constraining the t and providing a better
momentum resolution. A high-quality muon is expected to
have at least one hit within the muon chambers and at least
one within the inner pixel tracker, with a greater multiplic-
ity of hits generally correlated with a better-reconstructed
track. e quality of the t is estimated through a nor-
malized χ2 determination. Prompt muons can be distin-
guished from secondary muons produced in hadronic de-
cays through measurement of the impact parameter of the
track with respect to the primary vertex.

As an alterative to stand-alone and global muons, CMS
employs an algorithm for identifying “trackermuons” which
consist of tracks in the inner tracker matched to individ-
ual muon segments. In this scenario, all tracks with pT >
0.5GeV/c and totalmomentum p > 2.5GeV/c act as seeds and
are considered as muon candidates if they can be matched
to at least one muon segment. While this approach can be
particularly useful for low-pT studieswhere the global recon-
struction algorithm degrades, it maintains a high efficiency
over the entire muon pT range. For this analysis, we use this
tracker-driven algorithm as a cross-check for muon quality;
all global muons considered in the analysis must also be

identi ed as tracker muons.

. Jet Reconstruction

While both electron and muon reconstruction algorithms
are able to use the high granularity of the tracker as a clear
guide towards deposits elsewhere in the detector, jets are
partially composed of neutral particles which do not leave
tracks, necessitating a signi cant reliance on the calorime-
ters. As a result, a direct search for jets introduces ambi-
guity which limits the effectiveness of reconstruction algo-
rithms. is difficulty motivates the CMS particle ow algo-
rithm [] which seeks to provide amore nuanced view of an
event by reconstructing physics objects in sequence, remov-
ing tracker hits and energy deposits from consideration once
they are assigned to a particular object. In this approach,
muons are reconstructed rst, accounting for all segments
in the muon chambers while removing related tracks in the
tracker and energy deposits in the calorimeter beforemoving
on to electrons and jets. e input to the jet reconstruction
algorithm, then, is a collection of energy deposits which have
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(a) An electron passing through the tracker, then depositing energy in the
ECAL crystals. Note the distinct energy cluster due to a bremsstrahlung
photon.
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(b) Transverse event display showing the coincidence of a high-
momentum track and a signi cant deposit of energy in the ECAL charac-
teristic of an electron.

Figure 7.2: Two diagrams showing the response of the CMS detector to a high-energy electron.

a high likelihood of belonging to a jet, allowing for a more
efficient reconstruction.

Within the context of particle ow, jets are created by
means of the “anti-kT” clustering algorithm [] which looks
for a high-momentum particle as a seed, then adds nearby
particles to the jet with weights corresponding to their mo-
menta. is algorithm is both “infrared safe” in the sense
that it is not affected by the presence of the in nitely so par-
ticles which result fromQCDdivergences and also “collinear
safe” in the sense that it automatically recombines collinear
partons []. ese two qualities are essential to allowmean-
ingful comparisons between reconstructed jets and theoret-
ical calculations to arbitrary order.

. Pileup

e intense luminosity provided by the LHC creates an en-
vironment where each bunch crossing can lead to dozens

of individual pp collisions. While the high resolution of
the tracker allows association of charged particles to distinct
vertices, the same technique cannot be used for neutral par-
ticles which leave no signature in the tracker. For jet mea-
surements in particular, the heavy reliance on calorimeters
limits the ability to distinguish vertices. In most events of
interest, there is only one hard scattering interaction; the
various other proton collisions, known as pileup, are typi-
cally so, leading to signi cant jet activity, particularly in
the forward regions of the detector. e number of pileup
interactions in a given bunch crossing has a signi cant effect
on our resolution for jet energy measurements, motivating
an event-by-event treatment to correct for these effects.

One of the major treatments for this type of pileup cor-
rection at CMS is the  algorithm [, ] which es-
timates an energy contribution due to pileup for each re-
constructed jet which can then be subtracted from the jet’s
energy to yield a result which more closely represents the
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energy of the initiating parton. e algorithm proceeds by
assigning an abstract “area” A to each jet which is essentially
a measurement of its susceptibility to pileup contamination
while measuring the overall level of diffuse noise ρ in the
event as the median value of pT/A taken over all jets. In the
analysis given here, the  algorithm will be important
for applying pileup corrections to the isolation sums consid-
ered for identi cation of leptons (see Secs. . and .).

. Missing Transverse Energy

Although the neutrino produced in a W → ℓν decay will
leave no deposits within the detector, we can use the visi-
ble particles in the event and the principle of momentum
conservation to infer its presence. Although the center of
momentum in a hard interaction at the LHC may carry a
signi cant longitudinal boost with respect to the lab frame,
the interacting partons should have negligible momentum
transverse to the beampipe. e vector sum of the transverse
momenta of the decay products, therefore, should be very
small in magnitude, and any signi cant imbalance would
indicate the direction and momentum of a particle which
escaped the detector without interacting.

Such an imbalance is traditionally known as missing
transverse energy (Emiss

T ), with the measurement relying on
calorimetric information. e hermetic coverage of the
CMS calorimeters lends itself well to this kind of measure-
ment, and indeed the CMS reconstruction soware de nes
a calorimeter-based Emiss

T vector:

E⃗miss
T ≡ −∑

i
E⃗T(i), (.)

where i iterates over all energy deposits in the calorimeters
and E⃗T(i) is the transverse projection of a vector with mag-
nitude equal to the selected energy deposit, pointing from
the interaction region toward the deposit.

is relatively simple de nition of Emiss
T , however, does

not fully exercise the capabilities of the CMS detector since it
ignores the various tracking systems and makes no effort to
match the energy deposits to any particle hypothesis which
might help distinguish their origin. As with jet reconstruc-
tion, signi cant resolution can be gained for Emiss

T by taking
a particle ow approach.

Within the context of particle ow, missing transverse
energy can be calculated from the vector sum of the trans-
verse momenta for all reconstructed particles:

E⃗miss
T ≡ −c∑

i
p⃗T(i), (.)

where i iterates over all objects identi ed by the particle ow
algorithm. For the present analysis, we prefer the dedicated
electron and muon reconstruction algorithms over particle
ow due to their comparative simplicity, but the particle ow

de nition of Emiss
T has been shown to have good reliability

and signi cantly enhanced resolution with respect to the
traditional calorimetric de nition and is thus suitable for use
here.





 Event Selection

e W± + Z→ ℓ± + νℓ + ℓ′+ + ℓ′− decay is characterized by:
• a pair of same- avor, opposite-charge, high-pT, iso-

lated leptons with an invariant mass consistent with a
Z boson,

• a third high-pT, isolated lepton, and
• a signi cant de cit of transverse energy (Emiss

T ) asso-
ciated with the escaping neutrino.

e selection criteria used for this analysis aim to identify
WZ events with as high an efficiency as possible while reject-
ing a signi cant fraction of background events with similar
signatures. e above characteristics can be supplemented
by requirements related to the overall energy scale of the
interaction for cases where the the WZ pair originates from
a massive resonance. ese criteria will be applied both to
a measurement of the cross-section for SM WZ production
and to a search for a resonance in the WZ spectrum, so
there are certain places where the criteria diverge to provide
optimal performance in different contexts, but the majority
of the selection is uniform between the two measurements.

. Online Event Selection

Over the course of , CMS recorded . − of pp col-
lision data, broken up into two major periods separated by a
short technical stop. Each of the subsystems of the CMS de-
tector experiences some amount of downtime due to equip-
ment failures, meaning that some fraction of the recorded
luminosity cannot be used for general analyses which rely on
the integration of the full detector. Consequently, the collab-
oration certi es a list of runs suitable for physics publication,
which in the case of the  data is equivalent to . −.

Because the LHC delivers many more collisions than the
CMS detector can record, the trigger system steps in tomake
quick decisions on which are worth keeping and which will
not be as interesting for analysis. e various triggers target
different physics objects; among the many triggers available,
one requires a single high-pT electron, another requires a
pair of electrons of intermediate pT, and likewise for muons.
Since the events ring each type of trigger are generally in-
dependent, the data is naturally sorted into primary datasets
(PDs) based on trigger type.

ese primary datasets (and indeed the entire set of
recorded data) are necessarily biased in favor of events with
certain content. is bias has potential repercussions for
physics results and must be considered when constructing

ET(e±)/(GeV) pT(µ±)/(GeV/c)

Run Range L HLT L HLT

–  —      
–  —      
–        
–        

Table 8.1: resholds for the double electron and double
muon triggers used in this analysis. e Level- seed for
the electron triggers initially requires only one object with
ET > 12GeV, but later requires an additional deposit with
ET > 5GeV.

an analysis. To ensure a sufficient understanding of the on-
line selection, some portion of each analysis effort goes into
carefullymeasuring the efficiency for events of interest to re
the relevant triggers and incorporating that information into
the nal result. Oen, this means not only choosing some
small number of datasets for the selection of signal events,
but also an additional set with different biases to allow the
efficiency measurements.

For this analysis, we consider the DoubleElectron and
DoubleMu datasets where events must re a trigger looking
for a pair of electrons or a pair of muons, respectively. To
control the recorded event rate, each of these triggers im-
poses energy thresholds on the candidate objects, with these
thresholds increasing as the luminosity has increased. ese
HLT paths are each seeded by a Level- trigger path requir-
ing one or two low-level detector objects with thresholds
lower than those imposed at higher levels. e thresholds
corresponding to various run ranges are given in Table ..

. Electron Selection

Although previous experiments have developedmultivariate
discriminators to provide optimal efficiency in identifying
high-quality electrons, this analysis chooses a simpler cut-
based approach. is choice re ects both the necessity to
build understanding of lepton identi cation during the rst
year of full LHC operation and the excellence of the CMS
detector that in most analyses makes complicated multivari-
ate lepton identi cation unnecessary. We de ne a separate
set of requirements for each of the three lepton roles, with
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the requirements on an electron associated with the W sig-
ni cantly tighter than those for the Z leptons. Whereas the
invariant mass constraint on the Z leads to a relatively pure
sample of Z bosons, there is a high probability to choose a
jet when searching for a W → e + ν decay. e selection
criteria are speci cally chosen to reduce the frequency of jets
entering into the pool of electron candidates.

Electrons assigned to a Z decay are required to match
objects passing the double electron trigger. e matching
compares the (η, ϕ) coordinates of the reconstructed elec-
trons and the electron objects identi ed in the HLT, requir-
ing ∆R < 0.1 (see Eq. .). In order to ensure a high trigger
efficiency, we must impose ET requirements on the recon-
structed electrons such that they lie on the plateau of the trig-
ger efficiency curvewith respect to electron ET. Tomatch the
trigger thresholds of GeV and GeV, the leading electron
must have ET > 20GeV while the other may have ET as low
as GeV.

All electrons must be within the detector acceptance
(∣η∣ < 2.5) and meet several criteria testing the compatibility
of the electromagnetic shower shape with the isolated elec-
tron hypothesis. e shower is evaluated for the width of
the electromagnetic cluster in terms of pseudorapidity (σiηiη
where i indicates that the measurement is taken as a number
of crystals rather than a distance, see Sec. .), the difference
in the measured position of the ECAL supercluster vs. the
associated track (∆ϕ and ∆η), and the ratio of energy de-
posited in the ECAL vs. the HCAL (EHCAL/EECAL). Because
calorimeter response differs signi cantly between the barrel
and the endcap, the values for these criteria are determined
separately for these two regions. Table . gives the speci c
values for all electron requirements applied in this analysis
with the corresponding distributions shown in Fig. . for
candidates in the barrel region and Fig. . for candidates in
the endcap region.

Photons originating from a hard interaction have a high
probability to convert to an e+e− pair within the tracker.
ose tracks, however, are likely to be missing hits in the
innermost regions, so we can discriminate against them by
requiring that electron tracks have nomissing hits. Electrons
assigned to a W decay are also checked for extra tracks in
their immediate vicinity and rejected if any fall within a dis-
tance d of .mm or are not sufficiently separated to satisfy
∆ cot(θ) < 0.02.

For isolation, we take the approach of drawing a cone
(de ned as ∆R < 0.3) around each electron and looking
for objects inside that cone. e objects considered include
tracks in the inner tracker where the cone is de ned around
the electron track’s position from the origin as well as cal-
orimeter deposits where the cone is de ned around the elec-
tron’s location at the inside surface of the ECAL. Isolation
is quanti ed as a sum of the transverse energies of all tracks
and calorimeter deposits within those cones which are not

associated with the electron:

Eiso
T = c ⋅

tracker
∑
i
pT(i) +

ECAL
∑
i
ET(i) +

HCAL
∑
i
ET(i). (.)

In order to allow a high acceptance for energetic electrons,
we set a requirement not on the isolation sum itself, but
rather on the ratio of the isolation sum to the electron’s trans-
verse momentum:

Riso =
Eiso

T
c ⋅ pT

. (.)

e isolation sum is sensitive to pileup effects since ad-
ditional interactions lead to more jet activity in the event.
To ensure a stable efficiency for the isolation requirement
with respect to pileup, the isolation sum is corrected based
on the  determination of the energy density ρ due
to pileup and the underlying event. e isolation sum is
reduced according to the measured diffuse noise ρ in the
event, with effects shown in Fig. ..

One nal, though small, concern for electron identi -
cation comes from cases where photons are generated from
internal bremsstrahlung in W and Z decays, closely aligned
with one of the resulting leptons. If produced near an elec-
tron, such a photon will likely be correctly included as part
of the electron’s supercluster in the ECAL; if produced near
a muon, however, it likely to be misidenti ed as a distinct
electron. To remove these ambiguities, electrons found in
the immediate vicinity of a muon (∆R < 0.01) are rejected.

Detailed efficiency measurements discussed later in this
chapter (see Sec. .) give an overall efficiency of  for an
electron produced by a W decay to pass our selection. We
can investigate the misidenti cation rate in simulation by
looking at a sample of Z+jets events with a Z → µ+ + µ−
decay such that all reconstructed electrons should be due
to misidenti ed jets. Considering all reconstructed jets and
electrons with ET > 20GeV, we nd that . of jets result
in a basic electron object, with only  of those passing the
full W decay identi cation and isolation criteria.

. Muon Selection

e muon selection follows a requirement-based approach
similar to that used for electrons. Muons are restricted
to be within the pseudorapidity acceptance (∣η∣ < 2.4) of
the muon and tracking systems and to ful ll various track
quality requirements. e global track t must contain at
least eleven inner tracker hits including one or more hits in
the pixel detector and at least one hit in the muon system.
Moreover, the muon must be matched to track segments in
two different muon stations. In order to reject muons from
hadrons decaying in ight or from kaons punching through
the calorimeter, the overall quality of the global muon t
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Figure8.1: Distributions of criteria used to select barrel electrons, considering all remaining candidates with ET > 20GeV aer
a Z → ℓ+ + ℓ− decay is identi ed. Collision data (composed mostly of jets) is compared to simulated WZ events (composed
mostly of true electrons) to show the discriminating power of each requirement. Shaded areas indicate excluded regions; when
two different depths of shading are used, the lighter one indicates a region of conditional exclusion as described in Table ..
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Figure 8.2: Distributions of criteria used to select endcap electrons, considering all remaining candidates with ET > 20GeV
aer aZ→ ℓ++ℓ− decay is identi ed. Collision data (composedmostly of jets) is compared to simulatedWZ events (composed
mostly of true electrons) to show the discriminating power of each requirement. Shaded areas indicate excluded regions; when
two different depths of shading are used, the lighter one indicates a region of conditional exclusion as described in Table ..
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Electrons from Z Electron from W

Requirement EB EE EB EE

Minimum trigger match ET (GeV)  ()  () — —
Minimum electron pT (GeV/c)  ()  ()  

Maximum σiηiη . . . .
Maximum ∣∆ηin∣ . . . .
Maximum ∣∆ϕin∣ . . . .

Maximum missing track hits    
Minimum d between tracks (cm) — — . .

Minimum ∆ cot(θ) between tracks — — . .
Maximum Riso . . . .

Minimum ∆R from any muon . . . .

Table 8.2: Requirements imposed on electrons. e rst two rows give criteria applied to the more energetic Z electron rst,
with the value for the less energetic electron in parentheses.
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(a) Before correction.
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(b) With correction applied.

Figure 8.3: Mean values of the combined isolation sum as a function of the number of reconstructed primary vertices, before
and aer the pileup correction. e black line is a t to the estimated energy density due to pileup.

must be high as measured by a requirement on the normal-
ized χ2 (meaning that we divide the χ2 value by the number
of degrees of freedom in the t). To reject cosmic ray muons
which do not originate from a collision, we also require that
the impact parameter of the global t with respect to the
measured beam spot be less than mm. ese track quality
requirements are shown in Table . along with the isolation
values.

Isolation formuons is exactly analogous to the algorithm
for electrons (Eqs. . and .) again with the transversemo-
menta and energies summed in separate∆R cones of radius
. for the tracker, ECAL, and HCAL. Again, contributions
from the muon in question are removed. e same pileup
correction is applied, depending on the number of recon-
structed vertices in the event and the region of the detector

in which the muon is found.

e selection used for muons is identical for those as-
signed to a W decay vs. those assigned to a Z decay except
for a tighter isolation requirement on the W and a trigger
matching requirement on both muons assigned to a Z decay.
As with electrons, our primary concern for muon identi ca-
tion is to reduce the possibility for a jet to included as a lepton
in the W decay where we are not protected by an invariant
mass constraint. Trigger matching and pT cuts are exactly
analogous to the electron case.

Detailed efficiency measurements discussed later in this
chapter (see Sec. .) give an overall efficiency of  for a
muon produced by a W decay to pass our selection. We can
investigate the misidenti cation rate in simulation by look-
ing at a sample of Z+jets events with a Z→ e++e− decay such
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Figure 8.4: Distributions of criteria used to select muons, considering all remaining candidates with pT > 20GeV/c aer a
Z → ℓ+ + ℓ− decay is identi ed. Collision data (composed mostly of jets) is compared to simulated WZ events (composed
mostly of true muons) to show the discriminating power of each requirement. Shaded areas indicate excluded regions; the
lighter shaded region in the Riso distribution is excluded only when considering a W± → µ± + νµ decay.
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Minimum number of pixel hits 
Minimum number of tracker hits 

Minimum number of muon system hits 
Minimum number of matched muon segments 

Maximum normalized χ2 .
Maximum impact parameter (cm) .

µZ
1 µZ

2 µW

Minimum trigger match pT (GeV/c)   —
Minimum global track pT (GeV/c)   

Maximum Riso . . .

Table 8.3: Requirements imposed on muons. e rst six rows apply to all muons considered for the analysis while the values
in the nal three rows take into account the speci c role for which a muon has been selected. e requirements under the
headings µZ

1 and µZ
2 are applied to the higher-pT and lower-pT legs of a Z→ µ+ + µ− decay while the requirements under the

heading µW are applied to muons assigned to a W± → µ± + νµ decay.

that all reconstructed muons should be due to misidenti ed
jets. Considering all reconstructed jets with ET > 20GeV
and all reconstructed muons with pT > 20GeV/c, we nd
that . of jets result in a muon object, with only .
of those passing the fullW decay identi cation and isolation
criteria.

. Final Selection ofWZ Candidates

Z boson candidates are built from a pair of opposite-sign,
same- avor leptons with pT and trigger matching require-
ments as discussed in Secs. . and . along with an in-
variant mass between GeV/c and GeV/c. If the avail-
able leptons produce more than one such combination, we
choose the one most consistent with the nominal Zmass. If,
however, four or more leptons are present which can yield
two distinct Z candidates, the event is rejected to suppress
ZZ background.

We assign the highest-pT candidate from the remaining
leptons to the W boson decay. e transverse mass of the W
boson candidate MT(W) is given as:

MT(W) ≡
√

2 ⋅ Emiss
T ⋅ pT(ℓ) ⋅∆ϕ (.)

with pT(ℓ) the transverse momentum of the lepton assigned
to theW and∆ϕ the angle between that lepton and the Emiss

T
in the transverse plane. Distributions showing M(Z), Emiss

T ,
and MT(W) aer selection of the third lepton are shown in
Figs. ., ., and ..

To reject a large fraction of events without a genuine
W decay, we require that the Emiss

T calculated from particle
ow be above GeV, indicating the recoil of a high-energy

neutrino.
Massive exotic particles decaying viaWZ should bemost

easily distinguished from the SM WZ background by virtue
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Figure 8.5: Reconstructed mass of the Z boson candidate for
events with an extra isolated lepton passing requirements for
the W.
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Figure 8.6: Distribution of missing transverse energy for
events with a valid Z candidate and an extra isolated lepton
passing requirements for the W.
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Figure 8.7: Transverse mass of the W boson candidate for
events with a valid Z candidate and an extra isolated lepton
passing requirements for the W.

of a narrow width in the spectrum of the system’s recon-
structed mass M(WZ). at mass, however, depends on the
longitudinal momentum pz of the neutrino, which cannot be
inferred from the information recorded by the detector. We
proceed by assuming theW to have its nominalmass, leading
to a quadratic equation with pz(ν) the only unknown. As
long as the reconstructed MT(W) lies below the nominal W
mass, this equation yields two real solutions. We choose the
lower magnitude of the two pz(ν) solutions as it is found to
give the M(WZ) value more consistent with the generator-
level WZ mass in  of simulated events. Due to the nite
detector resolution, some fraction of events (≈ ) yield a
reconstructed value of MT(W) which exceeds the nominal
Wmass and generates complex results in the pz(ν) equation
. In these cases, we replace the M(W) assumption with the
measured transversemass, recovering a unique real solution.

In addition to the invariant mass distinction, we expect
that WZ events originating from the decay of a massive par-
ticle should in general be more energetic than the events
expected from the Standard Model. We quantify this by
considering the scalar sum of the transverse momenta of the
nal state leptons:

LT =∑
i
pT(ℓi), (.)

where i iterates over the three charged leptons associated
with the Z→ ℓ+ + ℓ− and W± → ℓ± + νℓ decays.

We use requirements on the M(WZ) and LT distribu-
tions to achieve further separation between resonant parti-
cles and SM WZ production. e mass windows and mini-
mum LT values are determined separately for each simulated
mass point, optimizing for the best expected limit. e dis-
tributions of LT and invariant mass for selected WZ candi-
dates are shown in gures . and ..
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Figure 8.8: Distribution of LT in simulated samples and col-
lision data.
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Figure 8.9: Distribution of WZ invariant mass in simulated
samples and collision data.

. Optimization of Analysis Cuts

e selection criteria for the W and Z bosons, including
identi cation and isolation of the constituent leptons, pro-
vide sufficient suppression of all background except for the
genuine WZ events predicted in the Standard Model. e
requirements on M(WZ) and LT, then, are motivated by a
desire to distinguish exotic particles from SM WZ. Both of
these requirements capitalize on the rapid suppression of the
SM cross section with increasing mass beyond the threshold
value of GeV/c. Although a mass window alone could
provide signi cant power to discriminate against SM events,
the mass resolution is poor due to its dependence on infer-
ences about the escaping neutrino. In comparison, the LT
measurement plays to the strengths of the CMS detector in
electron and muon reconstruction, thus providing a more
reliable gauge of how energetic the systemmay be. e com-
plementary nature of these two requirements is illustrated in
Fig. ..

e LT requirements and mass windows are optimized
simultaneously. e minimum LT is initially set to GeV/c
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Figure 8.10: Distribution of LT vs. M(WZ) for a GeV/c
W′ signal sample and forWZ background. Because the sam-
ples have a signi cant widthwith respect to both parameters,
substantial sensitivity gains can be achieved through a com-
bined requirement.

(theminimumpossible value based on the lepton pT require-
ments) and increased in increments of GeV/c, in line with
the lepton pT resolution. emass window is symmetric and
centered on the nominal mass of the WZ system, expanding
outward in steps of GeV/c on either side.

e requirements can be optimized with respect to var-
ious gures of merit, oen some ratio between the number
of signal and background events passing the selection. We
choose a full calculation of the expected limit (described in
Sec. .) for each potential mass window plus LT pairing as
our gure of merit, choosing the combination which gives
the best limit. Due to diminishing background statistics
at high M(WZ), errors on the expected limit become large
enough that no meaningful optimization of the LT require-
ment can bemade, sowe keep the requirement optimized for
an GeV/c signal when considering higher mass ranges.
e optimized requirements for each mass point are pre-
sented along with nal event yields and cross section lim-
its in Table .. is simultaneous approach provides a
marginal improvement over previous techniques which used
functions of the signal and background yields to optimize the
LT requirement and the mass window sequentially.

. Efficiency of Lepton Selection

We determine the efficiency of our electron and muon se-
lection criteria by applying a “tag and probe” measurement
to each stage of the selection. is method exploits the Z →
e+ + e− and Z → µ+ + µ− resonances to provide a sample of
real leptons that is unbiasedwith respect to the quantities be-
ing measured. e approach involves selecting events with a
“tag” lepton passing some tight selection, then searching for
a “probe” lepton which forms an invariant mass consistent

with a Z boson when paired with the tag. Due to the mass
constraint, this sample of probes can be assumed to consist
almost entirely of real leptons. If we consider our selection
criteria as a series of sequential requirements, then the effi-
ciency of a particular step is given by the fraction of probes
passing all previous criteria which also pass the requirement
in question.

ese tag and probe measurements are applied to both
collision data and Monte Carlo simulation in order to de-
termine ratios which can be used to correct the event yields
in simulation. For the trigger efficiency measurements in
data, special care is taken to select events from single-lepton
datasets where the tag is matched to the trigger so as not to
introduce a trigger bias. For electron measurements, we use
a special path designed speci cally for tag and probe studies
which requires a single electron object with ET > 17GeV
along with a supercluster in the ECAL with ET > 8GeV.
As the supercluster- nding efficiency is nearly , this
requirement introduces little bias to the efficiency and iden-
ti cation measurements.

Results are extracted from the tag and probe samples
through functional ts to the invariant mass of tag-probe
pairs. e Z peak is t with a Gaussian multiplied by an
exponential to allow a low-end tail while the non-peaking
background is assumed to be linear, with the resulting t
subtracted from the peak. A systematic uncertainty is esti-
mated for each measurement by replacing the function used
to t theZ peakwith other possible shapes such as aGaussian
multiplied by a quadratic. e variation in the extracted effi-
ciency with respect to different tting functions is in most of
thesemeasurements less than .. ese errors are factored
into the nal results as discussed in Sec. ..

e observed efficiencies show various levels of depen-
dence on the transverse momentum and pseudorapidity of
the lepton. In the trigger case, the efficiency has a sharp
dependence on pT in the immediate vicinity of the trigger
threshold, but quickly reaches a plateau of near constant
efficiency, as shown in Fig. .. e pT requirements on
reconstructed leptons for this analysis are chosen so as to
avoid this “turn-on” region of the trigger efficiency curve.
For other measurements, the momentum and pseudorapid-
ity dependence is small within the population of leptons
considered in this analysis. Because the sensitivity gains
from a binned efficiency measurement would be negligible,
we make a single measurement for each efficiency which
represents the entire range of leptons considered.

For electrons, we consider the total efficiency as the
product of identi cation, isolation, and trigger efficiencies:

ϵtotal = ϵID ⋅ ϵisolation ⋅ ϵHLT, (.)

where the efficiency for a reconstructed electron to pass
identi cation ϵID and the efficiency for an identi ed elec-
tron to pass isolation ϵisolation are calculated separately for
the Z → e+ + e− and the W± → e± + νe selection sets while
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Figure 8.11: Efficiencies for well-identi ed, isolated (a) electrons and (b) muons (right) to pass the trigger requirement as a
function of the lepton’s transverse momentum. In both cases, the trigger requires an object with pT > 17GeV/c, leading to a
“turn-on” region with respect to the higher-resolution pT measurement used in offline reconstruction. e requirement that
pT > 20GeV/c on the leading reconstructed lepton assigned to the Z decay is chosen to ensure all candidates are on or near
the plateau of the above efficiency curves.

Efficiency Data/ MC/ Ratio (Data
MC )

Identi cation (W) .± . .± . .± .
Isolation (W) .± . .± . .± .
Identi cation (Z) .± . .± . .± .
Isolation (Z) .± . .± . .± .
Trigger (ET > 17GeV) .± . .± . .± .
Trigger (ET > 8GeV) .± . .± . .± .

Table 8.4: Electron efficiency values obtained from the tag and probe ts. For each efficiency, we give the value obtained from
data, the value obtained from MC simulation, and the ratio of data to MC. e errors quoted are purely statistical.
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Figure 8.12: Fits to the invariant mass spectrum of tag-probe pairs as de ned for the W± → e± + νe electron identi cation
efficiency measurement. Pairs where the probe passes the identi cation criteria are shown on the le while pairs where the
probe fails the identi cation criteria are shown on the right. In each plot, the dashed line shows the linear t to non-peaking
background while the solid line shows the t to genuine Z→ e+ + e− decays (Gaussian plus exponential).
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the efficiency for an isolated electron to be identi ed in the
trigger ϵHLT is calculated separately for each leg of the trigger
since these are independent. e reconstruction efficiency
for superclusters in the ECAL is measured centrally to be
very nearly unity in both collision data and simulation [];
because the effect is negligible, we do not include it explicitly
in this study. e results of these measurements are given in
Table . with examples of produced ts shown in Fig. ..

For muons, we consider the same efficiencies as above,
but also ϵtrack and ϵstand−alone, the efficiencies to reconstruct
a track in the tracker given a stand-alone muon and to re-
construct a stand-alone muon given a track in the tracker,
respectively. e twomeasurements are assumed to be com-
pletely independent. e total efficiency, then, is:

ϵtotal = ϵtrack ⋅ ϵstand−alone ⋅ ϵID ⋅ ϵisolation ⋅ ϵHLT. (.)

Results are given in Table .
We are also interested in understanding the frequency

with which these electron andmuon selection criteria incor-
rectly identify jets as leptons. e misidenti cation rate is
investigated in Sec. . as part of a larger data-drivenmethod
to estimate the background contribution from Z+jets events.





. E S

Efficiency Data/ MC/ Ratio (Data
MC )

Reconstruction (STA) .± . .± . .± .
Reconstruction (TRK) .± . .± . .± .
Identi cation .± . .± . .± .
Isolation .± . .± . .± .
Trigger (pT > 17GeV/c) .± . .± . .± .
Trigger (pT > 8GeV/c) .± . .± . .± .

Table 8.5: Muon efficiency values obtained from the tag and probe ts. For each efficiency, we give the value obtained from
data, the value obtained from MC simulation, and the ratio of data to MC. e errors quoted are purely statistical.
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 0.01±alpha =  1.60 
 0.0001±efficiency =  0.9707 

 0.002±fg =  0.613 
 0.0004±lf = -0.00982 

 0.0003±lp =  0.0050 
 0.002±mean =  90.976 

 0.4±n =  5.9 
 191±numBackgroundFail =  22176 

 960±numBackgroundPass =  139854 
 1604±numSignalAll =  1731614 

 0.02±sigma =  5.63 
 0.004±sigmag =  1.886 

Figure 8.13: Fits to the invariant mass spectrum of tag-probe pairs as de ned for the muon identi cation efficiency mea-
surement. Pairs where the probe passes the identi cation criteria are shown on the le while pairs where the probe fails the
identi cation criteria are shown on the right. In each plot, the dashed line shows the linear t to non-peaking background
while the solid line shows the t to genuine Z→ µ+ + µ− decays (Gaussian plus exponential).





 Background Studies

As discussed in Sec. ., the background processes expected
to contribute to the three-lepton nal state consist primarily
of genuine W± → ℓ± + νℓ or Z → ℓ+ + ℓ− decays along with
some number of additional jets misidenti ed as leptons. Be-
cause of the lowprobability for a jet to satisfy the lepton iden-
ti cation criteria, the expected contribution from a given
process diminishes as the number of jets needed to fake aWZ
signal increases. Accordingly, the primary concern is Z+jets
events where only one misidenti ed lepton is sufficient to
cause contamination, motivating a data-driven estimation
method which also measures a portion of the tt background
(discussed in Sec. .). Other background sources are esti-
mated from MC simulation where possible with agreement
between the collision data and simulation evaluated in vari-
ous “control regions” (Sec. .). For the resonance search, all
backgrounds are taken from simulation, considering sam-
ples representing diboson processes with extra jets (WW,
WZ, ZZ, Zγ, and Wγ) along with Z+jets, W+jets, and tt.
For the WZ cross section measurement, only ZZ and Zγ
are taken from simulation; data-driven methods are used
directly to account for all other background contributions.

. Z + jets Background Estimation

When possible, it is advantageous to reduce ameasurement’s
reliance on the quality of MC simulation by performing in-
vestigations directly in the collision data. In particular, we
would like to de ne a method to extract an estimate of the
yield of dominant background processes in our nal signal
samplewhich can then be used to replace or verify theMonte
Carlo results. To that end, we use the “matrix method” []
to perform a data-driven estimation of the contribution to
the signal region from backgrounds where a misidenti ed
jet accompanies a Z candidate formed from real leptons; this
will be primarily composed of Z+jets events, although there
may also be small contributions from tt and WW processes.
e resulting estimates are used directly in the cross section
measurement discussed in Chapter  and indirectly as a
check on the simulated yields for the resonance search in
Chapter .

e matrix method seeks to compare the numberNlepton
of WZ candidate events where the W decay has been asso-
ciated with a genuine electron or muon to the number Njet
of events where the lepton candidate for the W decay is in
fact a misidenti ed jet. ese numbers, of course, are not

Measurement Efficiency/

ϵtight(e) .± .
ϵtight(µ) .± .
Pfake(e) ± 
Pfake(µ) ± 

Table9.1: Measured isolation efficiencies for genuine leptons
and misidenti ed jets.

directly observable in collision data, so we instead count the
number Ntight of events passing all selection criteria for W
and Z candidates and compare this to the superset of events
Nloose obtained by removing the isolation requirement on
the lepton candidate assigned to the W decay. By carefully
measuring the efficiency ϵtight of the isolation criteria for real
leptons and the corresponding efficiency (or, from another
perspective, “fake rate”) Pfake formisidenti ed jets, we obtain
a system of equations which allow us to obtain values for
Nlepton and Njet:

Nloose = Nlepton +Njet (.)
Ntight = ϵtight ⋅Nlepton + Pfake ⋅Njet. (.)

We apply the tag and probemethod in independent sam-
ples of collision data as described below to determine the
ϵtight and Pfake values for electrons and muons given in Ta-
ble .. e nal background estimate is determined sep-
arately for each mass window, with the data-driven results
compared to generator-level information in MC samples in
Table ..

Measurement of Isolation Efficiency for Genuine
Leptons

For the ϵtight measurement, we want to de ne some collec-
tion of lepton candidates that has a high purity of genuine
leptons, but without using any isolation criterion that would
bias our measurement. is is accomplished through the
same tag and probe method employed in the measurement
of lepton selection efficiencies in Sec. .. We de ne a Z-
enriched region in the collision data by selecting events with
exactly one pair of same- avor, opposite-charge leptons with
pT > 10GeV/c and invariant mass between GeV/c and
GeV/c. Both leptonsmust pass the identi cation criteria
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M(W′)c2/GeV ϵtight ⋅Nlepton Pfake ⋅Njet NMC
lep

 ± .±. ±
 ± .±. ±
 ± .±. ±
 ± .±. ±
 ± .±. ±
 ± .±. ±
 ± .±. ±
 ± .±. .±.
 ± ± .±.

 ± ± .±.
 ± ± .±.
 ± ± .±.
 ± ± .±.
 ± ± .±.
 ± ± .±.

Table 9.2: Expected numbers of selected events with the W
decay assigned to either a genuine lepton or a misidenti ed
jet. e measured number of true leptons ϵtight ⋅ Nlepton may
be compared with the expected number of signal-like events
with isolated leptons based on Monte Carlo information in
the nal column.

imposed on candidates for theW decay and at least onemust
pass the associated isolation requirement, serving as the tag
object. e remaining lepton candidate serves as the probe.

e resulting dataset is dominated by Z+jets, but also
includes some tt, WZ, and W+jets events. e processes
with a genuine Z → ℓ+ + ℓ− decay contribute to a peak
in the invariant mass distribution while the tt and W+jets
contributions tend to be evenly distributed across the invari-
ant mass range. To obtain a best estimate of the number of
genuine Z → ℓ+ + ℓ− events within the sample, we make a
linear t to the sidebands ([,] and [,] GeV/c) of
the invariant mass distribution and use this to subtract the
non-peaking events.

e value of ϵtight is obtained by counting the total num-
ber of events with the probe passing isolation Npass and the
total number of events with the probe failing isolation Nfail,
subtracting the estimated contributions to each of these dis-
tributions from the linear ts Bpass and Bfail, and taking the
ratio of passing events to total events:

ϵtight =
2(Npass − Bpass)

(Nfail − Bfail) + 2(Npass − Bpass)
. (.)

Measurement of Isolation Efficiency for
Misidenti ed Jets

To measure Pfake, we need to de ne some collection of lep-
ton candidates which we believe with a high con dence
to be from jets, but without using any isolation criterion

which would bias the measurement. Because the interaction
topologies are very similar for the production of charged
and neutral vector bosons at the LHC, we expect a similar
spectrumof jets in events with aWwhen compared to events
with a Z. As a result, we can perform the Pfake measurement
on a W-enriched sample in the collision data where we have
eliminated Z → ℓ+ + ℓ− decays. In order to de ne a region
dominated byW+jets, we select events with a lepton (serving
as tag) which meets the identi cation and isolation criteria
imposed on candidates for the W decay along with Emiss

T >
20GeV/c, MT(W) > 20GeV/c, and exactly one additional
lepton candidate with opposite avor (since Z decays can
never give one electron and one muon) which passes the
identi cation criteria without isolation. e value of Pfake
is given simply as the ratio of the event count with the probe
passing isolation to the total number of selected events in the
W-enriched region.

. QCD Background Estimation

Any analysis performed with CMSmust also consider possi-
ble contamination from raw multijet events due to the high
LHC cross section for pure QCD processes. Within the con-
text of this analysis, signi cant contamination from QCD
would be highly unlikely due to the nature of the selection
criteria. Most multijet events come from so interactions
which generate little transverse momentum such that the
lepton pT requirements alone signi cantly reduce the rele-
vant QCD cross section. Beyond this, the Z mass window
and requirement of signi cant Emiss

T provide tight constraints
on the kinematics of the event which pure multijet interac-
tions are unlikely to replicate.

e potential of our kinematic selection to suppress
QCD is well demonstrated by theW+jets background. Con-
taining a real W± → ℓ± + νℓ decay, this process should have
a similar Emiss

T distribution to genuine WZ events, so all of
our discriminating power comes from the Zmass constraint
along with lepton selection requirements sufficient to avoid
misidenti cation of two jets as leptons. Although W+jets
has the highest cross section among MC background sam-
ples considered in this analysis, its contribution in the nal
sample is negligible. While the cross section for events with
three or more jets dwarfs that for W+jets events by approx-
imately four orders of magnitude [], the low probability
for multijet events to produce substantial Emiss

T while also
overcoming lepton selection requirements on an additional
jet compensates for the high event rate.

Verifying the above arguments through a direct MC in-
vestigation of the expected QCD contribution is not feasible
due to the extremely large statistics of simulated QCD data
which would be necessary for any reasonable estimation. An
early study of the CMS detector’s sensitivity to Technicolor
signatures [], however, utilized a limited sample of QCD
events to measure individual probabilities that a multijet
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event would yield a Z candidate, a W candidate, or high LT.
Treating the probabilities to nd a Z or a W as independent
and employing selection criteria very similar to that pre-
sented here, they conservatively estimate a contribution of
less than . events/− passing all selection criteria in the
lowest-mass search windows, a level corresponding to less
than  of the total yield from other background processes.

. Control Regions

e event selection criteria presented in the previous sec-
tions of this chapter are each motivated by physical argu-
ments about the differences between signal and background.
As such, the quality of the selection is dependent upon the
validity and scope of those arguments, so it is essential to
consider some set of orthogonal data regions or tangential
event characteristics in order to evaluate whether the selec-
tion is comprehensive and well understood. ese investi-
gations are taken as “controls” on the selection criteria, ver-
ifying that the characteristics of the collision data are suffi-
ciently well-modeled by simulation that the selection criteria
can be trusted.

Before initial selection of a third lepton to associate with
theW decay, the selected data will be composed primarily of
events with a real Z boson that may be accompanied by one
or more jets. In this “pre-W” region, we are rst concerned
about validating the quality of our Z boson reconstruction as
demonstrated by the invariant mass and transverse momen-
tum distributions shown in Figs. . and .. We are also
interested in evaluating the quality of jet modeling in this
region, since the upcomingW selection criteria are designed
primarily to avoidmisidenti cation of a jet as a lepton result-
ing from a W decay. e jet multiplicity is given in Fig. .
along with the transverse energies of the leading and next-
to-leading jets in Fig. ..

Aer the selection of an isolated lepton for the W± →
ℓ± + νℓ decay, our primary concern becomes the quality of
W candidate modeling and reconstruction. e distribution
of missing transverse energy associated with the escaping
neutrino has already been shown in Fig. ., but we now
add Fig. . which shows the W boson’s transverse mass (as
de ned in Eq. .).

Aer imposing the requirement for signi cant Emiss
T , the

data sample should be dominated by direct SM WZ events
with only small contributions from other massive diboson
processes. is “full WZ selection” region allows validation
of theWZ pair production background before application of
analysis-level selection aimed at enhancing sensitivity to a
possible massive resonance. e LT and WZ invariant mass
distributions in this region have been previously presented
in Figs. . and .. As the identi cation criteria and effi-
ciencies are substantially different for electrons vs. muons,
however, we also break these distributions down by decay
channel in Figs. . and ..

In all cases, the agreement between data and simulation
indicates a sufficient understanding of the selected region to
lend con dence to our measurements of the WZ system.
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Figure 9.1: Invariant mass distribution for reconstructed Z candidates before a W candidate is selected (le) and aer W
selection and Emiss

T requirements are applied (right).

Figure 9.2: Transverse momentum distribution of selected Z candidates before a W candidate is selected (le) and aer W
selection and Emiss

T requirements are applied (right).

Figure 9.3: Jet multiplicity distribution before aW candidate is selected (le) and aerW selection and Emiss
T requirements are

applied (right).
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Figure 9.4: Transverse energy distributions of leading (le) and next-to-leading (right) jets before a W candidate is selected.

Figure 9.5: Transverse mass of the selected W candidate before the Emiss
T requirement is applied (le) and aer (right).
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Figure 9.6: Distribution of LT aer the Emiss
T requirement is applied, shown separately for each of the four decay channels.
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Figure 9.7: Mass of the WZ candidate aer the Emiss
T requirement is applied, shown separately for each of the four decay

channels.







 Cross Section Measurement

e latest CMS measurement of the WZ cross section was
performed in the summer of with a dataset correspond-
ing to . − []. is chapter gives a summary of that
effort. Although much of the analysis approach is identical
to the resonance measurement, this early study did not have
access to the same range of updated tools and MC samples
that were available for work on the full  dataset, so some
differences will be discussed.

. Technique for Measuring a Cross Section

eWZ cross section measurement is based on the formula:

σ =
Nsignal

A ⋅ ϵ ⋅L
, (.)

with number of observed signal events Nsig, ducial and
kinematic acceptance A, selection efficiency ϵ for events in
acceptance, and integrated luminosity L. e value of A is
affected by the choice of PDF and other theoretical uncer-
tainties, while the value of ϵ is susceptible to errors from trig-
gering and reconstruction. In order to control the efficiency
uncertainties, we concentrate on the extraction of correc-
tions to the efficiencies obtained from the simulation. ese
correction factors come from efficiency ratios ρ = ϵ/ϵsim
derived by measuring ϵ and ϵsim in the same way on data
and simulation, respectively. We then replace the product
A ⋅ ϵ by the product F ⋅ ρ with F ≡ A ⋅ ϵsim the fraction of
generated WZ events with dilepton mass between GeV/c
and GeV/c selected in the simulation. Furthermore, the
number of signal events Nsig is not measured directly but
is obtained by subtracting the estimated number of back-
ground events Nbkg from the observed number of selected
candidate WZ events Nobs.

Equation . can therefore be rewritten as

σ = (1 − fτ)
Nobs −Nbkg

F ⋅ ρ ⋅L
, (.)

with fτ the fraction of reconstructedWZ events containing a
tau lepton as determined from simulation. For Nbkg, we use
yields estimated from both MC simulation and data-driven
methods:

Nbkg = Pfake ⋅Njet +NZZ
MC +N

Zγ
MC, (.)

where Pfake ⋅Njet gives the matrix method estimate (Sec. .)
for backgrounds containing a real lepton pair accompanied

Channel ϵtight ⋅Nlepton Pfake ⋅Njet Ntight
lepton

eee .± . .± . .± .
eeµ .± . .± . .± .
µµe .± . .± . .± .
µµµ .± . .± . .± .

Table 10.1: Expected numbers of background events from
Z+jets and tt as determined by thematrixmethod on the rst
. − of  pp collision data. emeasured number of
true leptons ϵtight ⋅Nlepton may be comparedwith the expected
number of tight leptons from signal-like events based onMC
simulation information Ntight

lepton.

by a misidenti ed jet (dominated by Z+jets events, but also
accounting for tt andWW contributions, values given in Ta-
ble .) while theminor ZZ and Zγ yields are taken directly
from simulated samples.

We determine the cross section σ(pp→W+Z→ ℓ+νℓ+
ℓ′++ℓ′−) by rst performing separatemeasurements for each
of the four channels (eee, eeµ, µµe, µµµ) and later combin-
ing them for a nal result. e results for each channel are
given in Table ..

. Common Systematic Uncertainties

e WZ cross section measurement and the resonance
search rely largely on the same set of analysis tools, thus
themethods for estimating systematic uncertainties on these
two measurements are largely the same. e relative effect,
however, of the various contributions can differ considerably
in the two analyses. Chapters  and  detail the speci c
impact of each component on the relevant result.

We consider the systematic uncertainties which con-
tribute to the limit results in three distinct categories. e
rst group concerns sources of uncertainty on the product

of acceptance, reconstruction, and identi cation efficiencies
for nal-state objects. is includes both uncertainties in the
detector performance and in the theoretical models used to
generate the Monte Carlo samples.

To estimate the detector uncertainties in this rst group,
we study the event yields for simulated samples of signal
and background under variation of each parameter of in-
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Channel A/ F / ρ Nobs (σ × BR)/
e+ e− e± .± . .± . .± .  ± ± ± 
e+ e−µ± .± . .± . .± .  ± ± ± 
µ+µ− e± .± . .± . .± .  ± ± ± 
µ+µ−µ± .± . .± . .± .  ± ± ± 

Table 10.2: Acceptance, efficiency, simulation correction factor, number of observed events, and calculated cross section for
each of the four decay channels. e cross section are given as central values followed by statistical, systematic, and luminosity
uncertainties.

terest. For Emiss
T , we consider variations on the resolution

and the energy scale, de ning windows of possible values by
comparing performance between data and MC. For leptons,
we consider  variations on the muon momentum scale
and  variations on the electron energy scale. Finally, we
consider variations on the vertex multiplicity distribution to
account for mismeasurement of pileup. All simulated events
are weighted based on the number of reconstructed vertices
in order to match the distribution for collision events with
an assumed minimum bias cross section of .mb. To
estimate the uncertainty on this reweighting process, we shi
by ±1 vertex the Poisson mean of the vertex multiplicity
distribution measured in data. On the theoretical side, this
rst group includes uncertainties due to the choice of parton

distribution functions (PDFs). e  [] PDF set was
usedwith uncertainties determined according to themethod
described in Ref. [].

e second group concerns uncertainties on the data
vs. simulation correction factors for the efficiencies of the
trigger, reconstruction, and identi cation requirements. As
described in Sec. ., the efficiencies are determined using
a tag and probe method in both simulation and collision
data, with the ratio of the efficiencies used to scale simulated
events. e uncertainty on these efficiencies is estimated by
varying the tting function used in the efficiency determi-
nation, with the error propagated to the resulting ratio.

e third group concerns theoretical uncertainties on
the background yields. For the resonance search, the rst
major contribution comes from uncertainties in the NLO
k-factor (Sec. .) corrections for WZ. As the 
sample used for simulating theWZ process contains explicit
production of additional jets at the matrix element level, it is
expected to give a reasonably correct kinematical description
of the higher-order contributions, allowing us to apply a
simple scale factor to the entire sample in order to match the
total NLO cross section computed with MCFM. A compari-
son of several kinematic distributions between the LO -
 sample and events from MCFM shows agreement in
all cases within , which we take as the uncertainty on
the k-factors. Where relevant, cross-section uncertainties of
. for ZZ [],  for Zγ [], and  for WZ [] are
also considered along with an uncertainty on the integrated
luminosity [].

. Systematic Errors for the Cross Section
Measurement

As discussed in Sec. ., systematic uncertainties fall gen-
erally into three groups. In the case of this cross section
measurement, the uncertainties from the rst group affect
the calculated value of F while the uncertainties from the
second group affect the correction factor ρ and uncertainties
from the third group affect the WZ yield. All values given
in Table .. ese calculations are performed using the
early  dataset and its associated calibrations. As a result,
some of these errors are larger than those considered in the
resonance search.

. Cross Section Combination

e nal cross section estimation, taking into account the
correlation between systematic uncertainties for the differ-
ent channels, is performed using the Best Linear Unbiased
Estimator (BLUE) []. e combined cross section is taken
to be a linear combination of the measured cross sections in
each of the four channels:

σ(W± + Z→ ℓ± + νℓ + ℓ′+ + ℓ′−) =
4
∑
i
αi ⋅ σi (.)

with σi the per-channel cross sections and weighting factors
αi determined by minimizing the variance subject to the
constraint:

4
∑
i
αi = 1. (.)

e varianceσ2 (withσ used here as the standard symbol
for error rather than cross section) can be expressed as:

σ2 = α̃Eα, (.)

with E the error matrix, α a vector composed of the weight-
ing factors αi, and α̃ its transpose. By applying the method
of Lagrangian multipliers, we obtain:

α = E−1U
ŨE−1U

, (.)

withU a vector whose four components are all unity and E−1
the inverse of the error matrix.
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Effect on F () eee eeµ µµe µµµ

Electron energy scale . . . —
Muon pT scale — . . .
Emiss

T Resolution . . . .
Emiss

T Scale . . . .
Pileup . . . .
PDF . . . .
NLO effect . . . .

Total . . . .

Effect on ρ () eee eeµ µµe µµµ

Electron trigger . . — —
Electron reconstruction . . . —
Electron ID and isolation . . . —
Muon trigger — — . .
Muon reconstruction — . . .
Muon ID and isolation — . . .

Total . . . .

Effect on WZ Yield () eee eeµ µµe µµµ

σ(ZZ) . . . .
σ(Zγ) . . . .
σ(tt) . . . .
Pfake . . . .

Table10.3: Summary of systematic uncertainties on the cross
section measurements in each of the four channels. A uni-
form uncertainty of  on the integrated luminosity is also
considered in all channels.

e error matrix itself is given as:

E =
⎛
⎜⎜⎜
⎝

σ2
1 σcorr

12 σcorr
21 σcorr

13 σcorr
31 σcorr

14 σcorr
41

σcorr
21 σcorr

12 σ2
2 σcorr

23 σcorr
32 σcorr

24 σcorr
42

σcorr
31 σcorr

13 σcorr
32 σcorr

23 σ2
3 σcorr

34 σcorr
43

σcorr
41 σcorr

14 σcorr
42 σcorr

24 σcorr
43 σcorr

34 σ2
4

⎞
⎟⎟⎟
⎠
,

(.)
withσ2

i the variances on theWZ cross sectionmeasurements
in each channel and σcorr

ij the correlated components of the
uncertainties on those measurements for the combination.

e calculated value of the error matrix, taking into ac-
count statistical and systematic uncertainties along with cor-
relations in the systematics is:

E =
⎛
⎜⎜⎜
⎝

5.25 0.26 0.27 0.07
0.26 3.00 0.10 0.13
0.27 0.10 3.25 0.06
0.07 0.13 0.06 2.76

⎞
⎟⎟⎟
⎠
× 10−4 pb2, (.)

leading to weighting factors α = (0.15, 0.28, 0.26, 0.32) and
a nal combined cross section for 60GeV/c < M(Z) <

120GeV/c over the full acceptance:

σ(pp→W + Z→ ℓ + νℓ + ℓ′+ + ℓ′−) =
0.062 ± 0.009(stat.) ± 0.004(syst.) ± 0.004(lumi.)pb,

(.)

which, taking into account the measured values of the lep-
tonic branching ratios of the W and Z [], corresponds to
an inclusive cross section:

σ(p + p→W + Z) =
17.0 ± 2.4(stat.) ± 1.1(syst.) ± 1.0(lumi.)pb.

(.)

Within error, the result shows good agreement with theNLO
theoretical prediction (Eq. .) over the same phase space:

σ(p + p→W + Z) =
18.57 ± 0.95pb. (.)







 Limits on New Resonances

. Statistical Technique for Setting a Limit

Wecalculate exclusion limits on the production cross section
σ(p+p→W′/ρT →W±+Z)×BR(W±+Z→ ℓ±+νℓ+ℓ′++ℓ′−)
by comparing the numbers of observed events with the num-
bers of expected signal and background events from Monte
Carlo simulation. Before counting events in the MC sam-
ples, we apply a scale factor to each event based on the data
vs. MC ratios obtained for the electron and muon efficien-
cies; the value of the scale factor is chosen based on the decay
channels of the reconstructed W and Z.

In order to evaluate a limit on the cross section for a
particularmass hypothesis, wemust de ne some test statistic
which depends on the signal rate µ. A good preliminary
choice would be a pro le likelihood ratio pµ, but this statis-
tic is prone to overestimation of the excluded region due
to small statistical uctuations in regions where sensitivity
is low []. To address this issue, we replace pµ with the
modi ed statistic:

CLs =
pµ

1 − p0
, (.)

with p0 the p-value of the background-only hypothesis.
e number of background events contributing to the

signal region is not expected to match exactly with the re-
sults of the background estimation technique. Rather, we
would expect repetitions of the experiment to yield vary-
ing numbers of background events distributed around the
background estimation value as a mean. To account for this
effect, we model the background as a Poisson probability
density function and perform many background-only pseu-
doexperiments in which Monte Carlo techniques are used to
sample the model distribution.

e expected limit must also take into account any sig-
ni cant “nuisance parameters”, measured quantities which
affect the model, but which are of no interest in the nal
result. e two nuisance parameters identi ed for our study
are the measured luminosity and the product of detector
acceptance and efficiency. We model each of these as with a
Gaussian distribution using the measured value as the mean
and the associated systematic uncertainty as the width.

In practice, we use the CL95 implementation of CLs
statistics in the RooStats [] package to calculate  con-
dence level exclusions de ned by regions where the CLs

statistic falls below . Expected limits are taken as the

median value derived from  MC pseudoexperiments in
which random seeds are used to sample values from each
of the background yield, luminosity, and efficiency distribu-
tions.

. Systematic Errors

As discussed in Sec. ., systematic uncertainties fall gen-
erally into three groups. e rst group consists of effects
which can alter the yield of observed events, with results
of studies in simulation for signal and background given
in Table . for detector effects and . for the choice
of PDF. Events with higher values for M(WZ) correspond
to collisions with higher energy ŝ in the parton center of
momentum frame and are sensitive to momentum fractions
for which the PDF uncertainty is larger. In particular, the
PDF uncertainties for the qq̄ and gg processes become sig-
ni cantly larger for large values of ŝ/s. is effect, mixed
with the lower statistics available for high-massWZ, leads to
signi cantly larger errors on theWZ background simulation
for higher-mass search windows.

e data vs. simulation correction factors and associated
uncertainties are those determined previously in Sec. .
with the ratio values and uncertainties given in Table .
for electrons and Table . for muons. We also consider the
WZ, ZZ, and Zγ cross section uncertainties as discussed in
Sec. . and a . uncertainty on the luminosity.

. Limit Results

e nal results of the measurement, shown in Table .,
can be interpreted in variousmodels. In the Sequential Stan-
dard Model, the calculated cross section limits exclude W′
bosons with masses below GeV/c (Fig. .). In the
reference Technicolor parameter space (M(πT) = 3

4M(ρT)−
25GeV/c), they exclude ρT hadrons with masses between
GeV/c and GeV/c (Fig. .). We also set lim-
its for Technicolor as a function of the ρT and πT masses
(Fig. .). For the parameter space chosen by theDØexper-
iment (M(ρT) <M(πT)+M(W)), we obtain improved limits
excluding the M(ρT) range from GeV/c to GeV/c.

It has recently been suggested [] that investigations
into Low-Scale Technicolor should evaluate the cross section
for ρT →W+Z as a function of the model parameter sin(χ)
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Table 11.1: Summary of systematic uncertainties associated with Emiss
T scale, Emiss

T resolution, pileup, muon momentum scale,
and electron energy scale. Values show the maximum expected percent variation in Monte Carlo event yields for the sum of
background samples (σB

B ) and for the W′ signal (σS
S ).

since its value has a signi cant impact on the branching ra-
tios for ρT →W+Z and ρT →W+πT, among others. We take
sin(χ) = 1

3 as our nominal value for limit calculations, but
additional bands for sin(χ) = 1

2 and sin(χ) = 1
4 are shown

in Fig. ..
One nal con guration of interest for Technicolor ismo-

tivated by the observation of an excess in the invariant mass
spectrum for pairs of jets produced in association with a
W boson by the CDF experiment []. Many sources have
offered interpretations of this “CDF anomaly” in terms of
new physics models, including a Technicolor con guration
with tightly constrained masses for the ρT (GeV/c) and
πT (GeV/c) []. For this particular value ofM(ρT), our
results place a C.L. upper bound of GeV/c for theπT
mass, barely excluding the Technicolor interpretation.

σ(PDF)/
M(W′)c2/GeV W′ WZ
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 . 
 . 
 . .
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Table 11.2: PDF uncertainties for the nal event selection
for Monte Carlo samples, both W′ signal and SM WZ back-
ground. Because no values were published for W′ masses
less than GeV/c, the rst two samples are assumed to
have the same uncertainty as the GeV/c case.
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Table 11.3: For each mass point (in GeV/c): values of the minimum LT requirement (in GeV/c); full width of the search
window centered on the targeted mass (in GeV/c); number of events selected in data; numbers of events selected in simulated
samples for sum of backgrounds and for signal; the efficiency of the full selection as measured in signal MC; and the expected
and observed  C.L. upper limits on the cross section for a new physics signal.

 (GeV)
TC
ρW', M

200 400 600 800 1000 1200 1400

 B
R

 (p
b)

⋅ 
σ

-410

-310

-210

-110

1
CMS 2011

 = 7 TeVs
-1L dt = 4.98 fb∫

Obs. Limit
Exp. Limit

σ 1±Exp. 
σ 2±Exp. 

W'
2
1)=χTC sin(

ρ

3
1)=χTC sin(

ρ

4
1)=χTC sin(

ρ

Figure 11.1: Expected and observed  C.L. upper limits
on cross sections as a function of resonance mass forW′ and
ρT along with the combined statistical and systematic uncer-
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bands. e theoretical cross sections (with bands showing
the associated PDF uncertainty) include a mass-dependent
NNLO k-factor.

) (GeV)
TC
ρM(

200 400 600 800 1000

) (
G

eV
)

TCπ
M

(

200

400

600

800 Exp. Limit
Obs. Limit
CDF Anomaly

CMS 2011

 = 7 TeVs

-1L dt = 4.98 fb∫

) - 
M(W

)

TCρ

) =
 M

(

TCπ
M(

) - 
25 GeV

TCρM(
4

3
) =

 
TCπ

M(

Figure 11.2: Exclusion limits for Low-Scale Technicolor as a
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 Conclusion

. Summary

A complete analysis of associated WZ production with lep-
tonic decays from proton-proton collisions is presented. All
investigations consider TeV collisions produced at the LHC
in  recorded with the CMS detector. Final state parti-
cles are reconstructed through soware algorithms to select
collision events with three well-identi ed, high-momentum,
isolated leptons along with substantial Emiss

T .
e WZ production cross section is measured using a

subset of the  collision data corresponding to an in-
tegrated luminosity of . −. A selected sample of 
WZ candidate events is compared to simulation of back-
ground events, taking into consideration the acceptance and
efficiency for identifying signal events as determined from
simulation. Cross sections are determined individually for
each of the four leptonic decay channels with the nal result
taken as the best t linear combination, giving σ(W + Z →
ℓ + νℓ + ℓ′+ + ℓ′−) = 0.062 ± 0.009(stat.) ± 0.004(syst.) ±
0.004(lumi.)pb.

A resonance search in the WZ invariant mass spectrum
is performed using the full  pp dataset, corresponding
to an integrated luminosity of . −. Several new par-
ticle mass hypotheses are considered, with analysis criteria
optimized for each hypothesis, allowing calculation of 
con dence level upper limits on the cross section for a new
particle in each mass window. e cross section limits are
interpreted in the Sequential Standard Model to rule out a
W′ with mass below GeV/c and in various con gura-
tions of Technicolor parameter space, greatly extending the
ρT exclusion region and disfavoring the Technicolor inter-
pretation of CDF’s dijet mass anomaly.

. Outlook

Although the  LHC dataset has already allowed us to
reach beyond the limits set by the Tevatron on new physics
in the WZ channel, the results presented here are still dom-
inated by statistical errors. e upgrades currently in oper-
ation for the  runs have driven up the center of mass
collision energy by  to TeV and nearly achieved the
LHC design luminosity. e expected  collision yield is
four times that of the  dataset, giving increased statistics
for substantially more precise cross-section measurements.
e reach for a resonant search will be signi cantly extended

by both the additional statistics and the increased collision
energy.
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