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We present here the first search for Standard MotEl — VW W — [viviv production,
whereV is thelV andZ weak vector bosons, using 519! of integrated luminosity. This analysis
adds to the existing CDH W W group’s dilepton analysis two new regions characterized tioy-
lepton signature, which are chosen to isolatelth& — WWW andZH — ZWW associated
production signals in the three-lepton bin. As such, we @dfivo new regions denoted trilepton-
NoZPeak(for the W H-centered analysis) and trileptdmZPeak(for the Z H-centered analysis)
with which we expect to contribute an additionral5.8% (for my; = 160 GeV) acceptance to the
currentH — WW dilepton analysis. The trileptoimZPeakregion is defined by events having
at least one lepton pairing (among three possible pairing) opposite-sign, same flavor, and
a dilepton invariant mass withij91.0, 101.0] GeV-a 10 GeV window around th&-boson mass.
The trileptonNoZPeakregion is then defined by those trilepton events which do naicmthe
InZPeakdefinition. In this note, we shall refer to the study of théeptonNoZPeakregion as the
W H analysis and the study of the trileptémZPeakregion as theZ H analysis, though note that
both regions do contain at least some of both signals.

These two new regions are poised to make a substantial lootiom to theHd — W W group
result. Atmy = 165 GeV, thelV H analysis expected limits reach 8.9 times the standard model
cross section; the/ H analysis is set at 12.6 times the expected standard modsd eertion;
and the combined trilepton analysis is set at 6.3 times tpea®d standard model cross section.

Finally, for the combinedd — WW analysis result, in the 165 GeV bin the expected limit
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drops from 1.21 for the dilepton analyses alone to 1.15 wh#eobserved limit drops from 1.23
to 1.08.[15] As such, we are poised to begin excluding thedsted model Higgs boson a56%

confidence level with CDF-only analyses in short order.[16]
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Chapter 1

Introduction

The Standard Model of particle physics describes the knanddmental constituents of mat-
ter (categorized as “quarks” and “leptons”) and the patichat carry the forces by which they
interact. That is, the electromagnetic force is arises filserexchange of a “photon®{; the weak
force arises from the exchange of a “weak vector bostn* (W, Z); and the strong force arises
from the exchange of a “gluon’gf. The final piece of the Standard Model is the Higgs boson,
which remains the sole particle whose existence or norteaxis has yet to be confirmed experi-
mentally. If the Higgs boson does exist as postulated in taedaird Model, it is a key consequence
of our understanding of the origin of mass in the universe.

The Higgs boson was postulated in 1964 by Peter Higgs as a&goesce of a mathemati-
cal mechanism that rectified an apparent contradictionearflédgling quantum field theories be-
ing formulated at that time. With Schrodinger equationdseguantum mechanics describing the
physics of very small particles and special relativity d#sig the physics of high energy motion,
physicists were naturally attempting to formulate a thesmysistent with both realms—effectively,
the physics of high energy fundamental particles. BefoeeHiggs mechanism was postulated,
there was an inherent contradiction. Particles are knowrat@ nonzero mass from experience
and experiment, but introducing mass terms directly inelthgrangian breaks certain symme-
try requirements. The Higgs mechanism resolved the prolledhlead to the formulation of a
coherent quantum field theory that allows for massive furetgal particles.

The first serious experimental search for the Higgs bosorcarducted by the Large Electron-
Positron Collider (LEP) at the European Organization foclar Research (CERNDrganisation
Europenne pour la Recherche Néalre’) which operated from 1989 to 2000. The Higgs sector
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Figure 1.1 Experimental exclusion limits@i% confidence level from the LEP collider at
CERN.

of the Standard Model does not directly postulate or pretietmass of the Higgs boson, so a
wide range of possible masses must be explored. LEP exparatheruled out the existence of a
Standard Model Higgs boson for masses < 114GeV /c?. The LEP exclusion limits are shown
in figure 1.1.

The Tevatron, a proton-antiprotopp collider at the Fermi National Accelerator Laboratory,
has carried the torch since LEP was dismantled in 2000 totaxarighe Large Hadron Collider
(LHC) in its place. Inpp interactions, the search for the Higgs boson is divided betwa “high
mass” region (14 < my < 135GeV/c?) and a “low mass” regionl@s < mg < 200GeV/c?).
Observe in figure 1.2 that this low mass region correspondsasses of the Higgs boson where it
decays primarily t@-quark pairs and the high mass region corresponds to massze Wdecays
primarily to vector bosonl{’ *, W, Z) pairs. This thesis contributes a new search for the Standar
Model Higgs boson in the high mass regidih (~ W), orthogonal to and augmenting the search
that preceded it.
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Until recently, the high mass Higgs search exclusivelyigiid/ — W W interactions that
result in a two-lepton signature [16]. The reason is thatdbminant production of a high mass
Higgs boson is via gluon fusion, which is then best studiethan case where both Higdé-
bosons decay leptonically. The cases of having one or baiiggdi’-bosons decay hadronically
is severely limited by large backgrounds. This thesis prisséor the first time a search for a
high mass Higgs boson in the three-lepton signature, sifoicus to the associated production
channelsVH — WWW — v, lv,lvandZH — ZWW — I, v, ]et, where the jet is the result
of alV-boson decaying hadronically.

This dissertation focuses on two new regions chosen spatyfto isolate thédV H — WW W
andZH — ZWW associated production processes because of their uniguactéristics. The
signal ofW H associated production in the three lepton bin require$ithleoson to radiate a stan-
dard model Higgs boson that decays to two midfebosons. Subsequently, all thréé-bosons
decay leptonically to produce a trilepton signature. Santyl theZ H associated production signal
requires aZ-boson to radiate a standard model Higgs boson that decaystt/-bosons. The
Z-boson then decays to two leptons and we need one of the Higg®sons to decay leptoni-
cally and the other hadronically to produce an exact thepésh signature (four-lepton events are
rejected from this analysis). Correspondingly, the two megions we introduce for trileptons in
H — WW are denoted trileptohoZPeal(for the W H-centered analysis) and trileptdmzPeak
(for the Z H-centered analysis) to be defined in section 9.2.

The three lepton #; signature with an unspecified number of jets is a relativeipglex event
topology that introduces a correspondingly large numbeaohbles that describe the event. This
is a fortuitous circumstance as it allows the formulatiomainy complex variables that powerfully
discriminate the signals from backgrounds in both of these tnileptonNoZPeak W H analysis)
and trileptonnZPeak(Z H analysis) regions. Together, they represent a strongiaddi the
search for the standard model Higgs boson.

We will see in the Results section (section 9.6) thatngt = 160 GeV, thelW H analysis
expected limits reach 8.9 times the standard model cros®sethe Z H analysis is set at 12.6

times the expected standard model cross section; and thieimedntrilepton analysis is set at 6.3



times the expected standard model cross section. Finallighé combined? — W W analysis
result, in the 165 GeV bin the expected limit drops from 1151 fto 1.15 while the observed limit
drops from 1.23 to 1.08. As such, we are poised to begin ekxduithe standard model Higgs

boson aB5% confidence level with CDF-only analyses in short order.



Chapter 2
The Higgs Mechanism and the Standard Model of Particle Physics

2.1 Intro. to the Standard Model of Particle Physics

The “Standard Model” of particle physics is a collection afige “quantum field theories,” re-
formulations of Schroedinger-based quantum mechanitatbaonsistent with Einstein’s special
theory of relativity. Of the four known forces in nature (gitg, electromagnetism, weak force,
and strong force), the Standard Model incorporates andledias a quantum theory for all but
gravity. Although hypothesized models exist, there is reitgyquantum theory of gravity, which
is instead described macroscopically by Einstein’s gditleeary of relativity.

The standard model is based on the gauge group formed fropralect space of three spe-
cial unitary gauge groupssSU(3)c x SU(2);, x U(1)y. TheSU(3)c component represents the
symmetry group describing the strong force interactiorthwlie C' subscript referring to “color
charge” of quantum chromodynamics. The rest of the gaugepgiothe “electroweak” portion
of the Standard Model, represented by #é(2), x U(1)y group. The ‘" refers to theSU(2)
group’s containing particularleft-handedveak doublets and th&™ (a conserved quantum num-
ber) refers to thé/ (1) group’sright-handedweak hypercharge singlets.

The Standard Model also contains known particles thataweteria these forces. The known
particles are categorized as “fermions” (see section pahd “bosons” (see section 2.2.2). The
fermions of the Standard Model are then divided among “cgiaakd “leptons,” which are the
known fundamental constituents of matter. The forces bwthey interact manifest from the ex-

change of gauge bosons that exist as a consequence of vaymosetries in the Standard Model’s



SU(3)e x SU(2);, x U(1)y gauge group. The existence of all the quarks, leptons, andega
bosons described so far have been verified experimentally.

There does remain one last constituent of the Standard Mhadeahot yet been experimentally
verified: the Higgs boson. Unlike the other bosons that degae to the forces of nature, the Higgs
boson is postulated as a consequence of a spontaneousbnbsgikimetry in the electroweak
sector GU(2);, x U(1)y) which is hypothesized to be the property of the universergmsults in
fundamental particles and weak gauge bosons with non-zass.nThe rest of this chapter will
describe the function of the Higgs boson in the Standard Maakthe focus of this thesis is on a

new contribution to the experimental search for the Higgsonaat the CDFIl experiment.

2.2 Elementary Patrticles in the Standard Model

Particle physics is the study of the most fundamental knoswrstituents of matter in the uni-
verse and the forces by which they interact. The “StandardéMf particle physics is composed
of all known fundamental particles, plus the postulatedgdigoson and the forces by which they
interact.

We separate the known fundamental particles of the Standladel into two categories:

fermions and bosons.

2.2.1 Fermions

2 2 2
uj:g uupn C:tg ucharmn t:tg utopn

d¥s “down” | sTs “strange”| b¥s “bottom”

Table 2.1 Quarks of the Standard Model. The superscriptates the particles’ electric charges
(the top charge refers to the “particles” while the bottorarge refers to the “anti-particles”). As
fermions, all quarks have spin of2.

Fundamental particles are known from experiment to havimgit angular momentum denoted
colloquially as “spin.” In quantum mechanical systems tipkes are capable of assuming only

discrete spin states, just as they are also capable of ostyateé energy states. Fermions are



et! “electron” p¥ “muon” 7T “tau”

v, “electron neutrino”| v, “muon neutrino”| v, “tau neutrino”

Table 2.2 Leptons of the Standard Model. The particles indpeow exist as both “matter”
(electric charge of-1) and “anti-matter” (electric charge &f1). The bottom row consists of the
associated “neutrinos” which have no electric charge. Agifens, all particles listed here have

spinl/2.

defined as particles with half-integer spin magnitude®,3/2,5/2, ..., where the spin is given
in units of the Plank constaht= 6.582 x 10~'6(eV-s)[34]. Physically: relates cycles (in radians
becausé = h/27) to energy ag = hw. All the fundamental particles listed in tables 2.1 and 2.2

have spin magnitudé/2.

2.2.2 Bosons

Bosons are defined as particles with integer spin magnitudels 2, .... The three forces
of nature described by the Standard Model manifest from amange of a boson among the
guarks and leptons. These force-carrying bosons arise $ganmetries in the Standard Model’s

SU(3)c x SU(2), x U(1)y gauge group. They are:

e photons §): The gauge boson of theU (2), x U(1)y group which manifests as the elec-

tromagnetic force.

e W+ W~ Z% The gauge bosons of tid/(2);, x U(1)y group which manifest as the weak

force.
e gluons ¢): The gauge bosons of th#/(3) group which manifest as the strong force.

The Standard Model Higgs boson is unique in that it is not @ased with a force of nature
and that it arises as a consequence of a broken symmetryectfier as “electroweak symmetry
breaking.” We will look at this electroweak symmetry breakin section 2.3. Then in section 2.4,
we will see how the fermion masses are consequences of thys Hedd. Section 2.5 will briefly

discuss the role the Higgs boson plays in quark mixing andCil matrix. Finally, sections 2.6



and 2.7 will discuss phenomenological calculations of Higgoduction and decay, respectively,

involved in the experimental search covered by this thesis.

2.3 Electroweak Interactions in the Standard Model: Spontaeously Broken
Local SU(2);, x U(1)y Symmetry

The forces of nature appear to manifest from inherent symesetThe logical foundation of
a physical system is a postulated “lagrangian,” from whlah interactions of nature can then be
derived. When the fields in a lagrangian can be transformethtarbitrary element of a particular
algebraic “group” and the lagrangian (and therefore thesequential physics) is left unchanged,

then we say the lagrangian is “symmetric” to tranformationder that particular group.

Definition 2.1 A groupis a set along with any binary operationon G that satisfies the follow-
ing three axioms[21]:

e Associativity:(a xb) xc =a* (bxc), Ya,b,c € G

¢ Identity: Je € (7, denoted thédentity, such that’a € G we haven xe = e xa = e.

e InverseVa € G, Ja~! € G, denoted thénverseof a, suchthatxa ' =a ' xa =e.

For electroweak physics, we will be concerned with just twougs: U(1) and SU(2). Both of

these groups are “unitary,” which is critical to establighsuch symmetries in the lagrangian.

Definition 2.2 A unitary matrixis ann x n complex matrix\/ that satisfies/TM = MM' = I,,,
where I, is then-dimensional identity matrix an¢l denotes the Hermitian conjugate (complex

conjugate and transpose).

2.3.1 GlobalU(1) Symmetry

Definition 2.3 Theunitary groupU (n) is a group of unitary: x n matrices with the binary oper-
ation of matrix multiplication. Thé/(1) unitary group is then the group of complex numbers that
equal 1 when multiplied by their complex conjugate, effesir becoming the group of rotations

in the complex plane via Euler’s relatiotos x + i sin z = €%,
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Let's begin by assuming a scalar, complex partitle- %(@ + i¢9) and the corresponding

Klein-Gordon lagrangian:
£= (0,0 (9"6) — m3'o — 1A (610)’ @.1)

This lagrangian is invariant to &(1) “global” (not dependent on spacetime coordinate) trans-
formationp — ¢ = e'“¢ because of the unitary nature bf(1)[25]. Lagrangians have the
structure of kinetic energy minus potential energy, so tbeemtial described here B (¢) =
m3opto + 1A (¢T¢)2. This potential is symmetric in the complex plane and hasxareeum at
the origin. Ifm2 > 0, then the extremum is a minimum and we determine the pagjetrum by
calculating perturbative oscillations about the minimuhie system describes a complex scalar
particle of massn,.

However, Higgs phyics in the Standard Model is basebrokensymmetry, so assume < 0.
Now the extremum at the origin is unstable and we instead Aaw&ima circle of radiug. To

find the particle spectrum in this case, express the fieidpolar coordinates

plx e
o(x) = % - e’ (2.2)
N v Angular Perturbation
Radial Perturbation
p(x) = v+ h(x) (2.3)

and expand about any arbitrary point in the minima manifSiabstituting this form back into the

lagrangian yields

L= 5(@/1) + v(@uh) + 51} + (2—1}2}1 + ﬁhv + Q—UQU (au9> (24)
1 1 1
- ém%hQ — mavh — émSUQ - 1—6)\(h +v)? (2.5)
1 1 1
B 5(@/1)2 + 5(3H9)2 B émghz +o (2.6)

2.7)

Hence, we find that the field perturbation in the radial dicect: acquires a mass (note: the

direction that climbs the potential) while the angular fiplerturbationd (note: directed within
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the minima manifold) does not acquire a mass. So field peatiats that climb the potential
represent particle states that acquire mass, while nobolignaway from the minima manifold of
the potential keeps the particle massless. Also, givenphiiametrization of)(x), the vacuum
expectation value is

<0|¢>|0>=% (2.8)

See appendix C for a detailed calculation of these results.
This is a situation where a symmetric field potential is spoabusly broken in nature and this
breaking manifests in a physical system different from ti@ason of the origin being a stable

extremum, in which case the symmetry would not spontangduebk in nature.

2.3.2 LocalU(1) Symmetry

The globalU (1) symmetry of section 2.3.1 is a special case of “local” (taasformatiordoes
depend on spacetime coordinaté&)l) symmetry. Now, let the angle of rotation in the complex
planea depend on coordinate: — ¢ = ()¢, The lagrangian (egn. 2.1) of the previous section
is not invariant to local/ (1) transformations.

To have a lagrangian that is invariantf¢1) local transformations, we must replace the deriva-

tive with a “covariant derivative”
d, — D, =0, +iqA, (2.9)

Thus, to keep the lagrangian invariant, we are postulahiagekistence of a “gauge fieldf,, and
must introduce kinetic termg*” = o*A¥ — 9V A* for it. So the new postulateti(1) locally

invariant lagrangian is

£=1(0" +igA")0] [0+ igA)6] — {FuF™ — TN616)? — md(6'9) 210)

(2.11)

where the gauge field itself transforms as

Ar(x) — A™(z) = A*(z) + é(’?“a(x) (2.12)
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(see appendix D). If we then use the field parametrization #8340/ (1) global case (egn. 2.2) we

find that the field equation is

OA” — 0% (0,A") = —v¢? <A” - ‘ZD (2.13)

where on the right hand side we see the angular field pertarbain a term that looks just like

the form of the gauge field transformation. As such, define

a9 (2.14)
vq
Then the field equation becomes
(O+4v%¢%) AY —0"9,A™" =0 (2.15)

Thus, because df (1) local gauge symmetry, we have two physical consequences; Viie
must postulate the existence of a gauge fi¢|d second, the symmetry allows us to choose a
particularU (1) transformation that causes the gauge fi¢|dto absorb the term and become
massive. This technique will be critical for computing theak vector bosons and the photon. See

appendix D for a detailed calculation of these results.

2.3.3 GlobalSU(2) Symmetry

Definition 2.4 Thespecial unitary groups$U (n) are groups ofi x n matrices with determinant
1 that have the binary operation matrix multiplication. Tgeaticular case of = 2 is critical to

electroweak physics.

Consider a doublet of complex scalar particles
+ L ;
b= O _ | Hid) (2.16)
¢° %@3 + i)

where¢™ destroys positively charged particles and creates nedptbharged particles, ang’

destroys neutral particles and creates neutral antipestic
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Postulate the form of the lagrangian as a direct generadizaf section 2.3.1.
A
£=(9,0)'(9"9) = mipl o — 7 (610)? (2.17)

wherem? < 0. This lagrangian is not only invariant to globsl(2) transformations, but also
to the globalU (1) transformations of section 2.3.1 (and appendix C). We treaglobalSU (2)
case here, sa is not dependent on spacetime coordinate. Fti¢2) transformation takes a form

similar to theU (1) case:
¢ — ¢ =e 27 (2.18)

where ther are the Pauli spin matrices.
To determine the particle spectrum, we again want to find timenma manifold of the potential

and compute oscillations from a point in it. The minimum iarid at

>~

oL ,

(o) = —my — §(</>T¢)min =0 (2.19)
by —2mg !
(¢')min = —— = 3 (2.20)
As before, we take the minimum to be the vacuum.
2
(016'¢10) =5 = (0] 61+ 63+ 6%+ ¢3 | 0) (2.21)

To obtain the particle spectrum we expand the fiel@gdout the choice of vacuum. Again, rather

than a single point, we have a whole space of minima to choose fLet,

0
016]0) = [

] (2.22)
V2

Oscillations about this vacuum choice are parametrized by

b = =3 0@ [ (2.23)

ol
(v + H(z)
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We now have three “angular” field oscillatiofisind one radial (z). Just as in thé/(1) case, the
angular oscillations are massless particles wHile) is massive. The lagrangian becomes:

2 2 2
mg o mg A

J— (00 - 7)(9,0 - 7)(v + H)? + %(8“H)(6MH) -5 v = Sl - - 2w+ H)

o s?

where we see mass terms féi(z) and no mass terms for tifefields. We will again exploit the

symmetry to gauge thefields away. See appendix E for a detailed calculation ofethhesults.

2.3.4 LocalSU(2) Symmetry

To generalize to locabU(2) symmetry, we again must assumdo be spacetime coordinate

dependent.

d(x) = ¢ (x) = 2T g(x) (2.25)

where the factoy is inserted to represent the coupling strength.
Just as in the locdl (1) case, our particles are not covariant under this transfiiomanless

we replace the derivatives with suitable covariant deiveat[12] OurSU (2) covariant derivative

7w (2.26)

whereW® = (W!, W¥ W), a slight precursor to the weak vector bosons. These thregega

fields transform as (see appendix F for this derivation)

W =W~ grea) — g [g(g;) x Wﬂ] (2.27)
Now that we know how the gauge field and the covariant devigdtansform with art U (2)
gauge transformation, we can compute the consequencesofofmasic postulated lagrangian,

which can now be repostulated $/(2) invariant form

A L
L= (D) (D"¢) —migle — T - in, S (2.28)
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WhereWu,, = Qﬁ/,, — 8VI/I7H — gWu X W,,, where the last term is necessary because of the non-
Abelian nature of th&'U(2) group.

Note that ifm?2 > 0, then we just have a system of four scalar particles of masdHowever,
we are interested in the? < 0 symmetry breaking case. Just as for thg) case, we want to

find the minima manifold.

oL
2
(6'O)min =~ 250 = (6 + 63+ 63+ 67) (2:30)

We must choose some particular point on the minima manifptthwhich to expand and calculate

the particle spectrum, so choase= ¢, = ¢4, = 0 and then we are left with

1., —2md
12— 2.31
2
s = 2 ;”0 =y (2.32)

Then our complex field doublet at this minimum becomes

1 | @1+ i 1 |0
nin = —— - 2.33
’ V2 @3 + iy V2 |y ( :

Again, completely analogous to tlig 1) case, we can parametrize perturbations about this mini-

mum as
o(z) = p\%)e%?‘g(;) , where (2.34)
0
p(x) = (2.35)
v+ h(x)

and analogous to th€é (1) case again, we can choose particuféi(2) transformations to gauge
away thed fields to be left with massive gauge bosdﬁsandH(x). This is another example of
the Higgs mechanism.

See appendix F for a detailed calculation of these results.
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2.3.5 Isospin, Weak Hypercharge, andbU (2) x U(1) Symmetry

We have now discussed the two basic symmetries, invariangélt) and SU(2) transforma-
tions that are fundamental to understanding electrowegkipfr Just as translational symmetry
implied conservation of momentum and temporal symmetryliBespconservation of energy in
classical physics, for example, these symmetries alsoyiroghserved quantities or “quantum
numbers.” Fron/(1) symmetry, we have conserved quantum nunibdfweak hypercharge”);
and fromSU(2) symmetry, we have conserved quantum nuntbéfweak isospin”). In this sec-
tion, we explore the physics implied by symmetries undeptioeluct groupbU(2) x U(1) and see
that our choice of location on the minima manifold to expandall leave the vacuum invariant
to a transformation of the forni’(1) + 3'Y component ofSU(2).” Y andt; will together define

the electric charge of the fundamental particles accortting
Y

Q—tar s (2.36)

Examples of values for the first generation of quarks andlepare given in tables 2.3 and 2.4.

Leptons| ) t3 Y
U, 0 % -1
er -1 -% -1
€r -1 0 -2

Table 2.3 Weak isospin and hypercharge quantum numberisddirst generation of leptons.
Left and right handed electrons are listed separately.[25]

For a theory that is invariant to local transformations, westrintroduce thre&U(2) gauge
fields (see appendix F) and obé1) gauge field (see appendix D). Denote them her@/ééx)
for i = 1,2,3 and B*(z), respectively. Also, the derivatives must be replaced wittovariant
derivative for both/(1) andSU(2).

Dre = | 0" + %gF- ey 9V g ¢ (2.37)

2
—_——— N——
SU(2)piece U(1)piece
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Quarks| Q t3 Y
ur 505 3
A
un 50 3
dp 1o 2

Table 2.4 Weak isospin and hypercharge quantum numbernsddirst generation of quarks. Left
and right handed quarks are listed separately.[25]

Kinetic terms for the new gauge fields must also be included.

Fr = 9P — 9P WH — gWH x WY (2.38)
G' = 9"B” — 0" B* (2.39)

So the new full lagrangian is

A 1= = 1
L= (Duo) (D"6) + migop — 7 (676)° — i P = GG (2.40)

(2.41)

For electroweak theory, we should be left with three masgiaege bosonsi¥*, Z) and one
massless gauge boson (photon). Being massless, the plootesponds to some symmetry that is

left unbroken. Weinberg suggested [12]

{ O ]
(2.42)
Ve

This choice leaves the vacuum invariant to a transformatfdni(1)+ third component ofU (2).

That is,
= , | = (2.43)
> 00| |5 0

where ther are the Pauli matrices. This is also why we eventually findelleetric charge to be

0
0100) = [ﬁm
VA

(1+73)(0]¢]0) = (1+73)

expressed in terms of weak hyperchargand third component of isospig [25]. We are about to
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see that this interplay between th¢1) symmetry (corresponding ©6) and the third component
of SU(2) symmetry (corresponding @) manifests as a mixing of thé’}' and B* gauge fields to
yield the photon field4* and the neutral weak vector bosgn

To consider oscillations about the vacuum, parametrizelégeees of freedom by
iGN = 0
¢ = e 20 (x)-7 |: :| (244)

However, recall that the thregfield perturbations, which would become Goldstone bosoiss, d

appear if we make the appropriate gauge transformation.eSeffectively use

¢ = { . ] (2.45)
1 v+ H(x))

The consequences for the lagrangian are (details of howotloeving form of the lagrangian are

calculated are in appendix J)

1 2 A 1. - 1
L= >0 H)(0"H) + 0+ H)? -~ S+ HY = ~F, - F™ — ~G,,G" (2.46)
2 2 16 4 4
1 y ma 5 A A
L= 5OH)O"H) + P (v + H)? = Zo(v+ H) (2.47)
1 1
— Z(auwly — O,W1,) ("W — 0" W) + gg%QWMWf (2.48)
1 1
= 10 Way = 0,Wo, ) (" W5 — W) + g™ Wa, 3 (2.49)
1 1
= 10, Wa, — 0,W3,) (0" Wy — W) — 1Gu G (2.50)
1 . .
+ §v2(gW3H — ¢'YB,)(gW} — ¢'Y B") + Higgs interactions (2.51)

The second and third lines show that thg and 1/, gauge fields are massive and have the same
massmyy = 4. These are th&l/*, 1V~ vector gauge bosons in electroweak theory. The Higgs
interaction terms are being ignored here because we arsifigcan the generation of the Standard
Model gauge bosons in this section. In appendix J, | go thidhg details of deriving the full

version of this and discuss the interactions between thgd-hnd gauge bosons that are produced.
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The Higgs boson decaying to gauge bosons is precisely theokinteraction that this dissertation
explores experimentally.
The last two lines show that the gauge fieltls and B are mixed. The key clue is to notice in

the last line itis the combinatidqy Vi’ —¢'Y B*) that has a mass. Introduce the linear combinations

Z" = Wi cos Oy — B sin Oy, (2.52)
AP = W4 sin 6y, + B cos Oy (2.53)
where
g
cosby = ——— (2.54)
VY
/
Y
sin Oy = ——2 (2.55)

Vo +gY?
Using this, we can write the last two lines of the lagrangraterms ofA* and Z*, instead ofB*

andW/'. They become:
1 uv n 1 2 w2 N2
-3 (Z,, 2" + FuF*™) + g? Z,ZMg9°+4'Y") (2.56)

for F,, = 0,4, — 0,A, andZ,, = 8,7, — 9,7Z,..

Hence, we have unmixed the two fields. They becomeZtheson and the photon.

1
my = =0/ g? + gY? = —W (2.57)
2 cos Oy,

ma =0 (258)

whereY = 1 andt; = —1/2 breaks bothSU(2) andU (1), symmetries, but leaves ttié&(1).,,
symmetry unbroken =t; +Y/2 = —1/2+41/2 = 0).[25]

See appendix G for a detailed calculation of these results.

2.4 The Higgs Mechanism and Fermion Masses

Section 2.3 exploredU(2) x U(1) spontaneous symmetry breaking and the Higgs mechanism

for scalar particles, with Klein-Gordon lagrangians. Heeseleptons and quarks are fermions. We
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will first explore spontaneousU (2),, x U(1)y symmetry breaking for a massless fermion doublet,
then focus on how the Higgs mechanism generates the fermasses. We will also see that the
same covariant derivatives used for scalar particles withpplicable here and produce the gauge
bosons.

For more extensive computational details pertinent togbation, please refer to the appendices

H and I.

2.4.1 SU(2) x U(1) Symmetry For Massless Fermions

We know now from section 2.3 what our postulated lagrangieukl look like in order to be
bothU (1) andSU (2) invariant, which necessarily involved the weak vector Imssand the photon.
Let’s look atSU(2) x U(1) gauge invariance for the first generation of quarks; theuedion is
identical for the higher generations. The calculation f& lepton generations is also very similar
and so not repeated in this dissertation.

The Higgs mechanism isot included here so the quarks will still be massless; that kel
dealt with in section 2.4.2. Instead, we will deal with feoms that appear as a left-handed doublet
and right-handed singlets for both particles.

Suppose we have the (fermion) quark doublet

u
.- (2.59)
d

and recall that

sz(lg%)w (2.60)
o= (157 2.61)

are relations distinguishing the left and right handed conemnts.

As always, we must postulate a lagrangian. In the sectiopl®erg U (1) andSU(2) symme-
tries, we used generalizations of the Klein-Gordon equ&iagrangian for scalar particles. Now
we want to look at spiri-/2 fermions, so we must use the Dirac lagrangian in our gaugeianvt

form.
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Recall the Dirac lagrangian
L = ithy, 0" — mpp (2.62)
Now we want a massless version for a fermion doublet:

L—qily (2.63)

L = qriD,qr + uriPyur + driDydr (2.64)

where the covariant derivative for the doubj@tis SU(2) x U(1) invariant, andp, is only U(1)

invariant for the singlet:

o

D=+ %?- We + %B” (2.65)
2

D=0+ ZgQ B (2.66)

After exhaustive computation reminiscent of previousisest(and found in appendix H) we arrive

at

L =iuy, (1 J;%) (0°u) + idry, (1 275) (0°d) + iuy, <1 _275> (0Pu) + idry, <1 _275> (0°d)
(2.67)

1-— 1 - 1-—
gury,W?* ( 75) d+ ﬁgahpl/l/pT ( 2%) u (2.68)

2

9 (14 4 . — (14 9

+2cos9WZP[u%( 9 )u(gﬁnQ@W)_d’Yp( 5 )d(gsm29W (2.69)
1— 4 B 1 — 9

R S RE MR )

92 _
- ?a%um + %d%dAp (2.71)

(2.70)

where the electric charge isdefinedegs= ¢ sin y,. This form illustrates the interactions among

the quarks in the fermion doublet and the gauge bosons.
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2.4.2 The Higgs Mechanism in Fermion Mass Generation

The kinetic part of a free Dirac fermion does not mix the leitl aight components of the field:

Vy,0"1) = Yry, Mg + Yry,0M0r (2.72)
Because of this, we can gauge the left and right handed coemp®differently. Weak interactions

are parity violating in the Standard Model and th& (2);, covariant derivative acts only on the

left-handed term. However, a Dirac mass term has the form

—m (Yrr + YrYL) (2.73)

when we write the left and right handed components sepgreel the components are coupled,
meaning any such mass term bre&ks(2), gauge invariance.

In a theory with spontaneous symmetry breaking, there isyaafg@iving mass to fermions
without explicitly introducing gauge invariance breakimgss terms in the lagrangian. Consider

the electronSU (2), doublet

1%
[ — (2.74)
€
L
the Higgs doublet
JF
¢ = !gbo} (2.75)
¢
1
+ (g 2.76
) \/§(¢1 i2) (2.76)
1
0 _ & (o _ s 2.77
¢ \/§<¢3 Z¢4) ( )
and the right handed electron singlet in a Yukawa model.
L.=—gclrder — geerd'ly (2.78)

Recall from section 2.3.5 that the vacuum expectation vafuke Higgs doublet assumes the

value

v

V2

0
(0¢0>[ ] (2.79)
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The consequence for a fermion doublet in this lagrangian is

Lo=—gclrder — geerd'ly (2.80)
eV _
= _f/ﬁ [eLer + erer)] (2.81)
This is exactly a Dirac mass witth, = {’/%’ That was precisely the vacuum. Now let’s see that if

we consider also oscillations about the vacuum we generedeialing between the electron and

the Higgs field. In the last line, use+ H instead of just.

(0] Le]0) = -2 [ep(v+ H)e + ér(v+ H)ey] (2.82)
V2
_ gV _ _
=5 l | vee + eHe "]) (2.83)
Dirac electron mass electron-Higgs coupli

Notice for the coupling term

(T Yerre = (-2 Jette = (-~ 22 erre (2.89

So in addition to interations of the forffif — (v or Z°) — W*W~ we also have the possibility

ff — H — WTW —precisely the interaction this dissertation conductsxgeemental search
for. The presence of the fermion mass in the coupling to tlggslis significant.

Summarily, to give the electron-neutrirtd/(2) doublet mass (as well as the other lepton and
qguark doublets), we are adding more terms to the lagrangiewead! at the end of section H of the
form:

Liviggs= Y [—\i} [Uz‘z n z‘m} _ I [UDM n DlHylH (2.85)
el V2 V2
for the three lepton generations and similar terms for tmeetlyuark doublets. Because of the
Higgs mechanism, we now have sensible masses for Standatel idarticles; however, it should
be noted that this does not quite give the final form of the kjoass terms. A similar treatment for
all three generations of quarks yields a results that ireduiduark mixing,” the ability of quarks
to change flavor via charged weak interations in which thegBligoson plays a central role. This

treatment is outlined in section 2.5. (See appendix | forentmtails).
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2.5 The Higgs Field, Quark Mixing, and theC' K M Matrix

Generating the masses of quarks and leptons is not the amdgidn the Higgs boson serves in
the Standard Model. It also plays a central role in “quarkingX the ability of quarks to change
flavor via weak charge changing interactions.

Consider three doublets of left-handed quark fields:

U Uro ur3

qr1 = D Qe = D Q3= (2.86)
dL1 dLQ dL3

and the six corresponding right-handed singletg;, dry, urs, dro, ur3, drz. The lagrangian is
then similar to the case for leptons already considered.diffexence is that there are three quark
families and eaclbU(2), scalar (such ag;;¢.) can be paired with any of the threg;;, for
i,7 € {1,2,3}. So allowing “mixing” of the families results in nine paigs. The nine couplings
form the3 x 3 CKM matrix.
We begin with the lagrangian
L= Z [aijQLi¢cuRj +al g dlan: + bijqriddr; + b;‘rjcszQbTQLi:| (2.87)
{i,7}=1,2,3

So far,a;; andb;; may be any complex value and are included as values to gaegeotipling

strength. After much working over, the lagrangian becod@s|

H H
L= Z Mo | Urrtre| 1+ — ) + Urpure| 1+ — (2.88)
p v v
_ H _ H
+ M ke (dede (1 + ;) + drrdrg (1 + ;)} (2.89)

wherev appears again from the parametrization of the potentialmim in the Higgs mechanism,
andmg ., = av/v2, myr = brev/+/2 are the quark masses. Notice also that quark couplings to
the Higgs boson are another consequence.

It is important to note that the mass and Higgs interactiomseare not the only places that
quark field appear in the Standard Model lagrangian. There aertain variable transformations

performed to get this result— whose details are not pertiteethis disseratation—that must be
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propagated in the terms of line 2.68, above. Beginning witt tine for all three generations of

quarks:

_ 1—
Z \/—gUprp < ) dy, + \/ﬁgdprpT (T%) Ug, (2.90)

k=1,2,3

We now perform a change of variables on thandd quarks with unitary matriceS andT":

to get the following:

= 2 W (S) (F570) + (St W (5 7)] 299
i,j,k -

- % Z Ui oW Sk;d; (1 _275 + d! S50 W U <1 _275>] (2.94)
i,J,k =

_ % uZWd (U3,S1;) (1 _275> + d; Wy (S3,Uk) (1 _275” (2.95)

(2.96)

That is, the charge changing weak interactions link theethfequarks with a unitary rotation of

the triplet ofd; quarks, with this rotation given by the unitary matbix= U'S,

Vud Vus Vub
V= Vi Ves Vay (2.97)
Via Vis Va

2.6 Higgs Boson Associated Production with a Vector Boson

There are four major way to produce a Standard Model Higgerbmsthe mass range relevant
to the high mass search: gluon fusion, vector boson fusgsgaated production withl& -boson,
and associated production withzaboson. In theH — WW trilepton channel, only the two

associated production processes contribute a non-nigigligimount of signal.
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The Tevatron consists of a proton beam and an anti-protam bteat collide within the heart of
the CDF detector. Protons are composite particles of twauapks and one down quark while anti-

protons are composed of one up quark and two down quarksesp#tific interactions involved

are:
o uti 4 dts 5 W HWT
e U i4d s W — HW-
e +q—~Z—HZ

To calculate the cross section for one of these interactimesbegin with the fundamental
postulate of experimentally verified physics (except, airse, for the Higgs boson itself): the
Standard Model Lagrangian. The relevant terms for the fitstraction listed above, for example,
are:

L= % (0,H) (0"H) + %MHQ - %WJW“ - QQTUWJW“H (2.98)

N

—~
Higgs Sector

1 S W — W) (WY - o) (2.99)

i=1,2

J

N
W boson kinetic terms

1— _ [1- . 1—
Vit < 275) 0%u + idn, < 75) 0rd + g\%dd%vv“ < 75) v (2.100)

2 2

~
Quark Doublet

We see in the first line the “Higgs Sector” which contains tirekc term for the Higgs boson,
the self-energy of the Higgs boson aiid boson, and the term allowing interactions between
the W-boson and the Higgs boson. The second line containgitH®son kinetic terms and the
third line yields the left-handed quark doublet (tbb‘%) factor ensures left-handedness) and
their interaction with thél’-boson. Following the computations of appendix K, we aravé¢he
invariant amplitude.

HaP

. CamwVia | sen | 790
’ZM = —2'72 EH (k}) 5 ., -
V2sin? Oy, q* — myy + i€

rw (F52)we)| @0y
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The next step in finding the differential cross section isdampute|M|?, for which we first

needM*.
q"q” *
* amw Vg s * —g“p ’ miy Jr1 1- Vs r2
M= T s 6 [% (# IQQTZ_:VZ& a" ('), 5 ) u”(p) (2.102)
W W
q"q”

amwy Vua 1= B AR /
= — d|——"-|¢(k 2.103
V2 sin? QW?WP < 2 ) [q2 — myy, +ie (k) ( )

The beam at the Tevatron is unpolarized, so average ovesispin of the quarks. The polar-

ization of the end states is not measured, so the crosssésosum of the possible polarization

states of thé?’. As such, we want to compute
Lyl M|? 2.104
32522 M (2.104)
T1 T2 S

To do this, we use the spin sums (see eqns. (3.66), (3.67)s@frP@nd Schroeder [33])

> wi(p)ut(p) =7 -p+m 0105
> v(p)ei(p)=y-p—m 0106
S (1. S* (1. kékL
267 (H) = —gou 2550 (2.107)
to get
1 L(amwVis \" —g"* + L4
_ 2 _ - Z00W Tua s % k/ T my CZH , ) 108
47";8|M| 4 (\/QSiH2 HW) r%s |:€M ( ) q2 — m%/V i (p )fyp ( )
ov | 97¢°
1 - 75 2 —T9 1 — ’}/5 , —g + m_2 ,
r r 5 dr1 7 my s k
< 2 )u (p)a" (p)y 5 () P e (k)
(2.109)
L (amVas N[ KR (9 o
4 \/iSinQ GW op m%/v q2 _ mIQ/V T e q2 — mIQ/V i
(2.110)

Tr [Vp (1 _275) B +ma)v (1 _275) ¥ - md)” (2.111)
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H(p)

WK,

It remains to evaluate the trace and simplify the terms, tigenthe invariant amplitude squared to

compute the cross section with general form [33]

do Y IMPEn)S (k+ K —p 1)

r1,72,8

B 1 dk ek 11
"~ 2E4-2Eg|va — vg| | 2E,(27)3 2B, (270)3 | 4

(2.112)
where|vy — vg| = 2cis the relative velocity difference in the lab frame.

Finally, the cross section for Higgs boson associated mtiaiuwith all” boson is (in terms

of the Mandelstam variables) [13]

B 2 2 9L |2 3
o(ud — WH) = —2= ,":“d‘ 2k K4 Smiy (2.113)
36 sin® Oy /s (s — mi,)?
Similarly, the cross section for associated productiomaiZ boson is[13]
2 2 l2 2 2k k32 3
o(qq — ZH) = W.OZ( tr) 2k +3TZ (2.114)
144 sin* Oy cos? Oy /s (s — m%)?

wherel = 2(t; — Qsin? Oy ), r = —2Q sin® Oy, Q is the electric charge, artglis the weak isospin

guantum number.

2.7 Higgs Boson Decayl — W)

Now that we have a physical model with a Higgs boson and hawguated the cross sections
of its production channels pertinent to our experimentata® let's see how it decays.

Consider the decay in figure 2.7. The lagrangian density f6tamdard Model Higgs boson
decaying to twdV-bosons comes from the Higgs sector of the Standard Modedriggan.



1 1
L= 3 (0,H) (0"H) + §u2H2 +

g

22}2

4

t gV
WIW* o+ S WiWeH

J

i=1,2

Higgs Sector

1 3 @ = 8V, (W — W)

J

The decay rate derived from this lagrangian is (see appénfiixdetails):
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W boson kinetic terms
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(2.115)

(2.116)

(2.117)

(2.118)

(2.119)
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Chapter 3

The Tevatron

This contribution to the search for the Standard Model Higgson is conducted at the Fermi
National Accelerator Laboratory with the “Tevatron,” a ghly four mile circular track around
which protons and antiprotons are accelerated and collidéda center of mass energy 9996
TeV. These collisions occur at the “Collider Detector atrrigab” experiment (CDF) where the
data is recorded for future analysis. The collection, malaifpon, and collision of protons and
antiprotons is a formidible task. This chapter oulines psscthat leads to the colliding beams of
the Tevatron while the CDF collider experiment is detailedhapter 4

Figure 3.1 illustrates the stages of producing the coljdieams, beginning with the Cockcroft-

Walton site and ending with the Tevatron collisions in theFCGihd DO experiments.

3.1 Beginning of the Beam: Cockcroft-Walton

The beams begin simply as hydrogen gas. The gas is injectedimelectric field that is
strong enough to strip the electrons from the hydrogen nuebing positively charged hydrogen
ions (H"). In the electric field, these ions are then directed towardssium anode where they
acquire two electrons, becomegativelychargedH — ions now. With a newly acquired negative
net charge, thesd ~ ions are repelled from the anode and accelerat&didleV by a Cockcroft-

Walton accelerator—a type of Van de Graaf accelerator+tis\alinear accelerator.
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FERMILAB'S ACCELERATOR CHAIN

TEVATRON

Antiproton  Proton
Direction Direction

NEUTRINO MESON —

Fermilab 00-63%

Figure 3.1 The Tevatron Accelerator Chain [10]
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3.2 LINAC: The Linear Accelerator

The 750 KeV hydrogen ions enter a linear accelerator that operatésarsuccession of drift
tubes generating an electric field oscillating with a rademtiency.H ~ ions arriving at the linac
in phase with the field oscillation are accelerated(i® MeV over a distance of 130 meters, while
those arriving out of phase with the linac’s field are lostisTdreates a beam of discrete bunches
of ions rather than a steady stream. At the end of the linachtinched beam of ions impigns on
a carbon barrier that strips the electrons from the hydraogetei which are now just protons that

pass.

3.3 Booster

Observe in figure 3.1 that the linac tangentially interséoscircular “booster.” Sequentially,
this is the first synchrotron—a circular accelerator witte@aly synchronized electric and magnetic
field to direct the beam of ions—that the protons encountén@inpath to the colliders. The booster

accelerates the protons froffi0 MeV to 8 GeV.

3.4 Main Injector

After being ramped to an energy 8fGeV in the Booster, the protons are redirected towards
the “main injector’—another larger synchrotron that aecaties the proton bunches 160 GeV
for injection into the Tevatron. The main injector also @ay central role in the production of
the antiprotons. Some protons from the main injector ard ts@roduce antiprotons, which are
accumulated separately. They are then also directed ietontin injector which will inject the

antiprotons into the tevatron. [2]

3.5 Anti-protons

Protons in the main injector are accelerated 50 GeV if they are to be injected into the
Tevatron, but are acceleratedt®) GeV if they are to be used for antiproton production. These

120 GeV protons are directed to impact a nickel-based targetyév® seconds causing a variety
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of interactions. For every one million protons that hit thekel target, only~ 20 antiprotons are
produced with enough energy to enter the “accumulator.”

After passing the nickel target, the products pass throutiithaum lens” that focuses them
into a beam that passes through a magnet. This magnet thega fhie antiprotons by redirecting
them on a unique path that leads them to the “debuncher.”u3ecaf the radio-frequency used to
accelerate th@20 GeV protons in the main injector, the antiprotons are stithibeam of discrete
bunches. These antiprotons also have a large spread iryesettipe debuncher is tuned in a way
that decelerates higher energy antiprotons and acceddoater energy antiprotons.

After the debuncher is finished with the antiprotons, the&ysarccessively stored in the “accu-
mulator” at8 GeV over many hours (or even up to a few days) while waitingedransferred to
the Tevatron for a fresh beam. When the Tevatron is readyeferaolliding beams, the antiprotons
are transferred from the accumulator to the “recycler’daa8 GeV ring) before moving on to

the main injector and the Tevatron. [1]

3.6 The Tevatron

The first version of the tevatron became operational in 1888as the world’s first supercon-
ducting synchrotron, containing about 1000 supercondgctiagnets. Because superconducting
wires provide no resistance to the flow of charge, stronggmatic fields are achievable and op-
erational costs are reduced because electricity is notdalssipation.

The collider physics program at the Tevatron is separatéadesm aRun | (1992-1996,1.8
TeV) andRun 1l (2001-present].96 TeV). As the Tevatron approaches the last year&on
Il operation, the CDF and DO experiments are quickly closingnirachieving Standard Model
sensitivity for the Higgs boson search. [9]

The Tevatron receives the proton and antiproton beams fiermain injector, both at;0 GeV.
Both beams are injected in 36 discrete bunches, though mgjLial densities since antiprotons are
far more difficult to collect than protons. Each bunch camain the order of0!! protons orl0'°

antiprotons.
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Once all 36 bunches of each beam have been injected into ttaérde, the beam is ramped
from the150 GeV to its colliding energy 0980 GeV. They are then focused, or “squeezed,” and
collimaters are used to absorb extraneous particles oghitie beam. This is sometimes denoted
the “beam halo.”

The instantaneous luminosity for the collisions is given by

36N, N,

Linst. - 4
0.0y

(3.1)

where the36 denotes the number of bunches in each beaisithe frequency of the revolutiond,
is the number of protons in the buncHj; is the number of antiprotons in a bunch, and o, are
Gaussian profiles of a transverse cross section of the béatagrated (over time) luminosities are
typically given in units of inverse barns, which can then asily multiplied by the cross section for
a particular process (units in barns) to obtain the expautgtber of occurances for that physical

interaction. [3]

3.7 The Performance of the Tevatron in Run Il

As of March 30, 2010, the Tevatron is no longer the world’s trpmsverful particle collider.
The LHC produced collisions at TeV. However, the Tevatron continues to produce impressive
results. During the same calender month, the Tevatron bweéef its own records: it delivered
272.7pb~! of integrated luminosity and saw an initial instantaneawsihosity record o371 x
10%°cm~2s7L. It has also been consistently seeing initial instantaséaminosities of~ 350 x
103°cm~2s~L. Further, figure 3.1 illustrates consistent and accelagatiogress in data delivery.

As such, the Tevatron will still retain a leading role in pelg physics research for at least the

next few years as of this writing (spring 2010).
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Chapter 4

The CDF |l Detector

The CDF experiment resides at the BO site of the Tevatron sumheé of two experimental
detectors that collide the proton-antiproton beams torcetloe consequences of the collisions.
The present incarnation of the CDF detector (“Run 11”) hasrbeperational since 2001. It was

originally designed with several specific purposes in m|20]
e Study the properties of the top quark
e Obtain more precise measurements of important quantitiekectroweak physics
e Test perturbative Quantum Chromodynamics
e Constrain the CKM matrix with measurementsifiecays
e Directly search for new physics

Since the Higgs boson has not been experimentally veriffesl study presented in this disser-
tation falls into the “search for new physics” category,upb is certainly related to electoweak
measurements as well.

An overview of the experimental apparatus can be seen ingfigut. It contains a variety
of different detection systems designed to collectivebtidguish a variety of objects that may
result from thepp collisions. Closest to the beamline is the silicon deteatdrich records the
tracks of charged particles like leptons and charged hadbme silicon is encased in the “Central
Outer Tracker” (COT), which also provides tracking infotina (see section 4.2). The next layer

outward is the electromagnetic calorimeter, which is destgto absorb and measure the energy
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Figure 4.1 The CDF Il Detector
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Figure 4.2 Diagram showing the types of objects variousrkagee constructed to detect.

of photons and electrons as indicated by figure 4.2. Hadremd to be more massive and are
measured in the subsequent “hadronic calorimeter” (sémeek3). Though charged, muons tend
to punch through the calorimeter system and are then ddtegtene of several muon detection
systems (see section 4.4).

The various systems are used interactively to detect articplar kind of object. Electrons
are tracked through the silicon and COT, then these tracksnatched to energy deposits in the
electromagnetic calorimeter, for example. Muons are akscked through the silicon and COT,
then matched to signals left in the muon system. Jets arectiolihs of particles that deposit energy
in both the electromagnetic and hadronic calorimeter systeAll together, the CDF detector is
designed to record the presence of any kind of electron, mplaoton, or jet produced ipp

collisions.

4.1 CDF Coordinates

Tracking the paths of various detector quantities requareemmon coordinate system and

CDF places the origin at the center of the experiment, on #aentine, where collisions are most
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likely to occur. The positive: coordinate points radially away from the center of the Tewaty
points vertically upward, andis directed tangent to the path of the proton beam.

The azimuthal angle is denotedand given by

o= arctan(y) (4.1)
x

The polar angle is denotédand given by

- arctan(g) 4.2)

z

The angle, however, is not often used. Instead, we use “pseudorgpidihere “rapidity” is

defined as
1. E+p,
rapidity = 5 In Fp. (4.3)
and in its massless approximatignx > m) becomes pseudorapidity:
0
n=—In tan(ﬁ) (4.4)

4.2 Trackers

The CDF Il tracking system is composed of three major comptsnea silicon microstrip
system that provides precise tracking of charged partattes to the beamline; the “Central Outer
Tracker” (COT) that envelops the silicon system; and finalgolenoid magnet generatinga 1.4 T
field along thez direction. The two tracking systems trace the paths of @thparticles while the
solenoid’s field causes those paths to follow a helical patt@ositive and negative charges can
then be distinguished by the direction the helical path esywhile the particle’s momentum can

be calculated by the magnitude of the curvature.

4.2.1 The Silicon Detectors

The CDF Il silicon detector is composed of three componel®), SVXII, and ISL. Layer

zero-zero (LOO) is a single sided, radiation tolerant silistrip detector, which is closest to the
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Figure 4.3 Diagram showing a side view of the tracking, soiénand forward calorimeter
systems. The horizontal axis is thalirection from the interaction vertex and the verticalsasi
the radial direction from the beamline.

Figure 4.4 End view of LOO (left) and the full silicon systenght)[4],[5]
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beamline. Itis 87 cm long, centered or- 0, and has a radius of justl cm (see figure 4.4). LOO
is constructed in six segments in batland¢. Each¢ segment contains 128 channel of narrow,
inner sensors and 256 channels of wider, outer sensors. Esament is composed of two long
sensors. In total, LOO contains 13,824 channels. [4]

The SVX 1l silicon detector encapsulates LOO. It is compasidtiree barrels, positioned end-
to-end to achieve a length of 81 cm and full coverage.inEach barrel contains five layers of
silicon microstrip detectors ranging from 2.4 cm to 10.6 conf the beamline. In all, the SVX
contains 405,504 detection channels and colgrs 2.0.[5],[20]

The “intermediate silicon layers” (ISL) are the outermastteon of the silicon detector system,
between the SVX and the COT (see figure 4.3). The ISL are anrtamtaccompliment to the SVX
and COT (see section 4.2.2) in that they provide extra treckiformation in1.0 < |n| < 2.0,
where COT coverage is partial. In this forward region, theeetwo silicon layers placed at 20 cm
and 28 cm from the beamline. there is also an additional I$erlan the central region at 22 cm

from the beamline. [6],[20]

4.2.2 Central Outer Tracker

The CDF Central Outer Tracker (COT) compliments the silibt@tking system to provide
additional tracking information. It covers the comparalyvlarger range of 40 cm to 130 cm
from the beamline and is approximately three meters longteld of the wafers of silicon, the
COT operates as a 96-layered drift chamber. The 96 layerpaatitioned into 8 “superlayers”
alternating between axial and stereo. “Axial” layers pdavhit coordinates in the transverse plane
(radial and azimuthal angle) while “stereo” layers supplg 1 coordinate, together yielding hit
information in three dimensions.

The COT is filled with an equal mixture of argon and ethane irekactric field. When a
charged particle enters the COT apparatus, itionizes thbyareating:* e~ pairs. Electrons then
drift under the influence of the electric field toward anodeewiand signals are induced from the

flow of charge.[8],[19]
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Use of these tracking systems—in conjuction with the caleters and muon systems— is criti-
cal to the detection of leptons emanating from gpleollisions. This dissertation is devoted to the
rare events that contain three recognized leptons, so awteéarstanding of how physical leptons
produced irpp interactions translate into detected leptons used fowaisais critical. This disser-
tation devotes chapter 6 to a detailed understanding of hewCDF subsystems are collectively

used to identify leptons from charged tracks and other tat@gformation.

4.3 Calorimeters

The calorimeter systems are located outside the solendidesnord the energies of particles
resulting frompp interactions. They are composed of scintillators with fayaf heavy metal to
induce electromagnetic or hadronic showers.

Electromagnetic showers are induced for high energy plsaad electrons via a combination
of bremsstrahlung and pair production. When impigning anhteavy metal layer, a high energy
electron will radiate high energy photons, which then cots/& ee pairs, which go on to emit
more photons, etc. This cycle continues until the indivigiretons and electrons no longer have
enough energy to pair-produce and the ionization loss ptevarrther radiation. The physical
depth acheived by this “shower” is then an indicator of howchmanergy the original electron or
photon posessed. [32]

Hadronic showers occur when a high energy hadron expegeniteelastic nuclear collision
with the heavy metal layer, producing secondary hadronsgb@nto have their own collisions.
This cycle continues until the individual hadrons no longénanough energy to break up nuclei.
Hadrons tend to be much more massive than electrons andti@elgidarge amount of energy is
released from nuclear interactions, so the depth that aohadshower penetrates is largers and

such calorimeters must be physically larger than the elewgnetic calorimeters.[32]

4.3.1 CDF Central Electromagnetic Calorimeter (CEM)

CDF’s central electromagnetic calorimeter (CEM) is congubsf 48 wedges that each cover

15° in azimuth and).11 in pseudorapidity,f). Each15° wedge has alternating lead and scintillator
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layers. The energy resolution (in GeV) of the EM caloriméger

%E 13.5% )\ By + 1.7% (4.5)

[20]

4.3.2 CDF Hadronic Calorimeters (CHA,WHA)

The central hadronic calorimeter (CHA) and the endwall badrcalorimeter (WHA) wedges
are composed of alternating layers of iron and scintilléBoth the CHA and WHA are an array of
48 wedges, with the CHA covering| < 0.9 and the WHA covering.7 < |n| < 1.3. The energy

resolution of the CHA and WHA detectors are

0E  50%

i 4.6

FoRaom (4.6)
and

0oE 5%

i 4.7

Er  VEr (4.7)
repsectively.

4.3.3 CDF Forward Calorimeters (PEM, PHA)

The forward calorimeters are also divided between a “plagtedbmagnetic calorimeter” (PEM)
and a “plug hadronic calorimeter” (PHA), coverind < |n| < 3.6 and1.2 < |n| < 3.6, respec-
tively. The design and function is similar to the centrabceheters. The energy resolution of the

PEM is

%E = 16%/\/Er + 1% (4.8)

and the energy resolution of the PHA is

%E — 80% /By + 5% (4.9)

[20]
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4.4 Muon Detectors

The first thing to know about muon detectors is that there isuah thing as a muon detector,
just a charged patrticle detector located behind so muchrraktieat only muons tend to reach it.
Given that, the CDF muon detectors are located outside tloeim@&ter system from the beam-
line. This way, any high energy photons will have alreadyrbalesorbed by the EM calorimeter
and any high energy hadrons will have already been absornpéutethadronic calorimeter—aside
from the occasional “punch through” hadron. The three mugteators used for this analysis are
the “Central MUon chambers” (CMU), “Central Muon uPgrad€MP), and the “Central Muon
eXtension” (CMX). Not used is the “Intermediate MUon” (IMWystem in the forward region
of the detector|| > 1.0), which contains the “Barrel MUon” chamber (BMU) and BSUIO'S
scintillators (see table 4.1 for a summary).

The CMP and CMX muon detectors contain two systems: a stadkusfsingle-cell drift
chambers that provide a short track called a “stub” and diBation counter. The CMU has only
a drift chamber. These muons detectors are used in tanddntheitsilicon and COT trackers to
establish muon tracks from which the transverse momentum gauged by the track curvature.
Since this analysis focuses on a signal with a leptonic sigaathe detection of muon (along with
electrons) is critical to finding, excluding, or setting iison a signal. Also, we shall see in chapter
9 that distinguishing muons from electrons will be a usedol in using a neural net (see chapter

7) to distinguish signal from particular backgrounds.

Chambers/Counters An A Thaxait ~ # channels
CMU [0.0, 0.6] 360° 800 ns 2304
CMP/CSP [0.0, 0.6] 360° 1500ns  1076/274
CMXI/CSX [0.6, 1.0] 360° 1600 ns 2208/324
BMU/BSU,TSU | [1.0/(1.0,1.3),1.5/(1.5,1.5)] 270°/270°,360° 800 ns 1728/432,144

Table 4.1 Basic Summary of CDF Muon Detectors [35]
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4.5 CDF Detector Summary forVH — VIWWW — Trileptons

This chapter explored the basic structure and design of DI ICdetector. At the broadest
level, the CDF detector is composed of trackers, calorirmgssd the muon detectors (very similar
to the trackers). The trackers trace the paths of the chargetidles while the calorimeters absorb
and record their energies.

This analysis searches folad — VW W — Trilepton+ F; signature, so understanding how
physical leptons (electrons and muons) translate intactt@tgquantities is critical for matching the
Standard Model physics of chapter 2 to experimental observa

The Tevatron generates collisions very quickly and modtprdduce interactions that are not
of interest to the experimentalist. Therefore, collidetedeors have “trigger systems” that can
quickly use tracker and calorimeter information to makeiglens in real time about whether or
not a particular evenpp interaction) has generated products that are interestingoime reason.
Because th& H — VW W signature of interest to this analysis contains leptonsiéndriggers
that are programmed to record specifically these eventsfgrarticular interest. We shall subse-
guently explore the idea of triggers and the particulargeis used in this analysis in chapter 5.
Once the triggers have recorded datasetsrttegthave the signature of interest, offline algorithms
perform more computationally intensive calculations torenaccurately decide if a collection of
detector quantities does constitute a reconstructedriefoch reconstructed lepton identification
will be explored in more detail in chapter 6. Although jetmtiication will be useful for distin-
guishing signal from background& { tends to have- 2 jets while it's background tend to have

0 jets, for example), jet-based triggers will not be an itdnmterest to this analysis.
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Chapter 5

Triggers, Datasets, and Event Selection

The Tevatromp collisions happens every 396 ns; or equivalently, with gdiency of 2.5 MHz.
The CDF detector cannot—and would not want to—record théyats of every single collision that
occurs. Instead, it has a three level “trigger” system tlaat decide whether or not to record an
event using basic detector information. Ultimately, CDFe@pable of recording at a rate only
up to 100 Hz, so the trigger system is designed to filter thatsv® those of interest for current
analyses. This is done with hardware systems at level 1 atite8,a computer farm at level 3.

Each particular “trigger” refers to a collection of decissoat all three levels.

51 Levell

The level 1 trigger has- 5.5 us to make a decision and a maximum accept rate @b kHz.
This hardware system is composed of three parallel praogstieams. One stream finds calorime-
ter based objects (L1CAL), one looks for primitive muon sig(MUON PRIM-L1IMUON), and
the last finds tracks in the COT with the “eXtremely Fast TeatKXFT). Up to 64 level 1 trig-
gers can be formed from the objects in these streams usingesimoolean logic (AND & OR

operators). [20]

5.2 Level 2

After a level 1 acceptance, the information of an event pedsdo level 2 for a more detailed
decision. The level 2 trigger has 20 us to make a decision and a maximum accept rate 860

kHz. There are four buffers for processing an event comiognfievel 1, when a particular one of
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these buffers is busy processing an event it is not avaifableither use. When all four buffers
are in use, further events coming from level 1 are lost. Tine tihat level 2 is busy processing and
incapable of accepting more events from level 1 is denotédeedtime.”

Level 2 is capable of using silicon, shower max, and cala@mi@formation in addition to the
level 1 information to perform further reconstruction of @rent. Once the event data is loaded
into the level 2 processors, a decision can be made aboubh®itibe event satisfies any of the level

2 triggers. [20]

5.3 Level 3

The level 3 trigger has a maximum accept rate-o20 kHz. It is divided between an event
builder that stores raw detector data and a linux PC farmntiagees a decision on whether to store
an event using higher level event objects. Level 3 is desigmenake a decision on an event using

data that approximates full reconstruction.

5.4 Trigger Paths (“Datasets”) of theH — WV Group

“Trigger” tends to be a bit of an overloaded term; it may refelloquially to a variety of ob-
jects. Any particular criteria within any of the three levake often denoted as triggers, collections
of criteria within one of the three levels are denoted as “Liggers” (X= 1,2, 3), as well as sets
of criteria from all three levels. For the purposes of thissdratation, “trigger bits” will refer to
particular criteria that exist within any one of the thregdger levels” just discussed. There will
be “LX triggers” (X= 1, 2, 3) for collective decision at a particular level. “Triggertpa” will be
the broadest categories of collections of trigger bits #matchosen by analyses interested in data
with particular features. For instance, tHe— WW group is interested in leptonic decays from
the weak vector bosons, so it chooses to use data from “trigaggds” that record highr lepton
events during online operations.

The following are the triggers paths, or “datasets,” usedie CDF high mass Higgs boson

group and this analysis. Trigger design may evolve over,tgoeote that these trigger paths refer
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to their incarnations in trigger table PHYSI@504 v-3. This trigger table can be referenced for a

more detailed breakdown of the trigger bits within eachgeiglevel. [11]

5.4.1 ELECTRON.CENTRAL _18

The ELECTRONCENTRAL_18 trigger path is designed to select data with higlelectrons

absorbed by the central calorimeter.

e Level 1 (LLCEM8.PT8v-5): This trigger requires a cluster of energy in the cdrfsl
calorimeter with at least 8 GeV, the ratio Bf;,¢/ Eem < 0.125 to distinguish the EM energy
deposit from charged hadrons that may deposit some of itggme the EM calorimeter,

and an XFT track withy; > 8.34.

e Level 2 (LZCEM18PT8v-1): Additional requirements of an EM cluster with at le&8t
GeV and|n| < 1.317 are imposed here.

e Level 3 (L3AELECTRONCENTRAL 18 v-6):
- Ly, < 0.4, a variable that compares lateral shower profile in towexs twethe seed

tower to some expected profile.

- Az between the COT track and the central EM calorimeter showvaratch within 8

cm.

- a COT track withp at least 9 GeV

5.4.2 MUON.CMUP18

The MUON.CMUP18 trigger path is designed to identify high muons with tracks in both
the CMU and CMP muon detectors.

e Level 1 (LLCMUPGPTA4V-2): This trigger requires an XFT track with > 4.09 GeV and
fiducial to a CMU stub withpt > 6 GeV, and a CMP stub.

e Level 2 (LZCMUPG6 PT153DMATCH_v-1): This trigger tightens the XFT criteria by re-
quiring a four layer track withy > 14.77 GeV.
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e Level 3(L3AMUON_CMUP_18.v-3): This trigger raises the cut to 18 GeV and continues
the requirement of matching the track to stubs in the CMU akdPC

5.4.3 MUON.CMX18

The MUON.CMX18 trigger path is designed to identify high muons with tracks that lead

to the CMX muon detector.

e Level1 (LLCMX6_PT8CSXv-2): This trigger requires an XFT track wiih > 8.34 GeV
and fiducial to a CMX stub with > 6 GeV, as well a a hit in the CSX scintillator.

e Level 2 (L2CMX6_PT153DMATCH_HTDC v-1): This trigger tightens the XFT criteria
by requiring a four layer track with; > 14.77 GeV.

e Level 3 (L3AMUON_CMX18_v-2): This trigger raises thg; cut to 18 GeV and continues

the requirement of of matching the track to a CMX stub.

5.4.4 MET.PEM

The leptonic decays studied by the— WV group, and especially the associated production
leptonic decay oW H — WWW — lviviv, also tend to exhibit high values of missing transverse
energy ). So we are also interested in the dataset pertaining to e REM trigger path that is
designed to accept events with energy clusters in the paagarhagnetic calorimeter in association
with #-. Note that this online version af—denoted here a#;""— simply uses the sum of
transverse energies over the calorimeter towers and daesmmoy the muon or jet corrections

described later in chapter 6.

e Levell (LLEM8.& MET15.v-11): At this level, the trigger requires either a centngblug
EM cluster withEr > 8 GeV, with F,q/ Fem < 0.125 for a central cluster anflyag/ Eem <
0.0625 for a plug cluster. The LMET15 trigger bit is also employed for&-"*" > 15 GeV

cut.
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e Level 2 (L2PEM2QMET15.v-1): This trigger continues to requirefa"" > 15 GeV cut,
requires a plug EM object with'r > 20 GeV, andl.1 < |n| < 3.6.

e Level 3 (LAPEM2QMET15.v-8): This level imposes a plug calorimeter requirement of 3
towers withEr > 20 GeV, Enag/ Eem < 0.125 for the plug cluster, and #-"" > 15 GeV

cut again.

5.45 MUON.CMP18_PHI_GAP

This trigger path has been working properly only since geZib data-taking [14]. The MUOIXCMP18 PH
trigger path is designed to account for gapgiooverage between the calorimeter wedges. This
puts a 2.25 degree gap in the CMtJcoverage every 15 degrees. The basic idea of this trigger
is to require tracks that point towards a gap to be coincidewmith a CMP stub and a CSP hit.
Previous incarnations of this trigger had problems keefhegate under reasonable levels at high

instantaneous luminosities, so it does employ a dynamgxate up to a factor of 60. [17]

e Level 1 (LLCMP3PT153D_PHIGAP.DPSv-2): This trigger requires an XFT track with
pr > 14.77 GeV.

e Level 2 (L2ZCMP3 PT153D_PHIGAP.CSPv-1): This level goes on to require a CSP hit.
e Level 3 (L3AMUON_CMP18v-1): At level 3, this trigger requires

- cmpDx=20
- pr > 18 GeV

- CMP stub
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Chapter 6

High p; Object Identification

Datasets from any given trigger path begin as little morea tt@lections of detector signals:
hits in the silicon and COT, showers in the calorimeters \8time measured energy, etc. Trans-
lating these signals into objects the experimentalistakilog for (leptons, jets, photons, etc.) is
a formidible and detailed task. This chapter will first dissuhe details of lepton identification
(section 6.1), jet identification (section 6.2), and howsing energy is computed (section 6.3).
Then other important details related to the shortcomingsbgect identification like “fake leptons”
(section 6.4), as well as efficiencies and scale factorseclep lepton ID (sections 6.5 and 6.6)

will be discussed.

6.1 Lepton Identification

This analysis is mostly interested in the identificationleC&ons and muons, as well as miss-
ing energy ). To determine what pattern of detector information shdédalled “electrons”
and “muons,” hits in the silicon and COT detectors must ugaessentially a high brow game of
connect-the-dots to form “tracks.” Such tracks must thefichecial to energy deposits in the EM
calorimeter to be identified as electrons, or fiducial to stracks (“stubs”) in one of the muons
detectors to be identified as muons.

This analysis, along with the rest of tii¢ — W group, constructs from the trigger paths

listed in section 5.4 these lepton categories:

e Electrons: Likelihood-based electrons, phoenix eledi@ee section 6.1.2)
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e Muons: CMUP, CMP, CMU, CMX, CMXMsKs, BMU, CMIOCES, CMIOPESée section
6.1.3)

e Lepton of unspecified flavor: CrkTrk (“crack track”)

All of these categories will require some collection of seveuts on detector quantities such as
[14]:

e Eyap/Ery —the ratio of the hadronic calorimeter energy to the electignetic calorimeter

energy associated with the candidate
e /P —the ratio of the EM cluster transverse energy to the COktirmansverse momentum

e Ly —the lateral shower profile in the transverse plane to thetrele direction

S (M, - P)
Lop = 0.14 i (6.1)
\/(0.14\/E—EM)2 + Y (AR)?

wherei is the sum over adjacent towerd, is the measured energy, aftlis the predicted

energy in the™ tower [36].

e Callso — The energyEr in a cone of radius\R = /(An)2 + (A¢)2 < 0.4 around the
electron cluster excluding the electron cluster dividedHgyenergy in the electron cluster:

cone __ E%lectron

Callso = =L

Eelectron
T

e Trklso—the same variable as abaVe!l!so but measured using tracks instead of calorime-

ter

e () x Arcps— The distance in the ¢ plane between the extrapolated, COT beam constrained

track and the best matching CES cluster, times the chargkthe track.

e Azcps — The distance in thez plane between the extrapolated, COT beam constrained

track and the best matching CES cluster.
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e NCotHitsAx — number of COT hits on axial layers belonging to track asgedi to the

candidate electron

e NCotHitsSt — number of COT hits on stereo layers belonging to track aatsxtto the

candidate electron
e \Zor —x* associated with the COT hits belonging to track
e NSwvxHits —number of SVX hits belonging to track associated to the ickate electron
e Trackpr — Transverse momentum measured from the charged particels
e Trackz, — Position along the longitudinal direction of the beamline

e Axial and Stereo Superlayer — The number of axial and sterpertayers in the COT having

at least 5 hits associated to the track in question.

e CESAX - The difference in the — ¢ plane between the best CES match and the COT

beam-constrained track extrapolation to the CES.
e PEM 3x3 Fit — Ay fit to electron test beam data of nine Plug EM towers.
e PES 5x9 U/V — The ratio of the central five tower energy to thaltoine tower energy.
e % —This chi squared compares the fitted track to the actuairhitee trackers.
e Curvature Significance — The measured track curvature ety the curvature error.

Section 6.1.1 will briefly discuss track formation from hitsthe trackers, then sections 6.1.2,
6.1.3, and 6.1.4 will discuss how such tracks are combindid ether detector information to be

counted as lepton objects.

6.1.1 Track Formation

Recall from section 4.2 that the silicon and COT trackerssareounded by a 1.4 T field along

thez direction. This field causes charged particles to followghath of a helix with its axis parallel
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to the magnetic field, so the connect-the-dots game is a n@ttonstructing an algorithm that
will recognize a collection of silicon and COT hits that fmNl the path of a helix that leads near
the pp interaction on one end and to either a calorimeter energgsiepr muon stub on the other
end.

The COT forms segments with hits in the axial layers, thekslithese segments together into
tracks. To form these tracks, the algorithm begins with ssgmin the outermost superlayers, then
uses the curvature of the segment and the beamline locatsearch for possible other segments
that could form a helix to the primary vertex. Stereo segmang then also linked to form a three
dimensional track [26].

Once a COT track is formed, the silicon tracking uses thisktras a “seed,” essentially a
starting point, and then uses an “outside-in” tracking atgm. This will start with the outermost
layer and work inwards searching for hits that form the bestsgble helix back to the primary
vertex [37].

Forward electrons may need a different strategy if theiugeeapidity is to large to make
suitable COT seed tracks for the silicon. In this case, semaks are formed from “CdfEmOb-
ject” objects—energy deposits in the Plug EM calorimetérietvthen drives the outside-in silicon

pattern recognition [24].

6.1.2 ElectronID

Central electrons|(| < 1.0) with high p; are expected to traverse the silicon and COT de-
tectors, leaving behind a track. Then they enter the EM oakier where they will cause an
electromagnetic shower and deposit their energy. Untémdg, these electrons has to pass a set
of criteria called “tight central electron.” These critemere a set of hard cuts, so if an object that
looked very electron-like still failed even one cut it wouldt pass selection. This category has
since been replaced by the “likelihood-based electron’E).Bategory that creates a single func-
tion out of mostly the same set of criteria, but then imposed @ single cut on the end value of

that function. LBE criteria are [14]

¢ having a track fiducial to the CEM
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e Trackz; < 60 cm

the electron candidate object is not a photon conversion

Enyap/FEeym < 0.125, which satisfies trigger requirements and cuts out chargeldomic

objects.

Callso< 0.3, calorimeter isolation requirement to cut out fakeablesotg

pr(track) > 10 GeV (pr(track) > 5 GeV if Ep < 20 GeV)
e Likelihood cut: £ > 0.90

Given these, the values used in the likelihood function dg:.ap/Fgy, E/P, Lshn Callso,
Trklso,Q x Axcps, Azcps, NCotHitsAx, NCotHitsSt, chOT -2, andN Svz Hits. Finally,

the likelihood function itself is:

N s1g
L(F) = Lsig I[P () (6.2)

B Lisig + Lbckg B Hf\il Pism(xi) + Hf\il PibCkg(xi)

Electrons in the pseudorapidity regiar2 < |n| < 2.0 would not be found by the LBE cate-
gory because they are not fiducial to the CEM. They are indtmatd by the “phoenix” tracking

algorithm which the more traditional path of making a cdiilec of cuts (see table 6.1).

6.1.3 Muon ID

The muon categories are denoted by which muon detector ka i8dound in. Muons are
“minimum ionizing particles,” meaning that they deposityoa small fraction of their energy in
the calorimeters and can traverse through the entire CC#etbet All muon object candidates must

pass a basic set of cuts (see table 6.2 ), then have a thatdgfituione of the muon detectors.

e CMUP: CMUP muons are required to have stubs in both the CMPCGM detectors,

covering a pseudorapidity range|gf < 0.68.

e CMU: High pr tracks with a CMU stub, but not a CMP stub
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e CMP: Highpy tracks with a CMP stub, but not a CMU stub
e CMX: High pr tracks with a CMX stub, covering a pseudorapidity range.of< |n| < 1.0.
e BMU: High pr track with a BMU stub, covering a pseudorapidity rangé.of< |n| < 1.5

e CMIOCES: A minimum ionizing track that does not register adWP, CMU, CMP, or

CMX, but is fiducial to the central calorimeter

e CMIOPES: A minimum ionizing track that does not register &4 but is fiducial to the

plug calorimeter.

e CMXMsKs: A high ps track that points to either the miniskirt or keystone deiest

Two categories of muons used do not actually use muons sttkBOCES and CMIOPES
muons are tracks that do not have muon stubs, but rather nely muon’s minimum ionizing
nature in a calorimeter. A track whose curvature impliehig, but does not deposit energy
in either the EM or hadronic calorimeters strongly tendsd¢abmuon since muons are the only
particles produced that have this signature and do not tethelday before traversing the entire CDF

detector. See tables 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, and 6<phmific cuts on each muon category.

6.1.4 Unspecified Track ID

The last category of leptons considered in this analysigacks that are considered sufficiently
lepton-like, but their flavor cannot be specified. This “QdkTcategory is defined to cover tracks

that specifically point to cracks in calorimeter acceptance

!Based on the CDF — W W group’s Dibosonv17 framework
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Forward Electrons (PHX)

Region Plug EM Cal.
NPES 1.2 <nl <20
Enap/Epum < 0.05
PEM 3x3 Fit true
XPes 10
PES 5x9 U > 0.65
PES 5x9 V > 0.65
Isolatiory B <0.1
AR(PES,PEM) <3.0
Track Matched true
# of Silicon Hits >3
Track | zo| <60 cm

Table 6.1 Phoenix (PHX) electron definition

Muon Base Cuts

pr > 10 GeV
Eem 2+max0, (p — 100) - 0.0115)
Euao 6+max0, (p — 100) - 0.028)
Isolatiorypr <0.1
# Axial SL >3
# Stereo SL > 2
Track | zo| < 60 cm
Track |dp| 0.2 cm (< 0.02 cm with silicon)

x?/deg. of freedom < 4.0 (< 3.0 if Run # > 186598)

Table 6.2 Base muon identification criteria for all categsri
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CMUP Muons

CMU Fiducial Tiig < 0, zHig < 0cm

CMP Fiducial Tig < 0, 2fg < —3 €M

AXcmu 7cm
AXcwp max (6, 15067) cm
CMU Stub true
CMP Stub true

Table 6.3 Cuts for CMUP muons beyond the base muon cuts

CMP Muons

CMU Fiducial Tiig < 0, z:ig < 0cm

CMP Fiducial Tig < 0, Ziig < —3 €m

AXcmp max(6, 15067) cm
Run Numbers > 229764
CMP Stub true

Table 6.4 Cuts for CMP muons beyond the base muon cuts

CMU Muons

CMU Fiducial zfg < 0, zig < 0cm

CMP Fiducial zfg < 0, zig < —3 cm

CMX Fiducial z5g < 0, zig < —3 cm
AXcemu 7cm
CMU Stub true

Table 6.5 Cuts for CMU muons beyond the base muon cuts. [NMo¢gecode comments state

“Make them starting from run 270062” but the code itself higRunNumber< 999999)
_BitSet.SetFalse(kBitsFiducial);” indicating that CMU may not be in use.]
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CMX Muons
CMX Fiducial Tiig < 0, zHig < —3 cm

Fiducial to CMX Arches true
Fiducial to CMX Miniskirt false

Fiducial to CMX Keystone false

A Xcmx max(6, 12567) cm

COT Exit Radius > 140 cm

CMX Stub true

Table 6.6 Cuts for CMX muons beyond the base muon cuts

BMU Muons
BMU Fiducial true
BMU Stub true
PES Fiducial true
NSvxHits >3
Cal. Energy > 0.1 GeV
COT Hit Fraction > 0.6

Curvature Significance > 12

Run Number > 162312

Table 6.7 Cuts for BMU muons beyond the base muon cuts



CMIOCES Muons

Not CMUP or CMX
Cal. Energy > 0.1 GeV
NCotStSeg >3
Fiduciality CES
x?/deg. of freedom < 3.0

Table 6.8 Cuts for CMIOCES muons beyond the base muon cuts

CMIOPES Muons

Not BMU

Cal. Energy > 0.1 GeV
Fiduciality PES
COT Hit Fraction > 0.6

Curvature Significance > 12

Table 6.9 Cuts for CMIOPES muons beyond the base muon cuts

CrkTrk Muons

Not CMUP or CMX
# Axial SL >3
# Stereo SL >3

Cal. Isolation < 0.1 using CDF Muon oK 0.1 using EM cluster

Fiduciality Not CES or PES fiducial
Cal. Energy > 0.1 GeV
Fiduciality PES

x?/deg. of freedom < 3.0

Table 6.10 Cuts for CrkTrk muons beyond the base muon cuts

60
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6.2 JetID

Quarks are known to exist only in groups of two (“mesons”) lmee (“hadrons”). Thep
interactions have high enough energy to tear the quarksegbithton and antiproton out of their
hadronic configurations. When this happens, they will sqbeatly recombine or even create pairs
out of the vacuum. This typically results in a spray of pdescowith a common general direction
which are denoted “jets” in particle physics. As such, jetdtto deposit energy in both the EM
and hadronic calorimeters assiciated with multiple tracks

In the analysis, jets are defined as calorimeter clusterniNiz < 0.4 and at leasto; > 15
GeV. While jets are not a part of the signal this analysisctelg@on, the number of jets in a
particular event will be an important variable for discnvaiing theWW H and ZH signals from

their backgrounds.

6.3 Missing Transverse Energy )

Thepp beam is defined as thtedirection in CDF coordinates. Hence, since the beginniatgs
of the pp interaction has no momentum or energy directed in the plamsverse to the beamline,
the energies of products after thg interaction should sum to zero. Particles that do not ictera
with the detector do not have their energies included in #aor sum, so the result is “missing
transverse energy'#).

Neutrinos are the only known particles that will not intératth the detector and are inherent
to the leptonic decays df weak vector bosons. Therefor#; is an important quantity in the
signatures oiV H — WWW andZH — ZWW signals of theH — W group.

There are, however, some caveats that must be accountesfoilfie raw missing transverse

energy is just the sum over the calorimeter towers.
— raw -,
B =— Z E (6.3)

WhereE} is the energy magnitude deposited in thealorimeter tower with a unit vector pointing

from the primary vertex to the center of the calorimeter toastificially attached to make it a
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vector quantity, then the transverse component is takevadtdiscussed that muons are minimum
ionizing particles, so they do not deposit much of their gpén the calorimeters. This also counts
as missing energy iﬂ}raw so the#r is corrected by having the muon’s energy added back, minus
the small amount of energy the muon did deposit. The samefgo€skTrk leptons which do not
deposit energy in the calorimeters by definition. Lastlis jgndergo some energy corrections in

reconstruction which then affects the vector energy sum.

6.4 Fake Leptons

Some small, but significant, portion of jets will producegrsiture that passes one of the lepton
definitions. These objects are denoted “fake leptons” dr‘fakes.” Note that these are distinct
from “photon converted leptons,” which are photons tha¢ratt with the detector apparatus to
become an electron-positron pair and then register as atrale

Modeling of fakes has been unreliable, so this backgrountsiead estimated from “jet sam-
ples” of data. Four such jet samples are used, based ontipgdies requiring a leading j&t
of at least 20 GeV, 50 GeV, 70 GeV, and 100 GeV. In these dataleanthe number of jet-like
objects that pass a very loose selection of lepton cuts argted. These loose lepton selections are
called “denominator objects,” and various denominatoeoty are defined for the different lepton
categories. These are considered to be the collection-objetts that have any non-negligible
chance at all of passing a full lepton definition. The “fakietas then the ratio of these denomina-
tor objects that actually do pass a full lepton definitionhte full set that pass just a denominator
definition. Note that the actually number of isolated, fuldgognized leptons (i.e. “real” leptons)
must be subtracted in the numerator and number of isolapddrenbjects passing the denomina-
tor definition must be subtracted from the denominator. ldefar a generic lepton categoiythe

fake rate is [14]

Ni(full leptong — >~ N;;(full leptons)
fi = jEe{EWK}
" N;(denom. objects— > N;;(denom. objects

JE{EWK}

(6.4)
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The four data samples provide four independent estimatésedake probability, the average
of which are use as the fake probability in this analysis. $y&ematic uncertainty on the rate
beyond the statistical error is estimated by adding a paemeas./stat.+ « large enough so that

all four samples agree to within one standard deviation.
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Figure 6.1 Fake rates for electrons. PHX and LBE have no isattion requirement. TCE is
include for comparison. [16]
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Figure 6.2 Fake rates for muons. [16]
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6.5 Lepton Efficiencies

Monte carlo simulated backgrounds and signals must be ppptely calibrated to the data
to be accurate. Lepton efficiencies are measured with degll{Z — ([) events in MC and data
because of the relatively large sample size, then comp&uach corrections are then applied to all
MC processes.

Lepton efficiency is defined as

NTT
NTL

(6.5)

€Ip =

whereNr is the count of tight-tight lepton pairs aid., is the count of tight-loose pair§ {rr} C
{Nr.}) [31].

6.6 Lepton Scale Factors

The “lepton scale factor” is the ratio of lepton identificatiefficiencies in data to the monte
carlo. This factor is used later in determining how to weighth event in an MC process. It is

recalculated for different periods in data taking.

§ = e (6.6)



Lepton Category  Period O Period 1-4 Period 5-7 Period 8-10
CMUP 0.973 £0.012 | 0.938 £0.009 | 0.932 £0.013 | 0.955 4+ 0.009
CcMuU 0.000 £ 1.000 | 0.000 £ 0.500 | 0.000 £ 0.577 | 0.000 &+ 0.577
CMP 0.000 £ 1.000 | 0.000 £ 0.500 | 0.000 = 0.577 | 0.965 4 0.032
CMX 1.027 £0.016 | 1.020 £0.017 | 1.026 +0.019 | 1.007 + 0.014
CMXMsKs 0.000 £ 1.000 | 0.000 £ 0.500 | 0.000 £ 0.577 | 0.930 4 0.036
BMU 1.127 £ 0.032 | 1.107 £ 0.025 | 1.076 = 0.032 | 1.099 + 0.021
CMIOCES 1.049 £+ 0.019 | 1.060 +0.015 | 1.085 4+ 0.018 | 1.086 £ 0.014
CMIOPES 1.000 £ 0.000 | 1.005 £ 0.020 | 1.029 4+ 0.025 | 0.980 £ 0.018
CrkTrk 1 0.958 £0.015 | 0.978 £0.012 | 0.976 = 0.015 | 0.973 £ 0.012

Table 6.11 Muon scale factors in Dibosuf7 data [14].

Lepton Category Period 11-12| Period 13 Period 14-25
CMUP 0.924 +0.011 | 0.937 £ 0.011 | 0.884 £+ 0.004
CMU 0.000 £ 0.707 | 0.000 = 1.000 | 0.000 4 1.000
CMP 0.893 4+ 0.022 | 0.987 £+ 0.022 | 0.876 + 0.009
CMX 0.981 £ 0.018 | 0.986 + 0.020 | 0.978 4+ 0.008
CMXMsKs 0.93540.032 | 0.890 +£0.033 | 0.912 + 0.012
BMU 1.064 +£0.028 | 1.142 4 0.037 | 1.100 £ 0.013
CMIOCES 1.204 +£0.019 | 1.186 +0.022 | 1.196 £ 0.011
CMIOPES 0.955 £ 0.023 | 0.998 + 0.037 | 0.970 4+ 0.010
CrkTrk p 0.990 4+ 0.020 | 0.952 £+ 0.021 | 0.959 + 0.008

Table 6.12 Muon scale factors in Dibosweh7 data [14].
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Lepton Category  Period O Period 1-4 Period 5-7 Period 8-10
LBE(L > 0.9) | 1.012£0.004 | 1.001 4+ 0.003 | 0.996 + 0.004 | 0.992 + 0.003
PHXTrk 0.998 £+ 0.005 | 1.007 £0.004 | 1.018 +0.005 | 1.001 4 0.004
PHXPEM 0.951 +0.006 | 0.953 £ 0.005 | 0.944 + 0.006 | 0.931 4+ 0.004
PEM 0.943 £0.011 | 0.916 £0.010 | 0.911 £ 0.015 | 0.875 4+ 0.010
CrkTrk e 0.950 £ 0.016 | 0.989 £0.016 | 0.957 +0.019 | 0.948 4+ 0.014
PESTrk 0.913 4+ 0.013 | 0.949 +0.013 | 0.974 £0.017 | 0.947 £+ 0.012

Table 6.13 Electron scale factors in Dibosab/ data [14].

Lepton Category Period 11-12| Period 13 | Period 14-25
LBE(L > 0.9) | 0.993 + 0.004 | 0.994 + 0.005 | 0.991 + 0.001
PHXTrk 0.999 + 0.004 | 1.004 £ 0.057 | 1.026 £ 0.002
PHXPEM 0.939 £ 0.005 | 0.936 £+ 0.007 | 0.911 4+ 0.002
PEM 0.870 £0.013 | 0.871 £ 0.013 | 0.829 4+ 0.005
CrkTrk e 1.002 £ 0.021 | 0.966 £ 0.021 | 0.964 4+ 0.007
PESTrk 0.966 £+ 0.015 | 0.922 + 0.021 | 0.907 4 0.006

Table 6.14 Electron scale factors in Dibosal7 data [14].
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Chapter 7

Computations with Artificial Neural Networks

This analysis uses the NeuroBayes artificial neural netwmidiscriminate the Higgs boson
signal from its backgrounds. After all analysis cuts are enadd we have a final event count
for the monte carlo signals and backgrounds, as well as theremental data, variables showing
separation in the distributions of signals and backgrowatsbe used as a collection of input
variables for a neural network. This neural network thersuke N;, input variables to compute
a single one-dimensional distribution—denoted the “rleneéwork score” in this dissertation—for
each signal and background. In the end, the distributiotisameural network score should show
much better separation between signals and backgroundsittysone of the input variables since
the information of distribution separation of all the inpatriables is included in the final neural
net score.

The neural network itself is an information processingaysthat is characteristically nonlin-
ear, nonalgorithmic, and parallel. The NeuroBayes versfaneural net begins with a set &f,
inputs{z} of any value and a single outptfs € (—1, 1). The output;,e is computed from some
function of theNj, input variables, as well as weights and thresholds that neegskociated with

the variables [23]:

Znet = FHEI({x}v {w}7 {T}) (71)

The most basic structure of a neural net is called a “neur¢gb figure 7.1), which has some
N input variables, their weights, and some single threshalde: From these, the neurode outputs

a single valuer.
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Neurode|—— a

\I/

Figure 7.1 Neural Network “neurode”

Next, suppose we group togeth€s neurodes, each taking as input a segfvariables. This
structure is denoted a “network node” (see figure 7.2). Witlneurodes composing it, the network
node has thenasét;}, i € {1,..., No} of outputs values—one output value for each neurode.

Finally, consider a network node witki, input variables andv; output values. Then use these
N; values as the input variables for another network node, whidl output some/V, values.
Such a succession of network nodes using the output of th@psenetwork node as the input for
the next is called a “neural network” (see figure ????). Tisérfietwork node is called the “first
hidden layer,” the™ network node is thei hidden layer,” until the last network node—the “output
layer’—is reached and outputs the single score vaglie

Having a neural network and having it do something usefubacedistinct tasks. The tricky
part is finding a network that yields,e ~ —1 for backgrounds and,e ~ +1 for signals. This
requires a properly “trained” neural network. To do this,“arror function” [23]—-or sometimes
called “quadratic loss function"»g,,) is defined on theV;, input variables so that small values
for signals and a comparatively larger values for backgdsiare returned. NeuroBayes uses [22]:

Xnet = ij% D (Tji = 20)? (7.2)
J 7
where; runs over the outputs of a network nodeuns over the event list, arif; is the target
value for the node.
By doing this, we have established & -dimensional space whose minimum characterizes a

signal-like signature and whose maximum characterizeskgoaund-like signature. “Training”
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X, Neurode | |—a,
X, Neurode 2 | ———4d,
X v Neurode N, a v

Figure 7.2 Neural Network “network node”

the neural net is synonomous with locating the minima%f as closely as possib(él%'l =0).
Note that one of the great dangers of training a neural neavs\g a quadradic loss function get
stuck in alocal minima inadvertantly. Though, the technical details of Hbe minimization is
performed are designed with this in mind. Once this is ddme ttained error function is used in
the neural network to yield,e; >~ —1 for background-like events angle; ~ +1 for signal-like
events.

The usage and results of the neural network method in thiscpkar analysis is expounded
in section 9.3, where the inputs variables and neural n&twoores for theVH — VIWW —

trilepton’ analysis is examined in detail.
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Chapter 8
Statistics of Confidence Level Limits In the Search for New Physics

8.1 Poisson Statistics and Physical Processes

It is not presumptive to state that this analysis does nostaoite a discovery of the Higgs
boson. Rather, this analysis sets and updates an expeairsnit excluding the Higgs boson of a
particular mass range with a certain confidence level. Ak, gh¢s chapter explains the method of
how such a statistical exclusion is computed in generallenthie experimental exclusion set for
this analysis in particular is given in chapter 9.6.

Let's begin by explicitly identifying some basic assumpsanherent to particle interactions.
These assumptions provide the logical foundation upontwthie rest of the statistical aspects of

the analysis are based:

1. The probability for a particular outcome of interest aoeg more than once in a single event
is negligible. This analysis searches for a higgs bosonartritepton signature. The cross
sections of Higgs production mechanisms explored—as welllaf the backgrounds—is so

small that we can assume that none of the processes occuedhmaronce in a single event.
2. Eachpp interaction is an independent event.

3. The occurence of any particular outcome of interest (battkgrounds and signals) is inde-
pendent of other occurences. In other words, a processingaurnot occuring in one event

does not affect the probability that it will occur in anotlesent.

This set of assumptions implies the processes studiedalldvi a Poisson distribution [28].
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Definition 8.1 The Poisson distributions the continuous distribution attained from the discrete
binomial distribution when taking the limit of an infinite miber of eventsi{ — oo). Letn be the
number of events, be the probability of an occurence of interest happening,the number of
events inwhich the occurence of interest is observed,Jagdnp remain constant (this becomes

the expected value). Then tReisson distributions [29]:

€—>\ k

: Yk nk _ €A
nlggo . PPl —p) = o ‘v’kE{OUZ}. (8.1)

8.2 Gaussian Statistics and Systematic Errors

In any kind of experimental measurement, infinite precisgimpossible. Knowing what we
know always must include knowing what we don’t know. Systeoerrors of measurement must
be set in order to not overstate the significance of a measnmem

Collider physics experiments inherently contain a plethair systematic uncertainties. There
are uncertainties of the beam intensity, acceptancesdtieal cross sections of the processes, etc.
(see section 9.5 for the full list of systematic uncert@stinherent to this analysis). In statistics,
these are sometimes called “nuissance parameters,” Burialysis will use the term “systematic
uncertainty.”

Suppose, for the sake of argument, a particular quantitybg imeasured and the measurement
is performed many times on the exact same quantity, with tkasarement performed in the
same manner each time. Because infinite precision of measuatas impossible, there must be
some distribution formed about the measurable value. Thau$Gian distribution” (or “Normal
distribution” to statisticians) describes data that istdued about some mean, so systematic errors

in particle physics are assumed to have a Gaussian-likeéodison.

Definition 8.2 [30] A random variable isormally distributed-or follows aGaussian distribution

with meany and variance? if

fly) = ——e 305 (8.2)
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8.3 Likelihood and Confidence Level Computation

Without any a priori expectations about the outcome of thayasis, it either must compute
the significance of a signal observed or set an exclusiongfismot observed. In either case, the
data is compared to two hypotheses: one model using baakgnowocesses only and one that
include both the background and signal estimate. ConfidlEvet computations in this analysis
are performed by a program call#dLimit—written specifically for CDF analyses.

The benchmark for excluding a signal is sebat: confidence level. This means tha9&l%
confidence level exclusion should be obtained no more #yarof the time if a real signal is
present. If the discovery of a signal is possible, then datplss over background must be distin-
guished as being a signal rather than an upward statisticaéition of the background hypothesis.
Therefore, the probability of an upward fluctuation of thekground must be computed. A signal
is “discovered” if the probability of an upward fluctuatiohtbe background is no more than the
integrated probability of th&c tails of the Gaussian distribution.

Let’'s proceeed by defining a “likelihood” and "likelihoodtog’ then move on to their use in
computing “confidence levels.” The starting point is the na¢met score described in chapter 7.
With the background and signal distributions separatedwshras possible, a stronger confidence
level can be computed in the end. The neural net score isativito some number of bins; each

bin will have it's own Poisson probability term in the likebod.

Definition 8.3 ThelikelihoodfunctionlL is a product of Poisson probabilities for each bin of the
neural net score, in this analysis. Further, there is a agparoduct of Gaussian distributions for
each systematic error.

L= (H “2#) -He%‘g (8.3)

Cc

wherey; is the total expectation in theth bin andn; is the number of data events in théh bin.
i 1S given by

=3 [H(l + fzs»] (NF), (8.4)

[

Here f7 is the fractional uncertainty associated with the systenfatand process.
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Now, ; is the total expectation of thieth bin, but the expectation can differ depending on which
hypothesis we use: the background-only hypothesis or tie&goaund-plus-signal hypothesis.
Both shall be employed in the likelihood ratio.

Definition 8.4 A test statistigs a valueX which discriminates signal-like outcomes from background
like outcomes. For the purposes of this analysis, the hkeld ratio is chosen to be the test statistic
[27].

Definition 8.5 Ignoring systematic errors for now, thkelihood ratiois the ratio of the likelihood
function for the background-plus-signal hypothesis tolitkedihood function for the background-
only hypothesis.

n e (S‘H’)(erb)

X = H 7% (8.5)

T d
wheres; is the signal expectation in theth bin of the neural net scoré; is the background

expectation, and; is the number of events observed in data.

Definition 8.6 Theconfidence levdbr exclusion of the signal-plus-background hypothesthés
probability of the test statisti& being less than or equal to the test statistic of the obsetaéal
Xobs.-

CLsy = Poyp(X < Xops) (8.6)

et sﬁbi)d’i
Piy(X < Xops) = Y H (8.7)
X({diH=X({ds}) i=1

whereX ({d;}) is computed for the observed candidates for each chdapeand the sum is over

final outcomeqd;} with test statistic value less than or equal to the obserned27].

An exclusion of at leas$5% confidence level is achieved L., < 0.05. The confidence
level reported by this analysis will be normalized to then8t&rd Model background hypothesis

CL/CL Hence,C'L/CL,,, = 1 means that the background-plus-signal hypothesis has been

OsMm* gsSm

excluded ab5% confidence level. This is then compared to the same confidemekenormalized
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to Standard Model computed with pseudoexperiments asguthenbackground hypothesis and
normalized to the amount of data available to date. When suiffinient amount of data has been

collected to distinguish the + b hypothesis from thé hypothesisC'L/CL,,, > 1. As more

OsSm
data is collected, this value decreases. When these pseaeioaents assuming the background
hypothesis achiev€'L/CL,,, = 1, we say we have “achieved Standard Model sensitivity” at the

95% confidence level.
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Chapter 9
The High Mass Higgs Boson Analysis in the Trilepton Signature

9.1 Motivation for Trileptons

The production cross sections fof H and ZH may be small relative to the gluon fusion
cross section of the curret — W W analysis, but until now the trilepton signature has been
completely unexplored, the uniqueness of the trileptonatigre keeps background low, and every
little bit counts as we push observed limits toward the sdathdhodel cross section.

Leptons decaying from &/-boson are physically detectable from an experimentaltpafin
view if the W/ decays to an electron, a muon, or a tau provided that the si@oto decay to an
electron or muon. Given a genefit-boson, the probability of getting a lepton via any of these

decays is 1[13]

PW —=1)=P(W —=e)+ PW = u)+ P(W = 7)[P(r =€)+ P(T — )]

= 0.2528

The relevant cross sections are (from tables 9.2, 9.3, anfiL6§
® OygH160 = 0.4607 pb
e owHiso = 0.0510 pb

e oz160 = 0.0331 pb

'Basic decay values are from PDG Particle Physics Booklét 2I06), Institute of Physics
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The dominant mode for the curredt — W group analysis is gluon fusion in the two-lepton

bin, which has an expected yield of:
OggH1eo” BR(H — WW) - P(W — [)* = 0.02653pb
By comparision, the expected yield fdr H associated production in the three-lepton bin is:
ownieo - BR(H — WW) - P(W — 1)* = 7.425 x 10~ *pb

or 2.8% the yield of the dilepton analysis (fory = 160 GeV).

Z H associated production may have a smaller cross sectionlthdn but given one such
event there is a higher probability of producing three laptoln this case, th& decays to two
leptons so we need only one of the two Higgsbosons to decay leptonically and there are two

ways for this to happen:

PW = I,W — 1) = P(W — 1)* = 0.06391

(
PW = I,W —had) = P(W — [)[1 = P(W — )] = 0.1889
P(W —had, W — 1) = P(W = I)[1 — P(W — )] = 0.1889
P(W — had, W — had) = [1 — P(W — [)]* = 0.5583

2 So the expected H yield is
ozre0 BR(H — WW)-P(Z —1l)-2- P(W — I,W — had) = 7.582 x 10~*pb

or 3.0% of the currentd — W W dilepton analysis (forny = 160 GeV). Thus, based on cross
sections and branching ratios alone we pursued this toilreghalysis expecting to contribute an-
other~ 5.7% compared to the gluon fusion process in the curiént> W1V dilepton analysis.

Incidentally, one of the future improvements to this analys to acceptr leptons directly.
Noting that the above prediction assumes that vector bosoayd tor’s result in a detectable
lepton only if thatr decays to an electron or muon, if we repeat the predictionnasg) we may
accept one hadronically decaying tau into the trileptoryesis then thes.7% become$.9% (for
mpy = 160 GeV).

2Observe that 0.06391+0.1889+0.1889+0.5583=1.0
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9.2 Event Summary and Signatures of thél H and Z H Trilepton Analyses
9.2.1 Lepton Selection

This trilepton analysis is a high massf > 135 GeV) standard model higgs boson search
conducted by thél — WW group, so the lepton selection criteria of tHe— W group follow

implicitly as well. The lepton categories used are [16]:
e Electrons: LBE, PHX (TCE has been replaced with the likedithdbased electron selection)
e Muons: CMUP, CMP, CMU, CMX, CMXMsKs, BMU, CMIOCES, CMIOPESErkTrk

The H — WW group also recently replaced the standard selection methbdrd cuts with a
likelihood-based selection for electrons. This new sedeanethod is therefore also assumed in
this trilepton analysis and detailed further in [16].

The datasets used are bhel0d/Oh/0i/0j/0k/Om for electiam®mu0d/0h/0i/0j/0k/Om for muons,
and bpel0d/0h/0i/0j/0k/Om for MET+PEM; with the followiraprresponding trigger paths:

ELECTRONCENTRAL_18

MUON_CMUP18

MUON_CMX18

MUON_PEM

MUON_CMP18PHI_GAP

9.2.2 Trilepton Signal Regions Defined

The currentd — WW group analysis is constrained only to the study of events exactly
two leptons, which focuses primarily on the gluon fusion ¢iidboson signal because of its large
cross section relative to associated production. Theptoleanalysis, however, focuses virtually
entirely on the two associated production channels bedhase are three vector bosons that allow

for decays to more than two leptons, whereas the gluon fusidnvector boson fusion signals do



mode| Period Stntuple o x B (pb) | K-factor* | Filter Eff
WZ | 0-23 | we0s6d,we0scd,we0shd3.46x0.101 1.0 0.754
weO0sld,we0sod,we0sbf
weOshf
77 0-23 | we0Os7d,we0sdd,we0sigd  1.511 1.0 0.233
weOsmd, weOspd,we0sc¢f
weOsif
tt 0-11 te0s2z 7.9x0.1027 1.0 1.0
Zry 0-11 | re0s33, re0s34, re0s37 14.05 1.3 1.0

@ If cross section is NLO, then K-factor is one.
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b http://www-cdf.fnal.gov/tiki/tiki-index.php?page=EDatasetsDrell_Yan.Z_gammaSample

Table 9.1 Monte Carlo samples used in this analysis



My (GeV?) | Period|  Stntuple o (pb) | BR (H — WW) | Filter Efficiency
110 0-23 | fhgsda,fhgs6a 0.2075 0.0441 0.6880
120 0-23 | fhgs4b,fhgs6h 0.1529 0.1320 0.6978
130 0-23 | fhgs4c,fhgs6g 0.1141 0.2869 0.7032
140 0-23 | fhgs4d,fhgs6d 0.0860 0.4833 0.7065
150 0-23 | fhgs4e,fhgs6e 0.0654 0.6817 0.7085
160 0-23 | fhgs4f,fhgs6f| 0.0510 0.9011 0.7108
170 0-23 | fhgs4g,fhgs6g 0.0389 0.9653 0.7125
180 0-23 | fhgs4h,fhgs6h 0.0306 0.9345 0.7141
190 0-23 | fhgs4i,fhgs6i| 0.0243 0.7761 0.7151
200 0-23 | fhgs4j,fhgs6j| 0.0193 0.7347 0.7165
145 0-23 | fhgsdo,fhgs6qg 0.0749 0.5731 0.7075
155 0-23 | fhgs4p,fhgs6p 0.0572 0.8007 0.7098
165 0-23 | fhgs4q,fhgs6q 0.0441 0.9566 0.7114
175 0-23 | fhgs4r,fhgsér| 0.0344 0.9505 0.7130

Table 9.2 Associated Higgs production wititaboson (from CDF Note 9863).
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My (GeV?) | Period Stntuple o (pb) | BR (H — WW) | Filter Efficiency
110 0-23 | uhgs4a,uhgs6a0.1236 0.0441 0.6930
120 0-23 | uhgs4b,uhgs6l 0.0927 0.1320 0.7031
130 0-23 | uhgs4c,uhgs6¢ 0.0705 0.2869 0.7087
140 0-23 | uhgs4d,uhgs6d 0.0542 0.4833 0.7122
150 0-23 | uhgs4e,uhgs6e 0.0421 0.6817 0.7151
160 0-23 | uhgs4f,uhgs6fl 0.0331 0.9011 0.7172
170 0-23 | uhgs4g,uhgs6g 0.0261 0.9653 0.7184
180 0-23 | uhgs4h,uhgs6h 0.0208 0.9345 0.7204
190 0-23 | uhgs4i,uhgs6i| 0.0166 0.7761 0.7220
200 0-23 | uhgs4j,uhgs6j| 0.0135 0.7347 0.7239
145 0-23 | uhgs4o,uhgs60 0.0477 0.5731 0.7135
155 0-23 | uhgs4p,uhgs6p 0.0373 0.8007 0.7155
165 0-23 | uhgs4q,uhgs6¢ 0.0294 0.9566 0.7183
175 0-23 | uhgs4r,uhgs6n 0.0233 0.9505 0.7196

Table 9.3 Associated Higgs production witt¥eboson (from CDF Note 9863).

82



83

not contribute a real third lepton. Monte Carlo signal siatian does indicate that gluon fusion and
vector-boson fusion have negligible contribution to theéilepton bin. Thus, we are left with two
signals to study: & H — WWW — v, lv,lv signaland & H — ZWW — I, lv,]et signal.
With two signals we naturally define two new trilepton sigregions attempting to isolate each,
ameliorating the effort to discriminate each from backgwbbased on their unique characteristics.

Consider the three leptons as ordered by their transverseemomp (or transverse energy
E7 for electrons) such that the highestlepton is thelst and the lowesp, lepton is the3™. First,
we filter trilepton events into amZPeakcategory if any of the three possible dilepton pairings
(that is, pairing the s lepton with the2" lepton; thel ! lepton with the3™ lepton; or the2" lepton
with the 3" lepton) has an invariant mass value that falls within a 10 @éndow of theZ-boson
mass at 91 GeV, have opposite signs, and have same flavoinZRsakregion is chosen to isolate
the Z H signal process. The rest of the trileptons events are éuedoiwvard theNoZPeakregion,
which focuses on thB” H signal process. These regions are new taHhe> WV analysis group.

Additionally, theWW H analysis has a missing energy cutfigf > 20 GeV. This cut drastically
reduces theZ~y background contribution and also provide§la{ control region in10.0GeV <
Fr < 20.0. Because th&V H — WWW — lviviv event topology has thré® — [v decays, the
missing energy is relatively large and a negligible amodisignal is lost from moving thé- cut
up t020.0 GeV from10.0 GeV.

The # distribution for theZH — ZWW trilepton events is somewhat lower than that of
the W H analysis because it produces fewer neutrind3i(\W — [v,lv,lv has three neutrinos
while ZWW — 1, lv, jet has only one), so defining a control region by a highigrcut is less
appropriate. TheZ H analysis also has somewhat larger backgrounds thai/'tHeregion and
is topologically similar to the most significant backgrouhidZ. However, foraZ H — ZWW
event to produce a three-lepton signature we either havebtie 11/-leptons decaying hadron-
ically or-less frequently—we haveaH — ZWW — [l physics event that loses one of it's
leptons to an area of the detector that is incapable of réicanig a track (detector holes or too
far forward in pseudorapidity, for example) but is still oeded by the calorimeter system. There-

fore, Z H trilepton events inherently have a higher number of jeta tha backgrounds and very
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little signal in the NJet 0 bin. This characteristic of th& H trilepton signal allows us to create a
control region for theZ H analysis in the NJet 0 bin with very little signal loss, and so N3et)
events are not included in theH analysis.

Observe in table 9.2.3 that 77% of the signal in theNoZPeakregion isWW H, while ~ 96%
of the signal in thénZPeakregion isZ H. We will see in section 9.6 how this division allows us
to focus on the unique characteristic of each signal forroisnation from the background in the

NeuroBayes neural net treatment.

9.2.3 Backgrounds

Both regions of this trilepton analysis have five backgrooatbgories consideredit’ 7, 7 7,
Z~ (replacing Drell-Yan), Fakes (data-basBdi?” and Z+jets), andit. Each is summarized in
table 9.2.3 along with the predicted signal fomg, = 160 GeV standard model Higgs boson and

the data.
CDF Run Il Prebless [L£=53Mm"
(my = 165 GeV/c*) WH Signal Region ZH Signal Region
W2z 7.01 £  096syst | 9.01 £ 1745
77 1.49 £+ 0.20syst | 4.41 £ 0.68syst
Z 247 + 0424 | 3.00 +  0.63
Fakes WW,Z+Jets) 3.22 £ 097yt | 7.74 £ 2.32g
tt 0.18 £ 0.07gyst| 0.03 £+ 0.01ys
Total Background 145 £ 158y | 24.3 £ 3.57gyst
WH 058 £  0.08syst| 0.02 £ 0.004syst
ZH 0.18 £ 0.02gy| 0.58 £ 0.08syst
Total Signal 0.76 £  0.10syst | 0.60 = 0.08sys

Data 14 33

High Mass
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e Heavy Dibosonsli{ Z, ZZ): TheW Z andZ Z diboson contributions provide three physical
leptons, withiV Z being the dominant background in both trilepton signaloegi Both
samples are Pythia-based, where thas allowed to decay inclusively and tl€is forced

to decay leptonically (electron, muon, or tau pairs)[16].

e /~: The Z~ background in the trilepton analyses replaces the Drellc@anribution of the
dilepton analyses and is created by the Bauer generator.cijera a third lepton from a
Drell Yan process when either an initial or final state ragtigthoton undergoes a conversion
and showers in the calorimeter for the third lepton. As stluhZ is the restriction of Drell
Yan to those events which do radiate a photon for the purpbseorking with a larger

statistical sample.

e FakesiV'WW, Z+Jets): In the dilepton analysis, the Fakes category is measured $ingle
high pr lepton data (rather than MC) and assumed to haMé+gets event topology, where
the one lepton is from thig’-boson. From this data sample, events with one-lepton-daraior
object are selected and then re-weighted based on the tatbsch jets fake a lepton, mea-
sured from QCD samples—where "denominator-objects” aredolepton objects that do not

fully satisfy lepton ID, but considered candidates for agbgl object that may fake a lepton.

Similarly, for the trilepton analyses we are interestedrivcpsses that produce two physical
leptons+ one denominator object from the jets. Two highepton data is dominated by
WW and Z+jets. First note that we do not consider simulat€dl” background as the
dilepton analyses do to avoid double counting the processor®l, because the rate at which
a jet is expected to fake a lepton is on the ordet ef 5%, the rate at which such an event
is expected to fake two leptons is drastically lowerd1l — 0.25%. As such, we consider
the contribution of// +jets with one real lepton and two faked lepton to be neglgibr the
trilepton analyses and so label this categldryl,Z+Jets instead ofl’ +Jets, but T/ +Jets”

is still accounted for.
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The actual rates for which a light jet fakes a lepton usedimdhalysis are estimated from
jet triggered data and expounded further in CDF note [16kSErates were determined in

the H — WW group’s dilepton analysis and we adopt the same values here.

tt: Thett process is the smallest background, but arguably the magplex. This process
decays to two pairs of &jet accompanied by & boson. For the case of trileptons, we
consider the case of the tWi'’s decaying leptonically. The third lepton signature istkee

to one of the-jets, which is supposed to produce a lepton candidate wgtineln probability

than a light jet, but this rate is not precisely known.

Because of this, we cannot ignore the possible contribudfam in our Fakes background
category where the lepton decayed from thet is the fake lepton (denominator object).
However, anyt that might be included in the high- lepton data of the Fakes background is
then scaled down by a fake rate determined for a sample adigstsmed to be mostly light—
hence, thet contribution to the Fakes background is scaled down furtien it should be

since it’s jets are the heawyjets.

The standard MGt ntuple used by thél — W W group requires reconstructed leptons to
pass a matching criteria to either a generator-level leptgrhoton (for the case of photon
conversion). For our purposes in the trilepton analysisaveeinterested in a third lepton
whose signature is the result of thdsgets, so we have our own M@ sample that allows
matching tob-jets as well as leptons and photons. The MGample accounts for such
events that result in three fully identified leptons, as g@ubto the 2 leptons+1 fake lepton

signature of the Fakes background.

Lastly, there is inevitably some overlap between théhat occurs implicitly in the Fakes
data-based background and the MC sample. By measuring ffeeesdce between the 3-
lepton bin of the defaultz sample (Ilepton match only to generator-level leptons otqis)
with anothertt sample allowing matching té-jets as well, we take half the percentage

difference to be the systematic err@B) accounting for overlap.
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e Correction to Simulation and Fake Rate$o properly weight events from simulation and
scale data-based backgrounds, we follow the same standaredures that the rest of the

H — WW group as described on page 41 in CDF Note 9863.

9.2.4 Signal Yields in theNoZPeak and InZPeak Regions

Although we have defined two trilepton signal regions to safedy focus on thél’ H andZ H
associated production channels, both regions do contdindignals and are summarized for all

generated masses in table 9.4.



my GeV NoZPeak InZPeak
WH | ZH | Total | WH | ZH | Total
110 0.05| 0.02| 0.07 || 0.002| 0.06| 0.06
120 0.15| 0.05| 0.20 || 0.004| 0.15| 0.15
130 0.28 | 0.09| 0.37 || 0.008| 0.29| 0.30
140 0.40| 0.12] 0.52 | 0.01 | 0.41| 0.42
145 0.44 |1 0.14| 0.58 || 0.02 | 0.45| 0.47
150 0.47|0.14| 0.61 | 0.02 | 0.48| 0.50
155 0.50| 0.16| 0.66 || 0.02 | 0.51| 0.53
160 0.53 |1 0.16| 0.69 || 0.02 | 0.51| 0.53
165 0.50| 0.15| 0.65 || 0.02 | 0.49| 0.52
170 0.45|0.14| 0.59 | 0.02 | 0.46| 0.48
175 0.40| 0.13| 0.53 | 0.02 | 0.42| 0.44
180 0.35/0.11| 0.46 | 0.02 | 0.38| 0.40
190 0.24| 0.08| 0.32| 0.01 | 0.27| 0.28
200 0.18 | 0.06| 0.24 || 0.01 | 0.22| 0.23

Table 9.4 Signal Summary
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9.3 Neural Net

The trileptonH — W analyses rely on the NeuroBayes neural network packagedarm-
inate signal from background; we do not attempt the Matreni#nt method in this study. We use
13 input variables for th&l” H analysis and 16 for th& H analysis. The neural net results can be
seen in figures 9.1, 9.2, 9.3, and 9.4.

Because the interaction topology under consideration\negathree leptons and also because
we do not separate the analyses by jet bin (aside from regptire NJet=0 bin for thinZPeak
control region of theZ H analysis), the signatures of the signal regions under deraion involve
many potentially complex variables whose discriminatooyvpr must be explored. As such, a
larger than usual quantity of discriminating variableswased to train the NeuroBayes neural nets
and we have found no reason yet to believe that fewer vasaibelld be any benefit.

Recall that the standard model Higgs boson is postulatedsealar particle and so decays to
two WW-bosons having+-1 and —1 spin, respectively. Leptoni@d/-boson decays havela — A
distribution, so one of thél” bosons decays to a lepton projected forward along its mament
vector while the other decays its lepton backwards alongnamentum vector. If the two Higgs-
W-bosons decay close to back-to-back in the experimentafresae—which is not a terrible as-
sumption for a high mass Higgs—then the two decayed leptdhtewnd to have a relatively close
proximity. Indeed, we find that this is the case (see figure fad IV H events since both Higgs-
W-bosons must decay leptonically. Alsh; is an excellent discriminating variable fif H events
since three leptonic decaysidf’s implies at least three neutrinos carrying away undetbetergy.

Likewise, a trilepton signal in & H event implies a hadronic decay of one of the two Higgs-
W-bosons whilelWZ and Z~ events do not tend to have jets. As such, NJet is an excellent
discriminating variable for the/ H signal (see figure A.7). Other variables that are excellent f
discriminatingZ H in the trilepton case arér (ZH may have fewer neutrinos thet H, but the
distribution still tends to be higher than the backgrountlepd JetF; (jets from vector bosons
tend to have higher energy than other sources of jets),/aRdetween thdlV -lepton and the

leading jet (that is, between the decay products of the tvggs#Hil’ -bosons).
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W H Variable Descriptions/Detalils:

e AR b/w Opp. Sign Close Leptons: With three leptons there areetipossible pairings of
leptons. Events with all three leptons having the same sigmegected from this analysis,
SO every event has two possible pairings of opposite-sitgpdns. Of those two pairings,

this variable is the\ R value of the pairing with loweA R value.
e [r: Missing Transverse Energy
e Hy: Sum of the transverse energies of all three leptonskthand all jets.

e Dimass b/w Opp. Sign Close hy. Dilepton invariant mass of the opposite-signed lepton

pair that is closer in the coordinate.

o A¢(Lep2Fr): The magnitude of the difference inbetween the" lepton byp, and the
Fr.

e Inv. Mass(Lep3fy,Jets): Invariant mass of the vector sum of 3ffdepton, £, and Jets.

e mr(Leptonsfr,Jets): Transverse mass of the vector sum of all three lspfn and all

jets.
e pp of the2" lepton byp;.

e AR Opp. Sign Far Leptons: With three leptons there are thresilplegpairings of leptons.
Events with all three leptons having the same sign are egjeitbm this analysis, so ev-
ery event has two possible pairings of opposite-signeaiept Of those two pairings, this

variable is theA R value of the pairing with higheA R value.
e my Trilepton Mass: Transverse mass of the vector sum of the tlepgons.

e NJet: The number of jets in the event. For this use of NJegvahts with NJet 2 jets are
thrown into the NJet = 2 bin.

e my (Lep3, Fr): Transverse mass of the vector sum of 3ffdepton and thef.
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e Inv. Mass(Lep1,LepZy): Invariant mass of the vector sum of th&lepton,2"® lepton, and

Fr.
7 H Variable Descriptions/Details:
e NJet: The number of jets in the event.
e [r: Missing Transverse Energy

e Lead JetFr: Transverse energy of the leading jet. Note that the condgibn forinZPeak
is NJet = 0, so all events in the signal region must have at tgasjet by definition. Also,

for this use of NJet, all events with NJet2 jets are thrown into the NJet = 2 bin.

e AR(W-Lep, Lead Jet): ThinZPeakregion is defined by having one lepton paring (opposite
signed, same flavor) near tiieboson mass. Denote the one other lepton not in this pairing

as thelV-lepton. This variable is then th& R between théV -lepton and the leading jet.
o Ag¢(Leptonsfr): A¢ between the vector sum of the three leptons andfthe
e Hpr(Leptonsr,Jets): Sum ofr of all three leptonsfrr, and all jets.

o mpr(Leptonskr,Jets): Transverse mass of the vector sum of all three lspfgn and all

jets.

o A¢(Lep2r): The magnitude of the difference inbetween the" lepton byp; and the
Fr.

e AR b/w Opp. Sign Close Leptons: With three leptons there areetipossible pairings of
leptons. Events with all three leptons having the same sigmegected from this analysis,
S0 every event has two possible pairings of opposite-sitgpdns. Of those two pairings,

this variable is the\ R value of the pairing with loweA R value.
e Trimass:The invariant mass of the vector sum of the threwihep

e Inv. Mass(Lep3fy,Jets): Invariant mass of the vector sum of 3ffdepton, £, and Jets.
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Dimass{V-Lep,#r): The InZPeakregion is defined by having one lepton paring (opposite
signed, same flavor) near tlieboson mass. Denote the one other lepton not in this pairing
as thelV-lepton. This variable is then the invariant mass of theatestim of thell/ -lepton

and the#.

mr Jets: Transverse mass of the vector sum of all jets. Notethleatontrol region for

InZPeakis NJet = 0, so all events in the signal region must have at teeesjet by definition.
mr(W-Lep,kFr): Transverse mass of the vector sum of tfidepton and thef;.

A¢(Z-LeptonsiV-Lepton): AR between the vector sum of the two leptons whose dimass is

near theZ-boson mass, and the other lepton.

AR Opp. Sign Far Leptons: With three leptons there are thresilplespairings of leptons.
Events with all three leptons having the same sign are egjeftom this analysis, so ev-
ery event has two possible pairings of opposite-signeaiept Of those two pairings, this

variable is theA R value of the pairing with higheA R value.
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Variable(V H) 110 | 120 | 130 | 140 | 145 | 150 | 155
AR b/w Opp. Sign Close Lept. 124 | 40.8| 9.69 | 40.2 | 41.4 | 40.8 | 43.1
Fr 26.0 | 21.2| 33.8 | 25.7 | 26.2 | 28.1 | 28.9
Dimass b/w Opp. Sign Close ky| 41.0 | 14.9| 29.7 | 9.52 | 8.14 | 12.7 | 11.6
Hry 3.38 | 3.82| 16.1 | 119 | 13.1 | 9.14 | 9.38
Ao(Lep2 Fr) 5.77 | 6.48| 7.60 | 6.67 | 6.47 | 7.74 | 8.94
mr(Leptonsfr,Jets) (0.38)| 2.08| 4.84 | 546 | 599 | 6.33 | 7.42
pr2" Lepton 2.77 | 5.06| 3.26 | 512 | 3.08 | 4.57 | 6.88
Inv. Mass(Lep3fr,Jets) 205 | 246| 434 | 451 | 457 | 7.84 | 6.64
AR Opp. Sign Far Lept. 9.24 | 11.0| 126 | 9.93 | 109 | 6.31 | 6.67
NJet 724 | 7.30| 3.64 | 3.16 | 3.27 | 3.04 | 3.11
mr Trilepton Mass (0.52)| 2.62| 3.78 | 3.85 | 6.62 | 6.67 | 4.44
mr (Lep3, Br) 3.38 | 2.13| (0.80) | (0.04)| (0.90)| 2.32 | 3.17
Inv. Mass(Lepl,LepZy) 8.38 |1834| 451 | 269 | 416 | 1.75 | 1.56
Variable(V H) 160 | 165 | 170 175 180 190 | 200
AR blw Opp. Sign Close Lept. | 45.7 | 47.1| 315 | 29.0 | 27.3 | 195 | 17.3
Fr 29.8 | 11.3| 459 | 46.4 | 47.0 | 48.0 | 21.6
Dimass b/w Opp. Sign Close ky| 12.4 | 10.9| 861 | 811 | 7.31 | 6.78 | 5.14
Hry 105 | 11.3| 6.05 | 13.4 | 16.4 | 22.7 | 49.7
Ad(Lep2 Fr) 9.49 | 8.81| 919 | 9.41 | 7.70 | 7.37 | 6.58
mr(Leptonsfr,Jets) 8.08 | 857| 993 | 835 | 867 | 9.54 | 10.7
pr2™ Lepton 7.85 | 459| 848 | 857 | 4.66 | 8.28 | 8.45
Inv. Mass(Lep3fr,Jets) 6.99 | 7.63| 12.7 | 10.0 | 8.67 | 8.72 | 7.34
AR Opp. Sign Far Lept. 6.30 | 5.65| 5.79 | 518 | 525 | 554 | 5.01
NJet 458 | 3.09| 3.67 | 3.36 | 3.50 | 2.72 | 2.25
mr Trilepton Mass 459 | 755 465 | 457 | 7.70 | 3.98 | 3.23
mr (Lep3, Br) 3.77 | 4.14| 4.46 | 3.64 | 3.68 | 3.05 | 1.85
Inv. Mass(Lepl,LepZy) 3.15 | 1.98| 1.52 | (0.90)| (0.77)| (0.26) | 1.67

Table 9.5W H Significance: The variables are ordered by their signifieagdiscriminating
variables for the NeuroBayes neural net trained at the 180sBmal. Values in parentheses (*)
indicate the input variable was not used for the given.



Variable(Z H) 110 | 120 | 130 | 140 | 145 | 150 | 155
NJet 236 | 29.7 | 33.2 | 37.6 | 39.6 | 41.1| 43.2
Fr 8.07 | 935 | 134 | 22.7 | 23.3 | 23.6| 24.8
Lead JetFr 3.76 | 7.23 | 145 | 120 | 16.3 | 17.3| 17.9
AR(W-Lep, Lead Jet) 19.2 | 174 | 16.7 | 13.6 | 13.8 | 13.0| 12.7
Ag¢(Leptonsfir) 213 | 205 | 19.1 | 109 | 10.2 | 124 | 11.6
mr(Leptonskr,Jets) 350 | 1.05 | 596 | 5.86 | 4.93 | 3.93| 9.26
Ad(Lep2 fr) 442 | 364 | 454 | 531 | 4.81 | 4.85|5.60
AR b/w Opp. Sign Close Lept. 13.8 | 13.9 | 10.7 | 14.6 | 11.7 | 10.9| 7.10
Trimass 116 | 950 | 9.14 | 6.83 | 6.96 | 6.96| 6.35
Inv. Mass(Lep3fr,Jets) 729 | 278 | (0.23)| 191 | 1.47 | 1.94| 4.67
Hr(Leptonsf,Jets) (0.48)| (0.95)| 2.68 | 6.38 | 7.14 | 6.93| 5.81
my Jets (1.01)| 2.38 | (1.01)| (0.98)| (0.18) | 2.36| 2.49
Dimass{V-Lep,Fr) 2.02 | (0.07)| 2.05 | 2.80 | 2.76 | 2.34] 3.09
mr(W-Lep,Fr) 6.55 | 4.46 | (0.72)| 1.78 | 3.44 | 3.99| 3.56
AR Opp. Sign Far Lept. 282 | 325 | 260 | 240 | 2.36 | 2.61| 1.83
A¢(Z-Leptons|V-Lepton) 155 | (1.82)| 1.43 | (1.19)| 2.54 | 2.64| 2.09
Variable(Z H) 160 165 170 175 180 | 190 | 200
NJet 458 | 46.6 | 46.8 | 47.4 | 25.8 | 24.7| 22.2
Fr 26.7 | 27.8 | 27.8 | 28.4 | 15.0 | 13.9| 12.7
Lead JetFr 19.2 | 19.0 | 195 | 20.1 | 12.2 | 11.6| 10.6
AR(W-Lep, Lead Jet) 13.2 | 12.7 | 121 | 11.0 | 7.84 | 5.53| 4.48
Ag¢(Leptonsfir) 120 | 13.2 | 121 | 11.0 | 9.72 | 7.55| 6.82
mr(Leptonsfy, Jets) 8.62 | 9.39 | 9.09 | 852 | 10.9 | 9.81|9.26
Ad(Lep2 fr) 8.19 | 8.11 | 8.02 | 6.67 | 5.48 | 5.17| 4.52
AR b/w Opp. Sign Close Lept. 6.54 | 6.06 | 523 | 4.95 | 452 | 3.63| 2.81
Trimass 584 | 5.04 | 487 | 487 | 452 | 3.07| 2.66
Inv. Mass(Lep3fr,Jets) 584 | 6.64 | 6.60 | 6.23 | 6.81 | 6.93| 7.32
Hr(Leptonsfr,Jets) 5.02 | 5.86 | 797 | 9.66 | 51.1 | 54.4| 58.7
my Jets 428 | 458 | 488 | 479 | 431 | 3.38| 2.53
Dimass{V-Lep,fr) 408 | 422 | 468 | 454 | 3.88 | 3.98| 3.25
mr(W-Lep Fr) 3.11 | 2.62 | 3.28 | 2.68 | 3.24 | 2.93| 3.00
AR Opp. Sign Far Lept. 294 | 261 | 234 | 202 | 245 | 140 1.32
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Figure 9.1 Trileptori/ H NeuroBayes
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Figure 9.3 TrileptorZ H NeuroBayes Neural Network output (linear scale)
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9.4 Control Regions

The modeling of basic kinematic properties and the diserating variables in the Monte Carlo
simulation is tested by comparing the distributions of éhesriables in the final selected data. Ide-
ally, the modeling of these variables is further tested ®ating orthogonal "control regions”
which are enhanced in specific major backgrounds and comii@imum possible signal contribu-
tion.

The control regions we choose for both théH and Z H trilepton analyses contain minimal
signal (see table 9.4) so cutting them out of the analysestidaly cuts down the background to
discriminate against in addition to providing a verificatiof modelling.

They are:
e W H Analysis Control Regioni0.0 < #r < 20.0
e 7 H Analysis Control Region: Number of Jets)

The topology ofiV’ H associated production in the trilepton channel also costai least three
neutrinos (more iV — v, — I, ,v. v, decays are involved), resulting in high missing energy
values (see figure A.1). The lo#i region is a natural choice for a control region in théH
analysis since it contains negligible signal contributeord is enriched iz~ and Fakes back-
grounds. Also including &; > 20 cut for the WH signal region substantially enhances theadign
to background ratio in the final signal region.

Similarly, the topology ofZ H associated production lends to a preference for at leasbione
two jets (see figures B.5 and A.7) since one of the two Higg$osons decays hadronically. Only
~ 10% of the trileptonZ H signal is present in the NJet0 bin, but much of it's most dominant
background,W Z, is. Thus, the NJet 0 bin is a natural choice for the control region of the
Z H trilepton analysis. Unfortunately, there are several mefs difficulties that arise from this
choice that must be discussed. First, three of the discatimg variables chosen in the neural
network treatment discussed in section 9.6 are undefined Whet= 0 (though can be powerful

discriminators among those events that do have at leastebngerving as yet another argument
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for this choice of control region) and NJet must be excluded discriminating variable as well
since the control region allows it only one possible valualbfinition (a variable cannot be used
to discriminate background from signal when both backgdoand signal must have identical
values for that variable). The neural network result forabetrol region ofZ H has the following

removed from the list of discriminating variables:
e NJet
e [ of the leading jet

e AR between thél/-lepton and the leading jet. Denote the two leptons withadda invariant
mass< [81.0,101.0] GeV (the definition of thénZPeakregion for theZ H analysis) as the
Z-leptons, then the other lepton is denotedlttidepton.

e Transverse mass of the vector sum of all jets

Further, with thett background being borderline negligible already, our mareido sample of
tt does not contain a single trilepton event in tHé& control region. Summarily, to obtain a
neural network result for thimZPeakcontrol region we had to retrain a neural network on the
signal region (NJet 1) excluding both the four aforementioned discriminatingatales and the
tt background.

To support the claim that this neural network result for lilm&Peakcontrol region of theZ H
analysis is valid, we first emphasize that theontribution to the signal region is only 0.02 events
expected in 48! of data compared to a total background6f9 + 2.64. As such, it's arguable
that we could have removed this background from the anabsisely without any noticeable
difference. Second, we chose 16 discriminating varialie#e signal region, so losing these four
is a serious but not critical loss; the total correlationaiméet drops from 61% to 52.2%.

While this choice of control region poses challenges, werawearded with both a cut that
excludes a large portion of the backgrounds with minimahaidoss and with three powerful

discriminating variables that would be ill-defined otheseui
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We provide here the neural net score for the discriminatiagables in thelW H and ZH

trilepton analyses control regions. The MC models the data w
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9.5 Systematic Errors

The systematic uncertainties used are summarized in tablévibst values used are standard
to all H — WW analyses, but sincg&~ is a new background in this analysis—and a couple other

reasons—there are several new systematics particulastartalysis.

e 7~ (and W~) Scaling Note that thell’ background is already scaled down by in
otherH — WW analyses due to known mismodelling of photon conversioresak using
the same scale factor for théy contribution since the same photon conversion affect is
assumed, as such we use the same systematic error assadthtédus scale factor. Also,
we keep this systematic error correlated betweer¥thef the trilepton analyses and v of

the dilepton analyses because of the common origin.

e 7~ Higher Order DiagramsWe have fori//~ in the dilepton analysis thid’~ higher order
diagramssystematic, which accounts for poor MC modeling beyondifeadrder. Like-
wise, we assume the same errorlafs for a new 2~ higher order diagramsystematic

since both are modelled by the Bauer MC generator.

e b-Jet Fake RateAlthoughtt is a small contribution to the background for these high
standard model Higgs boson in the trilepton case, we do lmaedount for the peculiar
situation that ouB™ lepton is faked from a-jet and the rate at whichiajet fakes a lepton—
as opposed to a light jet—is not well-known. Further, as &dpaxind with two real leptons
and one faked, we cannot ignore the possible coveragerothe data-based Fakes category.
We know that the fake rates used in the Fakes category is lmsgdd samples populated
mostly with light jets and presume thiajets in particular are more likely than light jets to
produce a signature that could fake a lepton. Hence, whatéwmntribution that exists
in the Fakes category is scaled down by the light jet domthéke rate, meaning it is
scaled down too far. To make up for the difference we use antM&mple that allows
reconstructed leptons to match to generator-level leptoinstons, on-jets (typically, for

these reconstructed MC leptons to be considered fully "@3uhey must pass a matching
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criterion to a generator-level lepton or photon only). Noiwourse, we have the problem of
possible double-counting of between the MC and what implicit contribution populates
the Fakes category. To account for the double-countingilpibss we assign a systematic
error defined to be one half the percentage difference betiheeMCit sample that allows
leptons to match to generator-level leptons, photons,bgats; and the MGt sample that
allows such matching to generator-level leptons and plsototty. The systematic errors

adopted are:

— W H Analysis (rilep-NoZPeak region 0.223

— Z H Analysis (rilep-InZPeak regioit 0.231

Jet Energy ScalingJet energy scaling is modelled inclusively to all jet biss,removing
the zero-jet bin as a control region for thd! analysis introduces a slight mismodelling for
the signal region. To account for this, we re-run the analysih different MC samples that

have the jet energy scaling increased and decreased byastasd deviation.

If the jet energy scale is shifted down, then the jets of amekiave lower energy, so event
count fewer jets on average because fewer jets have enoeghyen be considered above
the energy threshold to be counted as such. Similarly, ijghenergy scale is shifted up,

then the jets of an event have higher energy, so events coungt jets on average because

more jets have enough energy to be considered above thadldesergy to be counted.

Singe theZ H analysis signal region only has N3etl (the NJet 0 bin is the control
region), the events from samples with jet energy scaled doavwe fewer jets on average
so more events are shifted out of the signal region and ireatimtrol region. Likewise,
events with the jet energy scaled up will count more jets @ragye and shift events out of
the control region and into the signal region. These shifesmxge the weighted count for the
backgrounds for some given integrated luminosity. As swaehmust assign a systematic

error for each background corresponding to the error oféhenergy scaling.
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We then take the average of the percent difference betwedmaea the original samples.
Differences necessitating systematic errors arose onlif@, 77, and Z~ samples, and

only for theZ H analysis.

— WZ (ZH Signal Region): 0.097
— Z7 (ZH Signal Region): 0.052

— Z~ (ZH Signal Region): 0.088

We explored the possibility of having a jet energy scabhgpesystematic as well. That is,
even if the total count of a particular process does not chapgreciably, we must account
for the possibility that the distribution of the processhie neural net output (the templates
that serve as the inputs for calculating statistical lifiteanges. The subsequent limits could
be altered if a process is shifted towards or away from theasigegion of the templates. To
check, we used the shape systematic error for the limit tatlon at themy = 165 GeV
mass point and compared the results to default values. Hudt is in table 9.8. We see
that the shape systematic does not affect the limit resnltssatherefore not included in the

analysis at this time.

MC Run Dependencéhe Z~ stntuples used cover only periods- 11, so we assign the
customary MC run dependence systematics for such samples.isTdetermined by com-
paring alV’ W sample with partial run dependence (periods7) with a fully run-dependent
WW sample.

Lepton, Trigger ID, Luminosity, Parton Distribution Fumat Model Finally, note that we
do not use systematic errors for the lepton, trigger ID, hosity, and PDF model efficien-
cies because of the scale factor derived fromifhe control region in the dilepton analy-
sis. Since we’re measuring thE~ normalization directly from data, that systematic should
cover these effects. However, to be conservative—espesiate we measure the scale factor

in a control region with selection cuts that differ from owarious signal regions—we keep
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the systematic uncertainties on the MC that are not relatetbtmalization (higher-order

kinematic effects, MC jet modelling).
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Systematic Uncertainty wz zZ Zy tt Fakes| WH ZH
Diboson Higher Order Diagrams 0.100 | 0.100

tt Higher Order Diagrams 0.100

Higgs Higher Order Diagrams 0.100 | 0.100
PDF Model 0.027 | 0.027 0.021 0.012 | 0.009
Lepton ID Efficiencies 0.020 | 0.020 0.020 0.020 | 0.020
Trigger Efficiences 0.021 | 0.021 0.020 0.021 | 0.021
Light Jet Fake Rates 0.300

b-Jet Fake Rate* 0.23

Luminosity 0.059 | 0.059 0.059 0.059 | 0.059
MC Run Dependence 0.050*

Jet Energy Scale 0.098* | 0.053* | 0.086* 0.084* | 0.011*
Z~ Higher Order Diagrams* 0.110*

W~ Scaling 0.110*

ODiboson 0.060 | 0.060

Ot 0.100

OVH 0.050 | 0.050
oz,* 0.050*

Table 9.7 Systematic Uncertainties: Standard values &tegyatics used in othéf — WW
analyses are used wherever applicable.

@ Only for the Z H analysis {rilep-InZPeakregion) because the NJdet) bin is removed from the

signal region and made a control region.

* New to trilepton analysis, not in dilepton analysis.
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mpy = 165 GeV bin Exp. Limit—1o | Median Exp. Limit| Exp. Limit+1o
W H Analysis, JES Shape Syst. 6.7 8.9 12.3
W H Analysis, Standard 6.7 8.8 12.4
Z H Analysis, JES Shape Syst. 9.4 12.5 17.7
Z H Analysis, Standard 9.4 12.5 17.2
Trilepton Analyses, JES Shape Syst. 4.7 6.3 8.9
Trilepton Analyses, Standard 4.7 6.3 8.9

Table 9.8 Compare default limit values for thé7, W H, and combined trilepton analyses. we
see that a jet energy scaling shape systematic is not negessa



109

9.6 Results

The results of this trilepton analysis present a significamtribution to the/ — W1/ com-
bined result. We are poised to solidify and expand the windbstandard model Higgs boson
exclusion withinl63 < my < 166 GeV [18]. In the 165 GeV bin, thB” H analysis limits are set
at 8.86 times the expected standard model limit;Zt€ analysis is set at 12.6 times the expected
standard model limit; and the combined trilepton analyseset at 6.3 times the expected standard
model limit. Finally, for the combined/ — W analysis result, in the 165 GeV bin the expected
limit drops from 1.21[15] to 1.15 while the observed limibgs from 1.23 to 1.08. As such, we are
poised to begin excluding the standard model Higgs bosofaiconfidence level with CDF-only
analyses in short order.

The limit calculations presented were computed WitiLimit version ofMCLimit. Expected
limits for the Z H, W H, and combined trileptons were calculated in each case with0literations
of 10,000 pseudoexperiments (1000 iterations of 1000 mseqmeriments performed 10 times),
while 500,000 iterations of 1 pseudoexperiment were peréa for the observed results—as is
standard. For greater precision, the combined HWW dileptaah trilepton result used 30,000
pseudoexperiments instead of 10,000 for the expectedsliraitd 5 pseudoexperiment (500,000

iterations each) instead of 1 for the observed limits.
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Limits 110 | 120 | 130 | 140 | 145 | 150 | 155
2 s 180 | 67.2| 35.5| 24.4| 22.5| 20.3| 18.4
19 130 | 48.3| 25.3| 17.7| 16.0| 14.5| 13.1
Media) 1 91.6|34.1| 17.9| 12.5| 11.4| 10.4| 9.35
19 67.9| 25.1| 13.2| 9.23| 8.40| 7.76 | 7.05
=29 54.0| 19.9| 10.5| 7.36 | 6.67| 6.25| 5.72
Observed 1 94.4|36.9|19.9| 16.5| 13.9| 13.8| 12.2
Limits 160 | 165 | 170 | 175 | 180 | 190 | 200
+20) 16.9| 17.2| 19.8| 22.1| 25.3| 27.1| 49.3
19 12.2| 12.4| 14.0| 15.6| 18.0| 26.8| 35.1
Mediay | 8.62|8.86(9.91|11.0| 12.8| 19.1| 24.9
19 6.48| 6.71| 7.49| 8.29| 9.62| 14.3| 18.5
=29 o 5.29| 5.60| 6.17| 6.85| 7.90| 11.7| 15.0
Observed 111.1]11.0| 12.6| 13.6| 17.3| 23.9| 33.3

Table 9.9 H trilepton analysis limits fod.8fb™".
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Limits 110 | 120 | 130 | 140 | 145 | 150 | 155
+29) 327 | 112 | 57.0| 37.3| 32.6| 29.7 | 26.7
9 233 | 80.6| 40.6| 26.5| 23.2| 21.1| 19.1
Mediay . | 162 | 56.3| 28.5| 18.8| 16.4| 14.9| 13.4
1 116 | 40.6| 20.5| 13.7| 11.9| 10.8| 9.90
29 88.0|31.1| 15.7| 10.6| 9.37 | 8.54| 7.86
Observed | 192 | 71.9| 40.8| 27.0| 25.2| 20.3| 19.1
Limits 160 | 165 | 170 | 175 | 180 | 190 | 200
+20/ 25.2| 24.6| 26.8| 29.0| 31.7| 43.3| 52.0
1 17.8| 17.6| 19.1| 20.6 | 22.4| 30.8| 37.0
Mediay | 12.6|12.6| 13.5| 14.6| 16.0| 21.9| 26.4
1 9.27|9.44|10.1| 10.9| 11.9| 16.3| 19.8
=29 7.50| 7.65| 8.37 | 8.91| 9.68| 13.4| 16.2
Observed 117.0| 15.8| 17.8| 18.7| 22.1| 32.8| 34.5

Table 9.10 Z H trilepton analysis limits fod.8fb ™.
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Limits 110 | 120 | 130 | 140 | 145 | 150 | 155
2 s 151 | 55.0| 28.3| 19.2| 16.9| 15.8| 13.6
1 s 108 | 38.9| 20.0| 13.7| 12.1| 11.1| 9.74
Mediary | 75.8|27.4| 14.0| 9.63| 8.55| 7.79| 6.84
1 54.9|20.0| 10.2| 6.96 | 6.16| 5.69 | 5.03
Y osm 42.0|15.2| 7.81| 5.31| 4.79| 4.45| 3.97
Observed | 77.4|30.5| 17.2| 13.5| 12.0| 10.6| 9.64

Limits 160 | 165 | 170 | 175 | 180 | 190 | 200
+20/ 12.5| 12.5| 13.6| 15.3| 17.4| 24.8| 31.5
1 s 8.93(8.91|9.87|10.9| 12.4| 17.7| 22.4
Media) | 6.33|6.31| 6.95| 7.72| 8.73| 12.6| 15.8
19 4.65| 4.68| 5.16| 5.70| 6.47| 9.27| 11.6
=29 o 3.69| 3.78| 4.17| 4.57| 5.13| 7.36| 9.17
Observeg 1 8.33|7.61|8.90(9.52|12.4| 18.1| 22.0

Table 9.11 Trilepton combinedi( H# andZ H) analysis limits ford.8fb ™.
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Limits 110 | 120 | 130 | 140 | 145 | 150 | 155
+29) 49.0| 17.1| 8.52| 5.62| 4.91| 4.06 | 3.34
19 34.2|11.9| 5.95| 3.94| 3.39| 2.84| 2.32
Mediay | 22.8|8.02| 4.01|2.64|2.27| 1.91| 1.57
19 15.4| 5.39| 2.70| 1.77| 1.52| 1.29| 1.06
2% e 10.8| 3.76| 1.86| 1.24| 1.08| 0.90| 0.74
Observeg 130.1]9.79| 4.83| 3.52| 2.64| 2.21| 1.77
Limits 160 | 165 | 170 | 175 | 180 | 190 | 200
2 s 2.57|2.45| 2.95| 3.48| 4.23| 6.65| 9.08
19 1.79| 1.70| 2.05| 2.42| 2.91| 4.57| 6.33
Media) | 1.21|1.15| 1.39| 1.64| 1.96| 3.03 | 4.20
19 0.83/0.79| 0.94| 1.11| 1.32| 2.04| 2.80
=29 0.59| 0.57| 0.67| 0.78| 0.93| 1.42| 1.93
Observeg 11.19|1.08| 1.49| 1.63 | 1.94| 3.83| 6.41

Table 9.12 HWW w/ Trileptons Combined Expected Sensitivity
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9.7 Conclusions
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Appendix A: Neural Net Input Variables
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Figure A.1 NoZPeakSignal Region (10.0 Ge¥ Fr < 20.0 GeV):AR Opp. Sign Close
Leptons,#r.
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Figure A.2 NoZPeakSignal Region (10.0 Ge\. #r < 20.0 GeV):Hr(all leptons,#r, all jets),
Dimass Opp. Sign Leptons (closer pairgh
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Figure A.4 NoZPealkSignal Region (10.0 GeV. #r < 20.0 GeV):mr(Leptonskr,Jets) pr of
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Figure A.5 NoZPeakSignal Region (10.0 GeV. Fr < 20.0 GeV):AR Opp. Sign Far Leptons,
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Figure A.6 NoZPeakSignal Region (10.0 Ge\¥ # < 20.0 GeV): NJet (note that the O-jet bin is
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Figure A.7 NoZPeakSignal Region (10.0 GeVW Fr < 20.0 GeV): Inv. Mass(Lepl,LepZ;).
InZPeakSignal Region (NJe# 0): NJet.
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Figure A.10 InZPeakSignal Region (NJet 0): Hr(Leptonskr,Jets)mr(Leptonskr,Jets).
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Figure A.11 InZPeakSignal Region (NJeg 0): A¢(Lep2Fr), AR b/w Opp. Sign Close
Leptons.
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Figure A.14 InZPeakSignal Region (NJeg 0): mr(W-Lep,fr), A¢p(Z-Leptons|V-Lepton).
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Appendix B: Input Variables in Control Regions
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Figure B.1 NoZPeakControl Region (10.0 Ge\ #r < 20.0 GeV):AR Opp. Sign Close
Leptons,#r, Hr(all leptons,kr, all jets).
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Figure B.2 NoZPeakControl Region (10.0 Ge\ F#r < 20.0 GeV): Dimass Opp. Sign Leptons
(closer pair inp), A¢ between the"™ lepton and#y, Inv. mass of th&™ lepton+F+Jets.
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Figure B.3 NoZPeakControl Region (10.0 Ge\ ¥ < 20.0 GeV):mr(Leptonsfr,Jets)pr of

2"d epton, AR Opp. Sign Far Leptons.
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Figure B.5 NoZPeakControl Region (10.0 Ge\ #r < 20.0 GeV): Inv. Mass(Lepl,LepZ;).
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Appendix C: U(1) Global Symmetry Breaking

The Standard Model and it's component quantum field thearebased on symmetries of par-
ticular groups. Equally important is the concept that syitni@e of nature may be spontaneously
broken with physical consequences. In this and the subséfgwe sections of the appendix, we
shall explore the concept of spontaneously broken symeseh@cause the idea is central to the
function of the Higgs boson in the Standard Model.

In this section, we shall explore the concept of spontarigdu®ken U(1) symmetry for
a complex scalar particle. An arbitrary complex field had esal imaginary components, by
definition.[12]

1

It's complex conjugate is then:
¢ = %(le + i) (C.2)

We postulate the lagrangian for this particle:
L= (0,0) (06) ~ mig'o — 1A (616)° c3)

The first term has the typical form of kinetic energy, the seerms is the potential energy or “rest
mass,” and the last term governs the possibility of an ictera. If m? > 0, then the lagrangian
describes a complex scalar particle with mags

Denote the last two term d8(¢) = m3oTo + 1A (¢T¢)2, the potential. The task of deter-
mining the particle spectrum of thefield reduces to finding the minima &f(¢) and calculating
perturbative oscillations from it.

Recall that thé/(1) symmetry group is is the group of angular rotations in the glesmplane.
We say the lagrangian exhibitd & 1) global symmetry, or is “invariant” undér (1) transforma-

tions, because if we rotate the fieldn the complex plane by some arbitrary anglen a manner

not dependent on spacetime location

¢ — ¢ =e (C.4)
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then the lagranian does not change

L= (0,0 (0"¢) — m2¢T¢ — %A (¢’T¢’)2 (C.5)
— (6M¢€ia)T (6M¢em) _ mg¢Te—ia¢€ia _ i)\ (nge—mgbem)Q (C6)
= (00 (") — oo — ) (610)° )

(C.8)

Consequently, the physics implied by the lagrangian alss tt change. It is important that the
rotation is not dependent on spacetime coordinates bedatiseas, then the partial derivatives
would act on the rotation, extra terms would arise, and tigealagian would therefore not be
invariant under the transformation.

Symmetries in physics imply conservation of some propehtyariance to spatial location
implies conservation of momentum; Invariance to tempayeation implies conservation of en-
ergy; etc. In this case, invariance to rotations in the cemgdlane implies conservation by
charge, which can be derived by studying the lagrangian ruadenfinitesimalU (1) transfor-
mationg — ¢ = (1 + i )[25]. However, this is not the task at hand.

If we assumen? > 0, then the potential simply has a unique and stable extrenttime arigin.
The quantum theoretical prescription for calculating tlaetiple state spectrum is to determine
small harmonic oscillations about this minimum. The synmnabout the origin is stable and
would remain unbroken.

If, however,m2 < 0, then the potential still exhibits the same cylindrical syetry, but the
extremum at the origin is now a maximum and there is a minimg that assumes the lowest
value of the potential. The potential at the origin is unlabnd so it is natural for the symmetry

to “break” by having such a state fall to one correspondingpéominima ring.
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Determining the particle spectrum now requires choosimgespoint on the minima circle to

perform the perturbative expansion. The minima manifoldisd at

AV e Ao g
oty =T+ 20le =0 (C.9)
2
#lp= 220 (C.10)
v o+ g = €11)

The new parameteris then the radius of the circle.

One way to proceed is to expand about the point v, ¢, = 0. Let

o) = —5 (v (a) +i€(2) (€.12)
Thenn(z) is a field perturbation in thé& direction and the perturbatiof(z) in the purelyS
direction. We find the consequent particle spectrum by pattinis expression af(x) back into

the lagrangian.

£ = (0u0)! (00) — oo — 11 (6'0)° €13)
= 0 B = 10,9 (v ¥ +10€) — 0 (04— i) (0 4+ i) (C.14)

— A i) (o + )P (C.15)

= %(aﬂg)Q + %(@?7)2 +mgn” + (cubic and quartic terns (C.16)
(C.17)

From them3n? term, we see the-field perturbation is associated with a particle of mass=
\/Tm%. There is no mass term for thjefield. In attempting to generate a massive gauge boson,
spontaneously broken gauge theory has provided its ownlesagsarticle.

Pictorially, notice that the-perturbation (the one that does result in a massive paytitinbs
up the potential well while thé-perturbation (the massless one) is directed tangent toittwar
minima manifold. Perturbing up the potential well impliée texistence of an associated massive

particle state.
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This suggests a possibly more appropriate choice of howtmpeterize the field perturbations.
Remember that the choice to expand abput= v, o = 0 was arbitrary. Let's parameterize the
perturbations in polar, rather than cartesian, coordmaiéat way, we need not specify where
on the minima manifold we expand around; the argument appligivalently to all choices. One

field perturbation will be in the radial direction, the othethe angular.

¢(z) = P e (C.18)

Angular Perturbation
Radial Perturbation

Since the minima manifold has a radiusp(z) = v + h(x) (spoiler alert: the letter/i” is chosen
for this perturbation off the potential minimum because thia precursor to the Higgs boson).

Just as before, we pytx) back into the lagrangian and see what the particle spectoks|
like.

L= (0,0)1 (06) ~ mig'o — 1A (616)° (19)

= 50 [Gupta) = Lp(00,000)| S5t 049t + Lpwovete)| (€20

— (o) — S () (c.21)

=3 [@n@0) + P00 - i - o (c22)
_ %((%h + )@ h+0)+ %(h +0)%(0,0) %mg(fﬁ + 20k 4 0?) — 1—16)\(h o)t

(C.23)

= %(@Lh)2 +v(9,h) + %zﬂ - (2%2}12 - éhv + 2%}2@2) (0,0) (C.24)

— %mghQ — m2vh — %mévQ — 1—16)\(h + v)* (C.25)

= %(@h)Q + %@W — %mgm 4+ (C.26)

(C.27)

Hence, choosing any arbitrary location on the minima maahiémd calculating the particle spec-

trum via field perturbations, we have kinetic terms for bbth) andf(x), but a mass term only
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for h(x). Also, given this parametrization of ), the vacuum expectation value is

(0[] 0)= ﬁ (C.28)

This is a situation where a symmetric field potential is spoabusly broken in nature and this
breaking manifests in a physics different from the situabbthe origin being a stable extremum,

in which case the symmetry would not spontaneously breaktiara.
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Appendix D: U(1) Local Symmetry Breaking

The situation of global/ (1) symmetry explored in section C is a special case of the tdpii®
section, local/ (1) symmetry. This scenario is also referred to as the “abetiammutative] Higgs
model.”[12] Itis not the fully Standard Model version, btitls critical step toward understanding
the Higgs sector of the Standard Model. For that reason,eteled treatment presented in these
sections C through F are included in this thesis.

Recall the postulated globally gauge invariant lagranfjiam section C.
1
L= (0,0) (2"¢) —mio'o — X (6'0)° (D.1)

To make this lagrangian invariant to local gauge transfdiona, we must replace the derivatives
with “covariant derivatives” to keep the lagrangian ineati under transformation. The covariant
derivative is not derived—we postulate the desired comtdarivative and consider its form to be

justified by the fact that it works
d, — D, =0, +iqA, (D.2)

and include a kinetic term for the “gauge field), that must be included to keep the lagrangian

invariant under a local/ (1) transformation.
1 1
£=[(0" +iqA")¢) (O +igAu)o] — TFuw ™ = ZM(670)* = mi (o) (D.3)
(D.4)

where F** = gFA¥ — 0¥ A*. Notice this part is the form of the Maxwell lagrangian aAd is
analogous to the photon. We shall return to this point shortl

This lagrangian is then invariant td@cal U (1) field transformation

o(a) = ¢'(x) = @ (x) (D.5)

or, in infinitesimal form

¢(x) = ¢'(z) = (1 — ia(z))d(z) (D.6)
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We still do not know now the gauge field itself transforms. pbént of this covariant derivative

is to haveD* ¢ transform the same waydoes. So assume

D*¢ = (1 —ia(x)) D'¢ (D.7)
to be true and derive the transformation law fgy from it.

(0" +iqgA™) ¢ = (1 —ia(z)) (0" + igA*)¢ (D.8)

Since this is an infinitesimal transformation, the transfation of A# should have a general form
Al — A" = Ak 4§ A", Note that bothy(z) andd A* are infinitesimals, so any terms infinitesimal

to the2" order or higher drop.

(0" + igA¥ + igd A")(1 — icl(2))d = (1 — ia(x))(D" + igA")o (D.9)
(—id"a(z) + igd A")¢ = (—ia(z)d")o (D.10)

igd Al g = (i0"a(z) — ic(z)0")¢ (D.11)

@OA" D = 8"(ag) — a(9"0) (D.12)

@A S = (8" a)¢ (D.13)

SAM = é@“a (D.14)

Hence, the gauge field transforms as

Ar(x) — A™(z) = A*(z) + é(’?“a(x) (D.15)

Now we’ll see how the gauge field” absorbs the massless bogbthat was present in the treat-
ment of the global/(1) case in section C.

Recalling the Maxwell term in the lagrangian, let’s studg fleld equation ford*
DAY — 0¥ (0,A") = jm = iq(67(0"0) — (0"0)1¢) — 2° A" ¢ (D.16)

Now recall theU(1) field parametrization for spontaneous symmetry breaking

v+h(z) o i6(@)
V2

Radial Perturbation

o(x) = (D.17)

N——
Angular Perturbation



The current becomes

1

152

Jem =14 [%(“ + h)es) (%(v + (8”h))e‘59(”) + 5 (%i(a"e)) e H0@

- Lv Yh))ev? @ (v ’9(:” —v

(\/5( + (8¥h))e f( +h 7 + h)e
—2q2A”-%(v+h)2

v —%q {(v 1) (0 + 0"R) + (v + h)’ (%aye)

WA R+ D) — (v h)? (%aye)]

o QQAU(’U 4 h)2

q | 2
o= |04 O] Ak

Jom = (04 h)?0°6 — *A* (v + b’

Jom= —0¢" (A” — 0 9) + higher order terms
vq
Using only the linear term for the current, put it back inte freld equation forA4”

CAY = 0 (9,A") = i

OAY — 0%(9,A") = —v*¢? <A” - 8@;)

Now recall that a gauge transformation dr has the formA#*(z) — A™(z) +

notice that the right hand side already has this form. As stdefine

0”0
vq

All/ — AV _

Then the field equation becomes

OA” — 99,4 = —12* A"

)

(D.18)

(D.19)
(D.20)
(D.21)
(D.22)

(D.23)
(D.24)

(D.25)
(D.26)

(D.27)

(D.28)

(D.29)

%8“04(3:), and

(D.30)

(D.31)
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(O+0v%¢?) A" = 0"9,A™ =0 (D.32)

Finally, we see that the field equation becomes a free masgsater field for a particle with mass
vq. In particular, notice how the appropriate choice of gaugmed the massless gauge field
to absorb thé (“Goldstone” boson) field term and become massive as a result

Summarily, generalizing from global to loddl 1) symmetry breaking required us to introduce
a “gauge field”A” in order to keep the lagrangian invariant, or symmetric.amd 1) transforma-
tions. After deriving the manner in which” itself transforms, we were able to choose a particular
“gauge,” orU (1) transformation, that allows it to absorb thé&eld (pertubations along the angular
direction of the circular minima manifold of the previougsen). In the end, we no longer had a
0 field at all, but rather the gauge fiekt' that became massive after absorbingétieeld. What
has just happened here is important for understanding hewlitdgs boson is related to the photon

and weak vector boson in the Standard Model theory.
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Appendix E: SU(2) Global Symmetry Breaking

The “special unitary group5U (2) transformations we will be considering in this section are
similar to theUU (1) case of sections C and D, except that the rotation anglew becomes rank-2
matricesa - 7.

To recap, global/ (1) symmetry breaking lead to two fields: a massive figld) and a massless
field 0(x). Extending to local/ (1) symmetry required us to introduce a gauge bogtrand we
exploited the gauge symmetry to haxé absorb the/(x) field and become massive. Now, we
will see that by generalizing the same arguments to glShglR) symmetry we will end up with
another massivé/ (z) field and thre#(x) fields instead of one.

Consider ar6U (2) doublet of complex bosons

b= ot _ ﬁ(dﬁ + igg) (E.1)
¢° %@3 + i¢y)

where ¢ destroys positively charged particles and creates negatoharged particle, and®

destroys neutral particles and creates neutral antipestic

Postulate the form of the lagrangian as a direct generadizaf the previous two sections
A

L= (0u0)"(9"9) = mig'e — 1(s¢)" (E2)
wherem? < 0. This lagrangian is not only invariant t80(2) transformations, but also to the
globalU(1) transformations of section C. We treat the gloB&l(2) case here, sa is not depen-
dent on spacetime coordinate.

o= ¢ =e 2%y for SU(2) (E.3)

b — ¢ =e for U(1) (E.4)

The minimum occurs at

oL A
Bioig) 0~ 2(¢'Pmn =0 (E5)
9,2 2
(¢70)min = imo = % (E.6)
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As before, we take the minimum to be the vacuum.

2

(016'¢10) =5 = (0] ¢1 + 63+ 65+ ¢3 | 0) (E7)

To obtain the particle spectrum we expand the figlddout the choice of vacuum. Again, rather

than a single point, we have a whole space of minima to choose fLet,

0
<0¢0>[U] (E.8)
V2
Oscillations about this vacuum choice are parametrized by
L = 0
¢ = e~ 30 1 (E.9)
L(v+ H(x))

We have here three field<or possible “angular” oscillations associated with #&(2) symmetry,
and one radial field oscillatioff (x). We shall see now that only thé(x) field has nonzero mass,
indicating that eacH field oscillates in a direction within the minima manifolde.i does not climb
the potential just as in the glob&l(1) case. To do this, put back into the lagrangian and look for

mass terms.

0
Mo = , = L . (E.10)
—5-((0"0) - T)e 2T (v + H) + e 27 0" H
_igz 0
—e w07 B 1 (E.11)
7 (040) - F) (v + H) + J0"H
Similarly,
@9) =0 2 ((06) - 7)(v+ H) + LzonH] (E.12)
Putting these terms into the lagrangian, we get:
1 - - 1 2 2 2 A
L= o500 7)(0,0- 70 + H) + (0" H)(0,H) - %qﬂ - %vﬂ - %H? - J+ )’

(E.13)
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Mass terms with different fields multiplied govern the irtetion between the fields. Notice
now sinceg(x) only appear in an exponent in the field it only has derivative terms in the la-
grangian. Thus, the particles associated withéffields are massless. Only tii&(x) has a mass

term.
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Appendix F: SU(2) Local Symmetry Breaking

Let's now generalize th8U (2) global invariance of the previous section to local invaciim
the same manner we did fbi(1) transformations in section D.

Local SU(2) gauge transformations have the form

d(z) = ¢ (x) = 27 g(z) (F.1)

where the factoy is inserted to represent the coupling strength.

Just as in the case of electromagnetic interactions, nanagen for a free particle can be
Lorentz invariant under this local gauge transformatianmgke it Lorentz invariant, the derivative
must be replaced by a covariant derivative. This way transforms the same way does,
whereas)*¢ does not. Just as in thHé(1) case, this will necessarily involve the introduction of
new gauge fields.

In the SU(2) case,
06/(z) = 47T (@46(2) + L7 (4ai(x)) e 2T () (F.2)

where it is the second term that breaks the covariance.

The covariant derivativé®* must act like:
D"/ () = 47 g(x) D'o(x) (F.3)
The form of D* is just postulated, then justified by the fact that it works.

DP«

o + %F- W (F.4)

whereW* = (W* W4 W), a slight precursor to the weak vector bosons.
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The W* are theSU (2) gauge fields, analogous to thé&1) gauge fieldA*, and ther are the

Pauli spin matrices.

- 0 1 0 —i 1 0
2O — W+ Wi+ w (F.5)
10 i 0 0 —1
0o wf 0 —iWwy wi 0
= + (F.6)
w0 iwl 0 0o —-w
[ wh W — Wl
= ’ ! ? (F.7)
_W{” + Wy —w¥
Remember that the three gauge fieltl¢ are spacetime dependent.
Let's examine theSU (2) transformation in infinitesimal form
/ Zg - =
o =1+ 57 €lx) | ¢ (F.8)
84 = (1 + %?- g(g;)) 9+ %F- (0"8)¢ (F.9)
We again see the noncovariant term. Let’s use the covaramative instead.
T ! Zg—» —
D" = (1 + 57 e(:c)) D*¢ (F.10)

(au + %g;. W/“) {1 + %gf. 5(:5)] o= {1 + %97?- €(J:)} (8“ + %gf- W“) ¢ (F.11)

So far, we do not know how the gauge fieldg* transform (notice that both’””" and 1/ ap-
pear). We proceed by assuming that the previous equality, diodact, hold; and determine the
transformation law fofV# from it.

The previous equality involves an infinitesimal transfotio@, so the transformation G

must look something like

WH — W =W 4 gWH (F.12)
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Let’s start the algebra.

[8“+@?-V[7'“ 1+ 97 ) o= |1+ 27 &) au%?w“ ¢

2 12 2 ]

(F. 13)
[au—g* We o+ Dz i 1+%gf.z(x) = 1+%9F ) Jor + %; A,
(F.14)
Lz e Lt lr o o = [Lr g0t - Lz a i o
(F.15)

2

T 04(e9) — 102 W 6+ L ()9 = T (@) - L7 (7 W)
(F.16)

D @iim)e = Lo [@0ng) - 0 (@) + L (7072 - (79 1] 6

4
(F.17)
Gz oo = Uz e+ L[ WG - FaET]e  (Fas)
o ((;WM) T (agg(g;)) + (i) [(f;) (;.;W> ) (?;/[/u) (?2€)]
(F.19)
7o) = =7 (@8 - L [7-8 (7o) = (7 W0) (79 (F.20)
(F.21)

Let’s take a closer look at the terms inside the bracketsealon

(7 (7)) = (7 %) (78] = (€ Wr iz ex W) = (W a7 W x )

(F.22)
- F(? a) (F.23)
— 7 (Ex Wr—ex W ) (F.24)

— %7 - <€>< v“w) (F.25)
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Let’s put this back into equation F.20.

7o (6WH) = —0télx) — g [g(x) X W“} (F.26)

(F.27)
This means the infinitesimal piece is

SWH = —0"e(x) — g [g(x) X Wﬂ} (F.28)

(F.29)

Generalizing from global to local transformations introds the extra"é(z) term. Hence, the

gauge fields for a loca#U(2) gauge (phase) transform as

W = Wr — 9re(e) — g [g(x) X Vw] (F.30)

(F.31)

Now that we know how the gauge field and the covariant devigdtansform with art U (2)
gauge transformation, we can compute the consequencesofnorbasic postulated lagrangian

from equation E.2, which can now be repostulatedin(2) invariant form

2

L= (D,0)] (D) ~ mio's 7 (616)" = {0 W (F32)

!
4
WhereWu,, = Qﬁ/,, — 8VI/I7H — gWu X W,,, where the last term is necessary because of the non-
Abelian nature of th&U(2) group.

Note that ifm?2 > 0, then we just have a system of four scalar particles of masdHowever,

we are interested in the? < 0 case. Just as for tHé(1) case, we want to find the minima of the

potential and find an entire minima manifold.

oL
2
(' O)mn = —220 = 2 (63 + 63+ 63 + 67) (F.34)
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We must choose some particular point on the minima manifp@hwhich to expand and calculate

the particle spectrum, so choase= ¢, = ¢4 = 0 and then we are left with

1, —2m?
42— F.35
59 ) (F.35)
2
by =2/ =L =v (F.36)

Then our complex field doublet at this minimum becomes

1 |¢1+1i0 1 |0
min = —= —— F.37
’ V2 ¢3 + iy V2 |y ( :

Again, completely analogous to tlig1) case, we can parametrize perturbations about this mini-

mum as
d(z) = p\&?e%?‘e(}) , where (F.38)
0
p(z) = (F.39)
v+ h(x)

This can be see more intuitively when looked at in infinitesiform.

Nevertheless, we now have 8/ (2) gauge invariant lagrangian with covariant derivatives and
we know how the introduced gauge field&* change with arsU (2) transformation. As such, the
masslesg(x) fields can be gauged away and we are left with mas8iveand / fields, another
example of the Higgs mechanism.

For Standard Model physics, we will be combining this effiectboth theU (1) and SU(2)
cases to get the massive weak vector bosons and the phadngts will be a necessary conse-

guence. More details will be worked out in sections G, H, and J
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Appendix G: The Higgs Mechanism in theSU(2) x U(1) Local
Spontaneous Symmetry Breaking

Recall that we had a scal&i/(2) doublet

N
¢ = BO] (G.1)

whose lagrangian is

£= (06)(9"6) ~ m3o1s — 5 (619) ©2)
This lagrangian is invariant to' (1) global transformations

¢ — ¢ =e (G.3)
and globalSU (2) transformations

¢ — ¢ = e 357 (G.4)

For a theory that is invariant to local transformations westrintroduce thre&U(2) gauge
fields (see section F) and ori& 1) gauge field (see section D). Denote them herédld5x)
for i = 1,2,3 and B*(z), respectively. Also, the derivatives must be replaced wittovariant
derivative for both/(1) andSU(2).

: -

Do = | o + %F- W 4 %B*‘ & (G.5)
—_——— ——
SU(2)piece  U(1)piece

Kinetic terms for the new gauge fields must also be included.
FH = QR — 9" WH — gWH x W (G.6)
G" = o"B” — 9" B* (G.7)

So the new full lagrangian is

A L
L= (Dup)" (D"¢) + mod'o — 1 (60)* - iFW P — EGWGW (G.8)

(G.9)
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We already looked at spontaneous symmetry breaking fob/the and SU(2) cases individ-
ually, now we want to do so for the product grop/(2) x U(1) in such a way that we are left

with three massive gauge bosomg <, Z) and one massless gauge boson (the phejorBeing

massless, the photon corresponds to some symmetry thdt immbroken. Weinberg suggested
0 0 !
olelo=1|

[12]
{ 0 ]
(G.10)
x 7

This choice leaves the vacuum invariant to a transformatfdni(1)+ third component ofU (2).

TR e

where ther are the Pauli matrices. This is also why we eventually findelleetric charge to be

That is,

(1+7)(0]¢]0) = (1+73)

expressed in terms of weak hyperchakgand third component of isospig: Q = % + t3 [25].

We are about to see that this interplay betweenltfie) symmetry (corresponding t6) and the
third component ofSU(2) symmetry (corresponding @) manifests as a mixing of thié’}' and
B" gauge fields to yield the photon fielti* and the neutral weak vector bosgn

To consider oscillations about the vacuum, parametrizelégeees of freedom by

¢ = e 207 0 (G.12)
v+ H(z))

However, recall that the thregfield perturbations, which would become Goldstone bosoiss, d

appear if we make the appropriate gauge transformation.eSeffectively use

¢ = ! (G.13)
1w+ H))

The consequences for the lagrangian are (details of howotlusving form of the lagrangian are
calculated are in section J)

1 2 A 1 =
£ = (0, H)(0"H) + %(u +HP = S0 H) = 1B P = 1GLG0(G4)
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L= %(aﬁ)(aﬂﬂ) + %g(v + H)? — %(U + H)? (G.15)
— i(auwl,, — O, W) ("W — "W + %gQUQWh,Wl” (G.16)
— i(aMWQV — O, Wa, ) (OFWY — "W + ég%QWQVWQV (G.17)
— %(auwg,, — O, Wa, ) (O"WY — " WE) — EGWG“” (G.18)
+ %UQ(QW;J,M — ¢'B,)(gW4 — ¢'B") + Higgs interactions (G.19)

The second and third lines show that g and 1/, gauge fields are massive and have the same
massmy = 4. These are th&l/*, 1V~ vector gauge bosons in electroweak theory. The Higgs
interaction terms are being ignored here because we arsifigcan the generation of the Standard
Model gauge bosons in this section. In section J, | will gotigh the details of deriving the full
version of this and discuss the interactions between thgd-hnd gauge bosons that are produced.
The Higgs boson decaying to gauge bosons is precisely theokinteraction that this dissertation
explores experimentally.

The last two lines show that the gauge fieltls and B are mixed. The key clue is to notice in

the last line it is the combinatiofy V' — ¢’ B*) that has a mass. Introduce the linear combinations

Z" = Wi cos Oy — B sin Oy, (G.20)
At = Wl sin Oy, + B* cos Oy, (G.21)
where
cos Oy = 2g = (G.22)
9g-+g
g/
Sinfy = ——9 (G.23)

Or, if we invert them

BY = A¥ cos Oy — ZF sin Oy, (G.24)

Wi = A¥sin Oy, + Z" cos Oy (G.25)
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Using this, we can write the last two lines of the lagrangiaterms ofA* and Z*, instead of
B* andW}'.

2

1 1 v , ,
= 1 0uWay = 0, W5, ) ("W = O"W5) = 2 GG + = (gWsu — 'B,) (9Ws' — g'B")

4

(G.26)
= —i (0u(Z, cos by + A, sinby) — 0,(Z, cos Oy + A, sin by )) (G.27)
- (OM(Z" cos Oy + AV sinby ) — 0" (Z" cos Oy + A¥sin by )) (G.28)

1
~1 (0u(A, cosbw — Z, sinby ) — 0, (A, cos by — Z,sin by )) (G.29)
- (OM(A” cos Oy — Z¥ sin Oy ) — 0" (A* cos Oy — ZH sin Oy )) (G.30)
+ %02 (9(Z, cosbw + A, sinby ) — ¢' (A, cos by — Z,sinby)) (G.31)
(g(Z" cos Oy + A sin Oyy) — g'(A* cos Oy — Z" sin Oyy)) (G.32)

1
i) (0,2, —0,7,) cosbw + (0,A, — 0,A,,) sinOy) (G.33)
(0" ZY — 0" Z") cos Oy + (0" A” — 0" AM) sin Oy ) (G.34)

1
~ 1 (0,4, —0,A,) cosbw — (0,2, — 0,7, sinOy) (G.35)
(0" AY — 0" A*) cos Oy — (OMZY — 0V ZH) sin Oy ) (G.36)
+ %02 (Z,(gcosbw + ¢'sinby) + A,(gsin by — ¢’ cosOw)) (G.37)
(Z*M(g cos Oy + ¢ sin Oy, ) + A*(gsin by — ¢’ cos Oyy)) (G.38)

Definer,, =0,A, —0,A,andZ,, = 0,2, — 0,Z,,.

= —i(ZW cos Oy + Fu sin Oy ) (ZH cos Oy + FH sin Oy ) (G.39)

1
— Z(}"W cos Ow — Z,,, sin Oy ) (F* cos Oy — ZM sin Oy ) (G.40)

1 P+g” 99' —9'g > +9” 99' = 4'g
Z, + A | D=+ A== (G.41)
< /g +g/2 H /g2+g/2> < /g _'_9/2 /92+g’2>

1 1
=—7 (Zu 2" + Fu F™) + gUQZMZ“(gQ +4¢7) (G.42)
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Hence, we have unmixed the two fields. They become&Ztheson and the photon.

mw

my =50\ g+ 9" = (G.43)

cos Oy

Now that we have our lagrangian in a usable form, we can firglyting calculating the

characteristics of Standard Model particles.



167

Appendix H: The SU(2); x U(1)y Local Gauge Invariant La-
grangian and the [massless] Fermions

We know now from section G what our postulated lagrangiaukhlmok like in order to be
bothU (1) andSU (2) invariant, which necessarily involved the weak vector Imssand the photon.
Let’s look atSU(2) x U(1) gauge invariance for the first generation of quarks; theuedion is
identical for the higher generations. The calculation f& lepton generations is also very similar
and so not repeated in this dissertation.

The Higgs mechanism igot included here so the quarks will still be massless; that bell
dealt with in section I. Instead, we will deal with fermiomat appear as a left-handed doublet and
right-handed singlets for both particles. In the end, wéhal/e computed the lagrangian that tells
us how these fermions interact with each other, the wealowgetuge bosons, and the photon. The
mass terms will, in the absence of the Higgs mechanism, beaalsent for this section.

Suppose we have the (fermion) quark doublet

q!1 (H.1)
d

and recall that

o= (5200 (H2)
o= (52 ) 0 (H3)

are relations distinguishing the left and right handed conents.

As always, we must postulate a lagrangian. In the sectiopl®erg U (1) andSU(2) symme-
tries, we used generalizations of the Klein-Gordon equ&iagrangian for scalar particles. Now
we want to look at spiri-/2 fermions, so we must use the Dirac lagrangian in our gaugeiant
form. This is why | want to explore the case of massless fensefore adding in mass generation
from the Higgs mechanism.[25]

Recall the Dirac lagrangian

£ = i@ — mipep (H.4)
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Now we want a massless version for a fermion doublet:

L= qily (H.5)

L= qrilD.qr + uriPyur + driDpdr (H.6)

where the covariant derivative for the doubj@tis SU(2) x U(1) invariant, andp, is only U(1)

invariant for the singlet:

) Ly
Dj =+ 7 Wt S0 (H.7)
v
Do =or+ 9 pr (H.8)
H.1 The Ly terms
,CR :ﬂRipuR+(le.de (H9)
104 _ 704
— iy, (ap _ Y BP) up + dpiv, (ap - BP) dp (H.10)
. Y = Y -
= iUpY,(0 ug) — 92 ury,B up +idgy,(0°dr) — 92 drv,B dg (H.11)

/

: Y , 'Y
= iup07,(0uR) — %UE%%B”UR + id07,(9°dr) — gTdJI[{YO”YpodR (H.12)

. 14+ 1+ Y 1+ 14
:ZUT( 2’75)%]’}%( 275) (apu)_g2 uT( 275)707[)80 (T%)u
(H.13)

) 1+ 1+ Y 1+ 1+
+ldT< 2%—))70%( 2%—))(6%)—92 dT( 275>707p3p< 275)d

(H.14)

(H.15)

Use the fact that; anticommutes with the othey,’s, s0{vs, 7.} = 0 = (%) 7, = (211 =

(M) = 7, (152). Also, note that afte{:£22) commutes pastyy,, (£2) (22) =
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(552).
= Lp = iUy, <1 i 75) (0u) — g;Ya’ypo (1 J;%) u (H.16)
I~ (1 275) (0°d) — g;YJ%BP (%) d (H.17)
We will return to these terms later.
H.2 The L, terms
L =qriDqr (H.18)

As before, note thai; = uf (1’2’75) ~o and also that

a = [ﬂ ~ o @ (H.19)

1. ur,
Ly = [aL dL] iy,D? (H.20)
dr,
_ ' - q'Y u
= o @i <aﬂ+ W+ B”) - (H.21)
dr,
) _ U _ Lo |u _ 0% U
=1 [ﬂL dL} 70" -4 [ﬂL dL] VT - WP = [ﬂL dL} g VB’ -
2 2
dr, dr, dy,
m e ) e

(H.22)
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[I.LA The Derivative Terms

i[ﬂL CZL:| %ap |:ZL} =1 [EL JL] [Z:L} (H.23)
= it Puy, +id ddy, (H.24)

, 1-— 1-— , 1— 1—
:ZUT< 2'75)70%)( 2’75) (8pu)—|—ZdT< 275),}/0%)(7%

(H.25)

, 147 1—7 , 1+~ 1—7
IZUT’V(J( 5 5)%( 5 5)(apu)+wﬁ%( 5 ) 75

(H.26)
11—\’ 1-%)°
= 1u' v, (72 ) (0°u) + id Yoy, ( 5 ) (0°d) (H.27)
1-— 1-—
= iuT707p (T%) (0u) + Z'dT’Yo’Yp ( 2%) (0°d) (H.28)
1— (1
= i, ( 275) (0°u) +idv, ( 275) (9°d) (H.29)
I.B The W, WT, W5 TermsThe key here is to express
1 - 1
57‘"- WH = 3 (MW + Wi+ WY (H.30)
1 W{‘—z’Wf) <W{‘+iW5‘)] 1
=—|rn|——= )7 | —————= || + =W H.31
i (M V2 s (30
1 1
=% [T WH + Wi + 573 (H.32)
Where we denote
1 , 1110 1| |0 —i 110 2 01
. ==-(n+in) = +i == = (H.33)
2 2011 0 i 0 210 0 0 0
1 , 1110 1 {0 —2 110 0 0 0
T_==(n—in)=—- —1 =— = (H.34)
2 2111 0 i 0 212 0 10
BTk
e = Wi =iy (H.35)
V2
[y Tt
et = W i (H.36)

) @a

) @a)
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The reason we want to do this is for the following:

] u Lo wel T L [wed w [a

R o N L Rl b (H.37)
V2 dy 200 o | d.] V2| o V2 | o

1 Uy, 1 0 0 Uy, 1 0 we |0
— W = — =— = — (H.38)
\/§ i dL \/Q WMT 0:| [dL] \/§ [W”TUL] \/§ |:UL:|

Notice how theu; andd;, fields switch positions in the vector. This is what will sugpgently

allow interactions between these fields via the gauge bdgaghs

Lastly,
1 u 111 0 Wihu 1| Wiu El
Lo | 2 sup| _ L Waue | Wy v (H.39)
2 dy| 2o —1| |{wld,| 2 |-wtd, 2 |4,
Now we are ready to return to the term I1.B from the lagrangian
_ L o UL
a7 v ) (H.40)
L

_ 1 , 1 . 1 u
=g [EL dL] Y, (§T+(Wf — W) + 57'_(W1p + WD) + 57‘3W3p) [ L]

dr,
(H.41)
_ 1 1 1 ur,
N WP+ —r WP Z WP H.42
g [UL dL] Yo (\/iﬂr + \/57' + 27'3 3) d, ( )
- 1 dr, 1 0 1 ur,
=g lu — W + —=Wet +-W¥ H.43
g [UL dL] Yo NG 0 NG " DML 4, ( )
1 1 WrdL| 1 _ 0 |1 1| Whur
= —=¢ |u; dj, —=9 |ur d 59 |ur dp
V2 [ ][ 0 ] 2 [ }{W’JUJ 2 [ {_ngL
(H.44)

1 1 - 1 1 -
= EQQLWPCZL + ﬁgdLWpuL + 590LW§UL + §gdL (=W4dz) (H.45)

(H.46)
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g T
g [aL dL] v, 7 We (H.47)
2 d;
1 ] p Lo pt Lo P Lo P
= ﬁguﬂmW dr, + ﬁgdmova ur, + 59%%%% ug, — §gdﬂo%Wg, dr,
(H.48)
1 L —75 L =5 1 1= L =5
— ot p s B Y ) pt
b (152 () (52 o (52,
(H.49)
1 1_75 1_75 1 1—’}/5 1—’7/5
+§QUT< 5 )707pw§< 5 )U— QQdT< 5 )WOVpW?f( 7 d
(H.50)
L 1_75) I 1(1_’75)
= —quy,W* d+ —qgdy WP | —= | u H.51
1 1— 1 - 1—
+ §gﬂ’pr§ (T%) u— §gdfpr?f’ ( 2%) d (H.52)

It is important to note that while these terms do describelqueeractions, the vertex factors
here are not in their final Standard Model form. There ar¢ thtid CKM matrix elements that
govern the strength of the interactions to deal with. Th@erdorm with the CKM matrix elements
follows directly from the presence of the Higgs field and isréfore excluded from this section.

That problem requires separate treatment.
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[1.C The B” Field Terms

_14Y U
[QL dL}gT%BP t (H.53)
dr
/Y B U
D[, ] [P s
Bdr
/
Y _
= - [aBus + d,Bd,] (H.55)
gY 1 p i p
=5 _uLfyofypB ur, + d;v07,B dL} (H.56)
gY [ (1= 1—s L—s L—s
= [ (57 ) e (557 vt (557 ) (5574
(H.57)
vI[o(1- (1=
=7, (7275) B”u—irdfyp( 2%)%} (H.58)

H.3 Find the Z-boson and Photon Interactions

The next task is to mix these terms with ti&' terms from before to yield the photon and
Z-boson interactions with the quarks. Note that the work ofing these fields intod* and Z#
was done in G. So we are going to collect the andW{ terms from Il.A, I.B, and II.C, then
switch to expressing those terms widl't and Z* instead. This will yield quark interactions with
the photon and’-boson. Afterward, we will collect all the terms of the laggéan and express it

in a manner that elucidates the electroweak physics of guark
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(H.59)
(H.60)
(H.61)
(H.62)
(H.63)
(H.64)
(H.65)
(H.66)

(H.67)



UseY =1/3foruy; Y =4/3forug; Y = 1/3for d,; andY = —2/3 for dy [12].

_29

< @m @m mm mm ol
&‘ :\ ! Q‘

oo“\”

1
( il 75) u(—Z"sin Oy + AP cos Oy )

1
d% < +75) (—ZPsin Oy + AP cosby)

L=

u(Z? cos Oy + AP sin Oy )

\)

ot

[\

1—
( B ) d(Z" cos Oy + AP sin Oy )

(1 Vs
<1 gl

u(—2Z*sin Oy, + A” cos Oy)

(\V]

ot

\)

) d(—Z°sin Oy + A? cos Oy)

1+ 2q' 1
= u’Vp ( 5 ) u(ZP sin Oy ) — —gafy,) ( i 75) u(A? cos Oy )

3 2

1 - 1
— gdfyp < i 75) d(Z° sin Oy ) + gd’yp < i 75) d(A? cos Oy)

3 2

2
L=

1 1
uzP <—§g cos Oy + 69/ sin QW)

1 1
uA? (—ég sin Oy — ég’ Ccos HW)

1
g cos Oy + 69’ sin HW)

1
gsin Oy, — Eg' cos GW)
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(H.68)
(H.69)
(H.70)
(H.71)
(H.72)
(H.73)
(H.74)
(H.75)
(H.76)
(H.77)
(H.78)

(H.79)

(H.80)



Now useg’ = ¢S1% in al| terms.

cos Oy

2 1+ 75 sin Oy .
= zZP 0
3! ( 2 )u (gcos Ow S

uA” (gsin Oy)

- 1+ 75 , [ sin Ow .
3d7p ( ) dz <gcos . sin Oy

AP g sin Oy,

1 1 0
—gcos by + gsm W in Ow
6~ cos Oy,

1

) (-5
u7p<1_2%)uAp( %gsm@w—égsmﬁw)

)< (

I

1 0
g cos by + 69 Sin O sin Oy
67 cos Oy

1
gsin Oy — Y sin GW)

29 (1475 sin®fw\ 29 (147 ,
=3 W < 5 ) uz’ (cos o ) = W 5 uA” sin Oy

.9
g, (L8 g e (S0 L 9y (105 g aring,,
cos Oy, 3 2

g (1= L.
+ 7 o ewufyp < 5 ) uz’ <— cos® Oy, + 3 sin? 9W>
i

2 1-—
— —gﬂ% <75) uAP sin Oy,

g 5 (1= L.
+ 2cosewd% ( 5 ) dz° <c3052 Ow + gsm2 QW)

/1=
+ Qd%( 2%) d A sin Oy,
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(H.81)
(H.82)
(H.83)
(H.84)
(H.85)
(H.86)
(H.87)

(H.88)

(H.89)

(H.90)
(H.91)
(H.92)
(H.93)
(H.94)

(H.95)



Use these trigonometric relations,

1 4
— cos® Oy + 3 sin? @y = —1 + 3 sin? Oy

1 2
cos? Oy + 3 sin? 0y =1 — 3 sin? Oy

(52)+(52) -
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(H.96)

(H.97)

(H.98)

and the electric charge defined @s= ¢ sin fy in recollecting all the terms of the lagrangian,

which now has the form:

1 - 1 1-— _ —
E:ia’yp< 75) (8pu)+z’d%< 275> (apd)ﬂ'mﬂ( 275> (0°u) + id, <1 75
(H.99)
+ L gy d+—d wet (1205, (H.100)
\/59 Vo 2 g Y 5 .
1+ ’}/5 7 1_'_’}/5 2 .9
+200S¢9W [ ( 2 ) ( sin QW) d’yp( 2 )d(351n Ow
(H.101)
1-— - (11—
+u7p( %)u( —sm QW) —d%( 2%)d(—1+§sin20w)}
(H.102)
2eg
— ?uvpuA + 3 d7 dA? (H.103)

(H.104)

) @a)
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Appendix I: The Higgs Mechanism and Fermion Mass Genera-
tion

Recall from section H that the kinetic part of a free Diraavi@n does not mix the left and

right components of the field:

Vy,0M1) = Yry, Mg + Pry,0M0r (1.1)

Because of this, we can gauge the left and right handed coemp®differently. Weak interactions
are parity violating in the Standard Model and th& (2);, covariant derivative acts only on the

left-handed term. However, a Dirac mass term has the form

-m (@Lwlz + i/ijL) (1.2)

when we write the left and right handed components sepgreel the components are coupled,
meaning any such mass term bre&ks(2), gauge invariance.

In a theory with spontaneous symmetry breaking, there isyaafgiving mass to fermions
without explicitly introducing gauge invariance breakimgss terms in the lagrangian. Consider
the electronSU (2), doublet

1= | (1.3)
¢ L
the Higgs doublet
+
- 4] 7
6" = (61 i) (15)
0 = oy —id) (1.6)

and the right handed electron singlet in a Yukawa model.

Ce - _gel_LgbeR - geéR¢TlL (|7)
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It is important to notice that the structure of these terms tha SU(2), doublets multiplied to
form anSU(2),, scalar(l,¢, ¢'l), and that scalar multiplies th&l/(2);, scalar R-component. So
this lagrangian iU (2), invariant and the symmetry is preserved.[12]

Recall from section G that the vacuum expectation value efHiggs doublet assumes the
value

0
(0]¢]0)= (1.8)

v

V2
but that section dealt with a scalar Klein-Gordon partidlee consequence for a fermion doublet

in this lagrangian is

Ce = _ge[queR - geéR¢TlL (|9)
vy, vy,
= —0e (beR - geéRd)T (llO)
€r €r
_ + vy
= —Je DL éL} €r — geéR |:(b+ (bo} (lll)
L (Z)O er
= —g.(v¢" +erd’)er — geer(dtvL + ¢'ep) (1.12)
= —Ye [77L¢+€R +erder +epdtyL + éR¢O€L] (1.13)

Take on the vacuum expectation values.

(0] L] 0) =—ge 77L<0|¢+|0>€R+5L<0|¢0|0>€R+5R<0|¢+|0>VL+5R<0|¢0|0>6L
—— ——— ———

=0 A =0 v

vz vz
(1.14)
eV _
= —% [Eren + éresl (1.15)
This is exactly a Dirac mass with, = £2. That was precisely the vacuum. Now let’s see that

V2
if we consider also oscillations about the vacuum we geaerabupling between the electron and

the Higgs field. In the last line, use+ H instead of jusb.



180

ev — —

(0] L.]0) = _f/i len(v+ H)er + ér(v + H)ey) (1.16)
= —%[véLeR+éLHeR+véReL—i—éRHeL] (1.27)
gV | 1= L+ t (L= L+
= \/ilve< 5 )70< 5 e+e 5 YoH 5 e

(1.18)

1+ 1-— 1+ 1—
—l—veT( 275)70(7%)6+6T( 275)70}[( 275)€:| (1.29)
[ 1 1 1-— 1—
:-%_vé( ;75>6+5H€< J;%)jtvé( 275)e+éHe< 275)]

(1.20)
= _% | vee + éHe "l (1.22)
~Dirac electron mass electron-Higgs coupli

Notice for the coupling term

(T/gg)eHe: (—%)e[—]e: (—5$;)6H6 (1.22)

So in addition to interations of the forffif — (v or Z°) — W*W~ we also have the possibility

ff — H — W+W~. The presence of the fermion mass in the coupling to the Hgjgnificant.

We must now recall that if aRU (2) doublet transforms as
I = e297] (1.23)

then the charge conjugate states

*

u
iT (1.24)
d*
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transform the same way. So then the charge conjugate of tgsHield is

Ge = iT20" (1.25)

— !0 _Z} {w] (1.26)
i 0 ¢°

o] [Se ey (.27
|—1 0] | J5(0s5 —iga)"

|0 1] |6+ ign) (1.28)
-1 0 _%(¢3+i¢4)

_ ﬁ(¢3+i¢4) (1.29)
_—%(¢1+i¢2)
[ ot

_|? (1.30)
__¢_

¢. is also anSU(2) doublet which transforms the same wagoes.

Note that in the use of thé Higgs doublet we could not use the terfsvy or vzé'l; in the
lagrangian £z has replacedy) because it leads to unphysical terms/z andvge;. With the
Higgs conjugate field doublet. we may includd¢.vx and vz¢ll;, terms (but not,¢.cr and
erdlly terms for the same reasons just discussed) which yield Diasses for the neutrinos as

well as Higgs interactions. Observe,

L,=—g, _Z_L¢VR + ﬁRQWL] (1.31)
r of
= —q, [le éL] ! ¢ :I vp + [¢0 _¢7T] |:VL] } (1.32)
L _Qb €r,
= —0v (I/LﬁboT — €L¢_) VR + VR (¢OVL — ¢_T€L)] (1.33)
= —0v -DL¢OTVR — ér¢ VR + vpd’yr, — VR¢_T6L:| (1.34)
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Take the vacuum expectation value andqallterms vanish. The® factors become1—2(v + H)

%
again.
(O] L, |0)= _\g/_% vp(v+ H)vg + vp(v + H)VL} (1.35)
= —\g/—% UDLVR+UDRV€+?LHVR+DRHVL/ (|36)
- Diraerass u—Higgs‘Igteraction
O
= —"=|vwv+VvHv (1.37)
Al ven]

Summarily, to give the electron-neutritsd/(2) doublet mass (as well as the other lepton and
qguark doublets), we are adding more terms to the lagrangiewead! at the end of section H of the

form:
,Cf Higgs — Z [—i |:Ull + lHl} - & [UVIVI + VIHVI}:| (|38)
’ l=e,u,T \/5 \/§
for the three lepton generations and similar terms for theetlyuark doublets. Because of the

Higgs mechanism, we now have sensible masses for Standatel ldarticles.
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Appendix J: The Higgs Sector in Standard Model Electroweak

Physics

Let’s refer back to section G, line G.15. We shall now see #taits of how we go from the

postulatedSU(2) x U(1) invariant lagrangian for a scalar particle to a form thaedmines the

physics it implies.

for

Recall the lagrangian for the (scalar) Higgs sector is

A 1= = 1
‘C = (Du(b)T (Dﬂ(b) + mg¢T¢ - Z (¢T¢)2 - ZF'LW : FMV - ZGHVGMV (\]l)
J.2)
B = o'WWY — 9P WH — gWH x WY J.3)
GH = 9P BY — §” B (J.4)
Do = | o + %?- W 4 %B" & (3.5)

—_—— ——
SU(2)piece  U(1)piece

Consider only the first term for now.

(06)1(D0) = (B0 + 27 Wyo4 ,@) (¢#6+ L7 wwro L i)

(J.6)

= (0,0)!(2"9) ©0.7)
+ 0.0 (G704 Thpro ) o (D7 W04 8 m)T(a%)

(1.8)

+ [229* Wo+ L0 qu} [@? Whe + 292}/3“4 (3.9)
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Now let’s work on the last line of this. Note that in my expiiessof the Higgs doublet I'll be

skipping straight to vacuum expectation values.

ig ig'Y 0 1 0 —i 1 0 0
57 W+ L= M¢_— Wi, + Wa, + Wi,
10 i 0 0 —1 v+ H)
(J.10)
oy 0
%BM 1 (J.11)
:g %WIH(U_FH) . :/—%WQH(U—FH) +
2 0 0 LWy, (v + H)
(J.12)
0
+ (J.13)
29\/-8 (v—l—H)
_ s Wi(v + H) + 55 W, (v + H) (3.14)
QIW?,H(U—FH) Z;}B (v+H)
T(W W v+ H
- 3 (Wi — W) 75 Y< ) (J.15)
Wi 5o H) LB, (o + H)
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Next, multiply this by it's Hermitian conjugate from the tef

Wi+ iWo) S0+ H) EWa (o + H) — 2B, (0 + H) (3.16)
YWl — WL+ H
3 ' )f( ) (3.17)
VV“1 (v+ H)+ “X pr v+ H)
92 21 s 99'Y 1 2
|W1 — Wy —(U+H) TIWal* 5 (v + H)? = = =Wy, B" (v + H) (J.18)
Y ’2Y2
gg 99" yep, 2( v+ H? + 2 \B|2 (v + H)? (J.19)
g9’ 1 2 t f 9 20 9 2 g’ 2772
= ZWHWH,U + EWHW'“UH_'_ ZWHWMH_'_ g‘W3| V7 + Z‘W3| vH + §|W3| H
(J.20)
'Y 'Y 'Y
_994 Biy? — 99 99 BH 2 (J.21)
1272 12 12v2
Y Y Y
+ gT|B|2v2 L Bpen + L g | B|*H? (3.22)

Now we have mass terms for the gauge boson fields and intamnaetims among the gauge and
Higgs bosons. With that done, let’s go back and deal witheéh@as$ from lines J.7 and J.8.
0

1
0,0)1(0"¢) = |0 L (8,0 + 0, = ~(3,H)(0"H J.23
0:0)1(@6) = [0 L (0,0 + 0,H)] + s 01 5 (0,H)(9"H) (0.23)

(9.9)1 <—T Whe + ;YB%) = —%g((‘?MH)W?f‘(v +H)+ %(@H)B“(v + H)

(J.24)

.

. -/ T )
(%;. WG + %Bw) (6) = DWa(v -+ H)(@ ) — LT B, 0 + H)(@"H)

(J.25)
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We are now ready to put the first term of the lagrangian backttueg.

(D)} (D40) = S @uH) @ H) ~ L@, mWi (o + 1) + UL 0,40 1 ) 2.26)

+ Sy (0 + HY0'H) — ’94Y Bu(v+ H)O"H)  (3.27)

4
g9’ 2, 9 9’ 2

+ T WIWI? 4+ TWIW e H + S WIWEH (J.28)
g’ 9’ g’

+—\W |2v2+Z\W3|2vH+§|W3\2H2 (J.29)

'Y 'Y 'Y
gg Wi, B2 — &I/IfguB“vH gg BrH? (J.30)
/2 2 2
+ T|B|2v2 |B|2 H+2— |B| *H? (3.31)

And the SU (2) gauge fields kinetic terms:

E, - F' = (8,W, — 0,W, — gW, x W,)) - (3"W" — "W+ — gW" x W) 3.32)

—. —. -

= (8, W, — B, W) - ("W — "WH) — g(8,W,, — 8,W,.) - (WH x W") (3.33)

— g(Wy x W) - (0"WY — W) + g* (W, x W) - (WH x W) (J.34)
= (8, W, — O, W) - ("W — Q"WH) — 29(W,, x W) - ("W — d"WH)

(3.35)

2 ‘WH‘Q‘WIJ‘Q - |W,u : I/T’/1/|2 (J36)

(3.37)



Now we're ready to put the lagrangian back together. Aftettle blgebra:
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L= %(aﬁ)(aﬂﬂ) + %mg(v + H)? — 1—)\6(1} + H)? (J.38)
Higgs kinetic, mass, and self-interaction terms
O — D) TV — VL) — L0, W, — 0, W5, ) (0T — 0¥ W)
W= kinetic terms
(J.39)
(O Wa — W) (Y — W) — GG (3.40)
LWy — gV B (W — gV BY) (3.41)

8

J/

TV
Terms that become th&-boson and photon

g

’Y Y ’2Y2

2y2
9= C|BPH + gwmm

-~

W+ mass,trilinear, quadrilinear couplings with the Higgs

U | L
SO X VW) - (PT7H = 0 T7) — g2 (W P2 = [T, T,

/

TV
Quadrilinear couplings among the gauge bosons

2 2 2 2
v I wiwe + “WTWMH + g—WTW“HQ + ﬂ|W3|2H + g—|W3|2H2 (3.42)

(3.43)

(3.44)
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Appendix K: W H Production Amplitude

The Tevatron consists of a proton beam colliding with anpraton beam. So let’s consider
this interaction when an up quark interacts with an antiddopark; the interaction of an anti-up
qguark with a down quark follows analogously. The full Lagyam for the interaction is the sum

of the Higgs Sector of the Standard Model Lagrangian withLitigrangian for a quark doublet.

1 Lo, g°0° t g*v t
L==(9,H)(0"H) + =p*H? + Z—WIW*+ + Z-WiwrH (K.1)
2 2 4 F 2
Higg;rSector
1

=5 2 (OuWi = 0, W) ("W} — 0" W) (K.2)

i=1,2

W boson T(Tnetic terms

viay, (2200 9o+ idn, (L1208 gea + Dudg wite (L2035, (K.3)

’YP 2 ,YP 2 \/§ ,YP 2 .

Quark Doublet

To calculate the cross section for this interaction, | waetinteraction Lagrangian, which is

found by just collecting the interaction terms in the aboagiangian.

2
— g v T 'LLH gVud— PT 1_ 75 K4
£y = S WIWIH + £, v ) u (K.4)

| would like to change the form of the coefficients to be expeekin terms of thél” mass and

electric charge. Usingyy = 4 andey = gsin Oy,

u (p) H(k)

d(p) W(K')

Figure K.1 Associated Production with/d boson
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2
2myy,

L=

_ 1—
. WJW”H—i— €oVud dfprpT <T%) u (K.5)

\/ﬁsin GW
Later, I'll re-express the leftover in terms of the Fermi Coupling Consta@it: = v/2/2v2.
This way, I'll be able to express the cross section in termaedsured quantities.

From the interaction Lagrangian density | need the intesaddamiltonian density.

Hi(z) = m(z)®(x) — L(x) (K.6)

where®(z) is a position-space field andx) is its conjugate momentum field. However, in

this case there are no time-derivatives of fields in the auison Lagrangian density. So itis simply

Hi(z) = —L(x) (K.7)
2m?, eoVud (1 — ’75)
_ wWiwHrH — ue gy WPt [ ——° K.8
v K \\/Qsin Ovw e 2 % (K-8)
Han (@) Hig()
= H[(SC) = H[H(SC) -+ H[q<$) (K9)

The scattering matrix for this interaction is[33]
(Kik|S|pip) =Kk 1] psp) +iks k| T | p'sp) (K.10)
where we recall that the scattering matrix is defined as the-gvolution operator as— oc.
(K5k | S| p'sp) = lim (K k | e | p'sp) (K.11)

The interaction component here is what | want to calculatem~4.90) Peskin and Schroeder[33]

t

WKk [T | phip) = lin )<k’;k|TeXp —i/dt’Hf(t’) | P'sp) (K.12)
t—oo(l—ic
-t

That exponential expands as (from (4.22) Peskin and Scar{33]):

(_2?2 // dt dtaT [Hy(t)Hi(te)] + - - -

t t

T exp —i/dt'HI(t’) =1+ (—i)/thI(tl) +

—t —t

(K.13)
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As we are beginning and ending with two particle states, #versd order term is the first that
can contribute to this interaction, and any higher-ordengecontain loops that we do not address

here. The interaction part of the scattering matrix elerbecbmes
. —1
WKk | T pip) = (K k| % // dt dtsT [Hi(xy)Hi(x)] | 15 p) (K.14)
—t

whereH,(z) = [d®*TH;(z) = [ d*Z [Hu(x) + Hi,(2)], and in the Hamiltonian | replaced the

variablet with full spacetime variable = (t, 2, 9, x3) because all components now come into

play.
— (K k| (_;)2 / / dt dtsT [ / BFH (1) / d?’fQHI(xQ)} | 9 p) (K.15)
= (k' k | #T { / d*x Hy(z1) / d%g%;(@)} (K.16)
= (_;)2 // dayd o (K5 k| T [H (o) Hi(2)] | 2'50) (K.17)
_ # / / Ay d es (K5 b | TTHm (o) g (a) + Hos (o) g (202)+ (K.18)

Hrg(w1)Hrm(x2) + Hig(w1)Hig(w2)] | ' 1) (K.19)

Since | have an interaction that involves both the quark taaind the Higgs, thel; (x1)H g (x2)

andH,(z,)H,(z2) terms do not contribute.
Ny
= ( 22) // d'oyd oy (K k| T [Hig(x1)Hig(w2) + Hig(z1)Hin(22)+] | plsp)  (K.20)

Next, | have to calculate these two time-ordered produsigsi@ithe brackets. Using terms from

expression K.9 above,

T [y Hon(22)] = %T W ()W () H (1) () W () (1 : 75) u(:@)}

- 2e0m¥y Vg ; iy 2l . 11— wlz

(K.22)

+ all contractions (K.23)
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The N operator indicates we explore all possible combinationeddl ftontractions, most of which

vanish as irrelevant. Field contractions will be expressadtionally asA(z) B(x)C(z) to contract



field A with field C.

~ 2eqmiy Vi

vV 2 sin Oy

There some important characteristics to note which wilagyesimplify this mess:

NI (WA ) H () o) W () (1 - ”5) u(zs)

+terms with more than one contractjon

192

(K.24)
(K.25)
(K.26)
(K.27)

(K.28)

(K.29)
(K.30)
(K.31)

(K.32)

(K.33)
(K.34)
(K.35)
(K.36)
(K.37)
(K.38)

(K.39)

(K.40)



193

e Since we are dealing only with the tree-level productiorcpss, terms with more than one

contraction are automatically irrelevant.

e Contracted fields at the same spacetime coordinate cdaedbtups so they are not involved

in tree-level interactions.

e Contractions between fields of different types vanish. Riajly, the contracted fields are

the propagator in the feynman diagram.

e If there are no contractions of a particular fieldzatwith a field atz,, then there is no

interaction between the initial and final states.

e The initial and final particle fields must be uncontractedeyl bontract with the initial and

final state vectors later.

Hence, the only term left is the one that contradté(z,) to W' (x,) in expression K.28—
this establishes the physical propagation d¥aboson field from spacetime coordinatgto z-.

Notice that this is the only transition from initial to finabses possible at tree-level.
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Taking a step back to expression K.20, here’s where we are:

2 2
—1)%eomiy Vud

i<k’;k\T|p’;p>=(

U\/ﬁsin ™ (K.41)
/ / Ao day (K b | (W) W) H () d(w), WP (2) <1 ‘275) ()
(K.42)
o) W) (2572 ) e W)W (o) Hea)) )
(K.43)
ik k| T | psp) = (_UZ’;;ZE%;;“ (K.44)
[ atendtastiss | W) WHa) Hdte 7 ) (572 ) ) | 50
(K.45)
(=) eomyy Vud (K.46)
vv/2sin Oy
[ atandtastiii o, weiGen) (570 ) o)Wl e Hw)] | 5o
(K.47)

The two terms cover two Feynman diagrams:

e u andd quarks interact at spacetime coordinateto become a virtual/’ =, which then

radiates a Higgs boson at spacetime coordinate
e The same situation with spacetime coordinateandz, reversed.

The uncontracted terms now contract with the initial andlfstate vectors, corresponding

physically to the incoming and outgoing particles of the rfegn diagram. They contract as



195

follows:
(K| Wi(z) = (0] e (K)e™ " (K.48)
(k| H(z) = (0] e™*® (K.49)
d(z) | p) = e =d (p') | 0) (K.50)
u(z) | p) = e "u(p) | 0) (K.51)

wherery, o are the fermion spins.

In position-space, thB” propagator includes an integral over the momengum

dq [ —9" T
WpT(xl)Wum):/ (2%)4i[q ] CE (K.52)
w
(K.53)

Let’'s make the replacements in the scattering matrix.

(—1)?eom¥y Vg
vV/25sin Oy
H P
- . d —g" + T3 .
// d4$1d4$2[<0 | ES*(]{]/)€Zk - <0 | ezk-:m/ q i . W. efzq-(:cgfxl)
L S ] (2m)* | ¢® — my, +ic

W'I‘ H N ~ J
W —propagator

iK'k | T | psp) =

(K.54)

(K.55)
—ip’xo Jr1 (1 1 - V5 —ip-Ta, T2
e P d(p) [0y  —5— ) e P (p) | 0)] (K.56)
b w
(i) eomiy Vaa (K.57)
2 sin Oy
P
-/ - d4q _gHP_'_‘zn_g . 1—75
d4 d4 —iple gr1 / 0 / . w —iq-(x1—x2)
// 1 552[f v(p) | >J’Vp (2ﬁ)42 [q2 _m%/v 1 e € 9
Cz \ S
W—p?c;Jagator
(K.58)
P (p) [0) (0] (W) (0] ey (K.59)

v ~~
u wt H
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Integratingz; andx, over the exponentials is the very definition—or one of mafhg-4dim Dirac

delta function.

S 2 2 Vu _g/»‘p_i_ z:—qp _
ik | T pip) = [“ i) comy d} / d'qe;” (k) [—q L) (K60)

vv/2 sin Oy 2—md, +ic
1 —
Vo (72 %) u' (p)(2m)* 61 (=K — k — q)0* (p + p+q) (K.61)
i(—i)2eom; Vi, - 1—7 .
' [ (v )Q;HEV d}/d%d“p')%( 2 5)u2<p> (K.62)
w
_gkp 4 2"4°
g t m%/v sk /7. 4 cd ’ YOI,
P (K)(2m)'6 (=K =k —q)8' (' +p+4q)  (K.63)
w
(—i)2eqm?, V, —g"+ T
. l{}/k T /. _ Z( Z) oMy Vaud 9 4 g% ]{]I 7 my I , K 64
0k 7o) = | SO oyt () | | G, (k64
1 —
(S5 'l + 0= = 1 (K.65)
i(—1i)%egmi, Vi, - 1— .
i comiv Vaa | (o1 gy, (1222 () (.66)
vy 2 sin Oy 2
—ghr 4 4
[M—szw e (K0 +p—K — k) (K.67)
w

Now that the integral oveg has been carried out over thdunctions, it is understood that =

kK + k = p' + p explicitly now.

. _ghr 4 9°
R T 1) = |22 i) [# (K69
"™ (p') v, (1 _2%) u(p)d*(p' +p— K — k) (K.69)
Recall from Peskin and Schroeder (4.73)[33]
ik k[T pp) = m)* 6 (0 +p—K — k) - iMp,p — K, k) (K.70)
Finally, the invariant amplitude for Higgs associated prctébn with alv’ *-boson is
. _ghr 4 9
it = |2t ey [—q2 ! mgv s e (F50) ) K
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Appendix L: H — WW Lagrangian Density To Invariant Am-
plitude

For a Higgs boson decay to tWw bosons, the Lagrangian density comes from the Higgs sector
of the standard model Lagrangian. TAdoson and photon terms can be excluded.
g2U2
4

~
Higgs Sector

t g
WIW" + =W H

J

L= % (0,H) (0"H) + %,uQHQ 1

1 @ - W) @ W - W)

i=1,2

N J/

TV
W boson kinetic terms

To calculate the invariant amplitude for the decay, | wastititeraction Lagrangian.
2
— Iyt
L= TWMWMH
From this | need the interaction Hamiltonian density.

M=) w(2)d(x) - Li(z)

fields
whered(z) is a position-space field andz) is its conjugate momentum field. However, in this

case there are no time-derivatives of fields in the intevadtagrangian density. So it is simply
H](l‘) = —E
2
— I Uy
= —TWHW“H
The scattering matrix for this interaction is

(kv ko|S|p) = (k1, ka|1]p) + i(ky, k| T|p)

where we recall that the scattering matrix is defined as the-gvolution operator as— co.

(k1. kol Slp) = lim (R, Kol 9p)
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The interaction component here is what | want to calculatemH4.90) Peskin,

t

ik, ko |T |p) :Hc}gg{ie)%l’kﬂjﬂe}{p —i/dt/HI(t/) p)
—t

That exponential expands as (from (4.22) Peskin)

t

t
T exp —z’/dt’HI(t’) =1+ (—i)/dtlHI(tl) +

—t —t

(_21')2 // dtdtsT [Hy(t))Hy(ta)] + - - -

This scenario is just a tree-level decay—there are no lampserisider or propagators between
two spacetime coordinates andz,. Hence, let’s consider only the contribution from the 1slsor
term. The interaction part of the scattering matrix becomes

t

ummwm%ummen/wmumm

—t
whereH,(z) = [ d*xH,(z), and in the Hamiltonian | replaced the variabith the full space-

time variabler because all components now come into play.

i{ky, k| T|p) = (—i)(kl,k2|/dtl/d?’x?-l[(:cﬂp)

— ikl [ dlars(o)lp)

= / d*x{ky, ko|Hi(z)|p)

= —i [ d*z{ky, k 9ty
- 17 2| 2 1 |p>

—ig*v

=— /d4x<k1,k2|WgW“H|p>

Assume the fields are now contracted with their state vectors



If we go to my contractions section:

(k[ W,u(2) = (0]e, (K, A)e™

H|p) = e~"7|0)
Using these

ig%v

i<k1, ]{Z2|T‘p> = T /d4x6;<k1, Al)eikl-me*ﬂ<k2’ )\2>€ik2-1'€7ip-1'

) 2@ Iz i —p)-
- gT/d%e;(kh)w)e* (g, Ag)e/kithep)e
i92v « ol 4 4
= Teu(kl’ A€ (Ko, A2)d" (k1 + Ky — p)(2m)

Recall from (4.73) Peskin

’i<k31, k?2|T|p> = (27’(’)454(1{31 + k’g — p) . ZM(p — k?l, k?g)

ig%v

= IiM = TEZ(kﬁl, Al)E*H(kQ, )\2)
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Appendix M: H — WW Invariant Amplitude to Decay Rate (I")

The decay rate from (4.83) Peskin is

I =

1 d3ky d3ky }

2my | 2E1(27)3 2E5(27)3 > IMPE)S (ky + ks — p)

A1,A2

So let’s square the amplitude

ZM ngw€ (k’l, )\1) (k’g, )\2)

IMP = g2y (en (ks M)es (M) (€ s, Aa)e (s, A2))

Now deal with the spin sum

Z IM|? = g*m3, Z (k1 A)en(ki, M) (€7 (Ko, Aa)e” (Ko, A2))

)\1 )\2 )\1 )\2

Kk k5 kY
2,2 [ _ 1ply 7 272
s (oot S ) (458

kb kY ky,k ki,k1, kS kY
2, 2 v 22 v vlphvly 1pulviphvg vy
=g My <g,uug'u — G m12/v - g,u ,r;;g/v + Mm%,v )
k2 k? ky - ko)?
me%(4- - §+(14ﬂ)
my, - My myy

Recall that in a reaction the 4-momentum squared is a redatvnvariant. Using this invariant,
we may alternate among before and after the decay, and \gévam the lab frame or CM frame
(or any other frame). In this case, let’s try before and atwray entirely in the CM frame. This

meang’ = 0, and for thel’ boson energy and momenta = F, = F, El = —EQ = L.

k2 EQ_EQ 2 ];’2_]22
N _ H:(mw+\2\> L
myy, myy, myy,




Also,
(m,0)? = (B, + By, ky + ky = 0)?
my = 4E3 = 4(mjy, + [k[)
mi = 4m12,v + 4|l§|2
my; — 2miy = 2(miy + 2/k[)

2 2

:kj -k:
2 1 2

where in the last line | used
ky - ky = (B, ky) - (B, k)
= (B, k) - (Ey, k)
= E* + |k|?
= (miy + [k[*) + [k]?

= miy + 2|k

Now we may put these results back into the spin-summed exwvbamplitude.

2 92 )2
S M = gty (4114 )

4m?
AL, w

m2, — 4m2,m2 + 4m?
927”12/11 <2+ H wn W)

4 4 4 4 4 2
_ <3mH Cdmy,  omy omp dmyy mH)
= w 1 1 1 1 1 2
dmy, my o dmy dmy, o mEp o myy
s o MY 12my,  4miy,
— 9wy mh 2
W H H
2,4 2 4
_g'my ( _Amiy 12mw)
1 2 1
dmy, mi myy
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Put this into the decay rate.

1 Bk, By | g?md, am?,  12mb, .
dl = 1 - 2 ) 54 ey + ey —
2my [2&(%)32&(%)3] 4mév< w2 T, ) GV (Rt ke =)
g my 4mW 12mW /d kl d kQ 3,7 -
= 25522 \ L~ S(Ey + By — E)5°(ky + ks —
32<2w>2mﬁv( w2 T, ) | B B (B Bk k=)

In the CM frame £, = my andp = 0.

23 Am2, 12md By Bk L
g M <1— M mw)/ ! 25(E1+E2—mH)53(k:1+k2)

T 32(2m)%m2, mZ, | m E, E2
 gPmy ( 4mW 12mw) /
= 352 2m2 \ 1 T
32(2m)*miy miy \/m + ka2 \/m + |Ey?

Perform thek, integration. Because 6F (k,+#ks), this will just enforcek, = —ky = |ky|2 = | k|2
Since we are dealing only with these momenta squared ndsvdieip the index and just u$é|.

23 Am2%,  12mé Bk
T mzH 2 (1 - m2W + TZW) / =—0(Ey + By —mp)
32(2m)*miy, My My miy, + |k|?

Express the remaining differential in spherical coordésalk = |k|2d|k|sin 6d6dp, where
[ sin@dfdg = 4.

2,3 2 4 2
g*m3; <1 _Amiy N 12mw> / k| d|k|sm€d0dgb S(Ey + Ey — my)

e, e  m i, + W

In the CM frame E, = Ey = \/m3, + |l§|2.
2m3 4 12 k|2 -
r—_9mu mH2 1— mQW mW / |k \ 1] 5| 20/ md, + k> — mpy
8(4m)ms, myy

m2, + |k|?

E1 -+ E2 - mH)53(E1 -+ E
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We must take care here. The integral is oN?érbut the argument of thé&function has more
than one zero, so there is an ambiguity of which vaﬁjeshould take from the integration. Fortu-

nately, it is possible to expand thgunction as follows:

S(0) =3 7 o =)

J

wherej counts over the zeros ¢fiz) and ' = L. Let f(k) = 2y/m}, + k|2 — my; and find the

Zeros:
my = 2\/m2, + |k|?
it~ i, (R
i (m3; —2m3y) = k?
R

However, a negative momentum magnitude doesn’'t make senae ®nly use the positive

one.

(ko) -
\/m%, + 2my —myy,
m2, — 4m?

(ko) = Il{mz W

2

2
(ko) = o miy — 4miy,
mpyg - 1
> 0) = 5 (1F] - oy — i



Put this into the decay rate.
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2,3 Am?2 12m . 72 L
- (1t B [ (1 )
32mmyy, my myy m2, + |k|? QM 9
g*m?, - 4mz,  12my, Lm% — 4mi,) o
32mmi, m my ) m¥, + i(m% —4m2,) 2\/m?2, — s,
= g'mi 1 — 4m%4, 127”%4/ i(qu - 47”%1/) mpy
N A A Y =
_gPmy 1 4m2,  12mi, m2, — 4m?,
- 32mm3, m2, m o
| Gemiy (| Amiy | 12myy 42,
B 8\/571‘ qu m‘}{ m%}
whereG = Y24 = C& = 0,
w w
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Appendix N: W Z Cross Section Measurement irs.9fh ™
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