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Abstract

The Large Hadron Collider (LHC), the world’s largest and highest-energy particle
accelerator, is leading particle physics into a new era. This experiment will very
likely to discover the mechanism responsible for electroweak symmetry breaking and
also possibly new particles at the TeV scale.

This thesis addresses some topics which we may hope to probe at the LHC. Chap-
ter 1 serves an an introduction, reviewing the Standard Model and introducing all
the topics covered in this thesis. In Chapter 2, we discusses the evaluation of PDF
uncertainty of W — fv cross section at the LHC with the Hessian Method. In Chap-
ter 3, we discusses the search channel for boosted Higgs boson produced with a vector
boson using Jet Trimming Technique. In Chapter 4, we discusses a new collider based
probe of electroweak symmetry breaking, designed to look for models that approx-
imate the Standard Model at the electroweak scale, but which deviate from it at
higher energies. In Chapter 5, we discusses the feasibility of seeing a Higgs boson
which decays to four bottom quarks through a pair of long-lived (pseudo-)scalars. In
Chapter 6, we investigates various sources of the systematic uncertainty in the dijet

mass distribution of W+jets at Tevatron . Chapter 7 contains the conclusions.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is a theory describing the electromag-
netic, weak, and strong nuclear interactions, which mediate the dynamics of the
known subatomic particles. The SM was first proposed and analysed over 40 years
ago [4, 5,6, 7,8, 9]. Because of its success in explaining a wide variety of experimental
results, the SM is sometimes regarded as a theory of almost everything. However, we
still have yet found the Higgs boson, which is necessary to keep the SM self-consistent.
Moreover, the SM possesses certain theoretical traits which modern field theory tells
are less than desirable (e.g. fine tuning).

Fortunately, LHC has already begun to take data, which allows us to probe the
SM at unprecedented energies, and look with incredible precision for the signatures
of new particles. Over the next decade we can expect to discover the SM Higgs boson
(or probe whatever else does its job). This thesis presents several results in particle

physics phenomenology relevant to this exciting era.



1.1 The Standard Model

1.1.1 Particles

The fundamental particles described by the SM can be split into two subsets. Particles
which carry a half integer spin are classified as fermions and can be further subdivided
into quarks and leptons. The other subset consists of particles with integer spin and
these are classified as bosons. These bosons serve as the mediator particles of the
electromagnetic, weak, and strong forces. The bosons could also have charges and
thus may interact with each other.

The fundamental fermions and bosons described by SM are shown in Table 1.1.
There are 12 fermions, which consists of six quarks (up, down, charm, strange, top
and down), three leptons (electron, muon and tau), and three neutrinos (electron
neutrino, muon neutrino and tau neutrino). The fundamental bosons are: gluon (g)
carries the strong force, the photon () the electromagnetic force, and the W*, W+
and Z the weak force. One final boson, the Higgs boson, has been postulated but not

observed experimentally.

1.1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a theory of the strong interaction (color force),
a fundamental force describing the interactions of the quarks and gluons making up
hadrons (such as the proton, neutron or pion). In the SM, QCD is a gauge theory of
a SU(3). gauge group, and the Lagrangian is:

1
~Ge G (1.1)

CQCD = 1@(@7“8# - m)%‘ - QGZQZH“TZ‘%‘ - 4

where 1); is the quark field, in the fundamental representation of the SU(3) gauge

group, and Gf is the gluon field, in the adjoint representation of the SU(3) gauge



Quarks (spin=%)
Particle | Mass (GeV) | Electric Charge (q)

d 0.0041-0.0058 -5
u | 0.0017-0.0033 2
s 0.08-0.13 -3
c 1.18-1.34 2
b 4.13-4.37 -3
t 170.4-173.6 2

Leptons (spin=1)

Particle | Mass (GeV) | Electric Charge (q)

e 0.000511 -1
Ve <5 x 1077 0
L 0.106 -1
Vy 1.9 x 1074 0
T 1.777 -1
v, 0.0182 0

Bosons (spin=0,1)
Particle | Mass (GeV) | Electric Charge (q)

g 0 0
0 0 0
w+ 80.376 1
Z 91.166 0
H >114 0

Table 1.1: Table of SM particles. Antiparticles are charge conjugates of a particle
with the same mass. The Higgs bosons are not yet experimentally discovered.

group. Tj; are the generators of the SU(3) gauge group. The Gell-Mann matrices
provide one such representation for the generators. G, is the gauge invariant gluonic

field strength tensor, given by
G, = 0.Gy — 0,G}, — gf“chZGf, (1.2)

where f¢ are the structure constants of SU(3).

The QCD has two special features:

e Confinement: the force between quarks does not diminish as they are separated.

This means it takes infinite amount of energy to take apart two quarks, and



they are forever bounded into hadrons.

e Asymptotic Freedom:the interactions between quarks become weaker at higher

energy scales or shorter distance.

Because of the Asymptotic Freedom, the computation of QCD described by per-
turbation theory is accurate in experiments performed at very high energies. However,
when it comes to low energy scale QCD, the theory becomes strongly interacting,
and there is no First Principle computation available. For instance, the Parton Dis-
tribution Functions (PDF) are extracted from a global analysis of the experiments

worldwide.

1.1.3 Electroweak Interactions

In particle physics, the electroweak interaction is the description of two of the four
known fundamental interactions of nature: electromagnetism and the weak interac-
tion. Although these two forces appear very different at low energies, the theory
models them as two different aspects of the same force. Above the unification energy,
on the order of 100 GeV, they would merge into a single electroweak force.

The SM electroweak interaction is an SU(2), x U(1)y gauge theory containing
three SU(2), gauge bosons, W/i, i =1,2,3, and one U(1)y gauge boson, B,,. The

Lagrangian for the electroweak interactions is divided into four parts:
LEW = ﬁgauge + ‘Cfermion + *Chiggs + *Cyukawa (13)
The gauge interactions describe the interaction between the W fields and B field:

1 ) vi 1 v
'Cgauge — _ZWMVW’H - ZBNVBM (14)



Wi, = oW, —0W.+ge*Wiw) (1.5)

1%

By, = 0,B,—08,B, . (1.6)

The fermion interactions describe the interaction between the fermion and gauge

fields:
where the Q and L are SU(2) fermion doublet, and u,d and e are SU(2) singlet, and
g/

D, =0, — igT W, — i BY. (1.8)

The interactions describe the interaction between the Higgs field itself and between

the Higgs field and the gauge fields:
Lhiggs = |Duq)|2 - V(®) (1.9)

¢ is a complex scalar SU(2) doublet:

+
o = ¢ (1.10)
(bO
with a scalar potential given by
2
V(®)=p?| 'O | +)\(] ol \) (1.11)

the state of minimum energy for x? < 0 is not at ® = 0 and the scalar field develops

a VEV. The direction of the minimum in SU(2), space is not determined since the



potential depends only on the combination ®'® and we arbitrarily choose

®) = ! !
-7 (112

With this choice the scalar doublet has U(1)y charge (hypercharge) Yo = 1 and the

electromagnetic charge is
(T 3+ Y)

Q="" (1.13)

Therefore,

Q(P) =0 (1.14)

nd electromagnetism is unbroken by the scalar VEV. The VEV hence yields the

desired symmetry breaking scheme,

Now, we will show how W and Z gauge bosons become massive from Higgs Mecha-
nism:
L, = (D"®) (D,®) - V(®), (1.16)
1 0

*=— . (1.17)

which gives the contribution to the gauge boson masses from the scalar kinetic energy

term |,
0

1 1 1, 1\’
5(0,1}) EgT-WM—l—ig B, (1.18)
v

The physical gauge fields are then two charged fields, W¥, and two neutral gauge



bosons, Z and 7.

1 .
g 9Bt Wy (1.20)
N '
B, +gW;
AF = M (1.21)

The gauge bosons obtain masses from the Higgs mechanism:

—_
N
[\

Mg, = 79 (1.22)
1

My o= (g4 0 (1.23)

My = 0. (1.24)

Since the massless photon must couple with electromagnetic strength, e, the coupling

constants define the weak mixing angle Gy,

e = gsinfy (1.25)

e = ¢ cosby (1.26)

Finally, the Yukawa interaction is the interaction between the fermions and the Higgs

Fields and it is responsible for the mass generation of the fermions:
£yukawa = _)\szq)dz — )\UQZ(I)CU,Z — Ael_/iq)ei + h.c. (127)
This gives the effective coupling

1 _ 0
_)\d_(ﬂL, dL) dR -+ h.c. (128)
V2 v+ h



Figure 1.1: A loop correction to the SM Higgs boson mass.

which can be seen to yield a mass term for the down quark if we make the identification

Ay = V2 (1.29)

v

And hence we could generate mass for up quark and charged leptons. Since the

neutrino has no right handed partner, it remains massless.

1.2 Physics Beyond the SM

Although the SM is very successful in describing physics at energies separated by
many orders of magnitude, it is not perfect. The main problem is that the SM Higgs
boson is supposed to be a fundamental scalar, whose mass is not protected by any
symmetry from its loop interaction cut-off by the Plank scale shown in Fig 1.1. The
Higgs boson is so much lighter than the Planck mass (or the grand unification energy,
or a heavy neutrino mass scale): one would expect that the large quantum contribu-
tions to the square of the Higgs boson mass would inevitably make the mass huge,
comparable to the scale at which new physics appears, unless there is an incredi-
ble fine-tuning cancellation between the quadratic radiative corrections and the bare
mass. Therefore, if the SM is really correct, then the parameters of the theory must
be tuned against each other with an incredible, seemingly unnatural, precision. This
concern is known as the hierarchy problem.

Many solutions of hierarchy problem has been proposed, with different degrees



of success. Supersymmetry [11] supposes there is a symmetry between fermions and
bosons, so the chiral symmetry which protects the mass of fermions in turn protects
the mass of the Higgs boson. Other theories suggest the Higgs boson mass is stable
at the electroweak scale because it is the pseudo-Goldstone boson of an approximate
symmetry [12, 13, 14]. Some theories even remove the Higgs boson altogether, break-
ing SU(2) x U(1) with the condensate of strongly interacting fields, in analogy to
the chiral symmetry breaking of QCD [15, 16]. This is not a comprehensive list ,and
already most of the theories here have run into tension with experimental data!. The
point one should take away is simply that most considerations of naturalness hint
that the SM picture of electroweak symmetry breaking is not the full story, and most
attempts to construct a more appealing theory require new physics states near the

TeV scale.

1.3 Overview of Research Presented in this Thesis

The research presented in this thesis touches upon many of the topics presented in
the preceding pages. To reiterate, the main concern of particle physics at the TeV
scale is to understand the nature of electroweak symmetry breaking (i.e. finding the
Higgs boson or whatever else does its job).

The research presented here begins, in chapter 2, with a study of the PDF Uncer-
tainties in the W — (v Cross Sections at the LHC. The W production cross section
measurement at the LHC is not only a test of the SM, but also serves as a important
tool to measure the luminosity through a comparison of the measured rates to the best
theoretical calculations of the cross-section. Therefore, it is important to estimate the
systematic error of the cross section calculation of this channel. Due to the limita-

tions in present lattice QCD calculations, the known parton distribution functions

!The tension between new models of electroweak symmetry breaking, which usually require states
near the TeV-scale, and precision data, which excludes most new states below ~ 10 TeV, is known
as the little hierarchy problem [17, 18].



are instead obtained by using experimental data. We use Hessian Error Method to
estimate the systematic uncertainty of W production cross section propagated from
the uncertainties on the PDF parameters.

In Chapter 3, we propose a new search strategy for the SM Higgs boson. The
motivation for this strategy is the observation that the data from both the LEP and
Tevatron experiment prefer a light Higgs boson around 120 GeV. With this mass,
the Higgs boson will mostly decay to b quarks and previous study shows this channel
is very challenging. However, if we require that the Higgs boson is produced with
a vector boson and they are both boosted, we could reduce the QCD background
significantly. In addition, after we will apply jet trimming, a modern jet technique, to
the Higgs jet, we could get a very good resolution of the Higgs boson mass. Combining
everything together, we are able to achieve a statistical significance of 4.5 ¢ for a 115
GeV Higgs boson with 30fb~! at the LHC.

In Chapter 4, we discusses another collider measurement related to electroweak
symmetry breaking. The motivation for the research presented in this chapter is the
observation that all the constraints from precision data hint that we will discover a
particle which looks very much like the SM Higgs boson. Now, the particle we find
at the LHC/Tevatron may not be the SM Higgs boson. It could, for instance, be a
composite state from dynamics above the TeV scale. However, should we discover
such a particle and measure its quantum numbers and couplings, they would proba-
bly be very close to those of the SM Higgs boson, and given the messy environment
of the LHC it would be difficult for physicists to claim they have seen unambiguous
signs of phenomena beyond the SM based on, say, a 20% discrepancy in a particular
Higgs decay channel. This is a problem, because without any additional handle we
would have to wait for experiments to directly produce new physics states, and these
could be out of the reach of our most powerful colliders. Chapter 4 proposes a new

measurement designed to detect new phenomena from beyond the SM physics which

10



could subtly alter the couplings of the Higgs boson to gauge bosons. In particular, we
propose measuring the shape of the angular distribution calculated from the decay
products of gauge bosons produced in vector boson fusion. Because it measures a
shape, rather than a rate, this measurement is not susceptible to the large experi-
mental uncertainties which normally accompany the measurement of Higgs couplings.
Unless we see more obvious signs of new physics, this sort of measurement might our
best shot at understanding electroweak symmetry breaking using collider data.

In Chapter 5, we introduces another search strategy for the Higgs boson, with
four bottom quarks final states through a pair of long-lived (pseudo-)scalars. In this
chapter, we will focus on the fact that all the tracks from the signal are produced at
highly displaced vertices, therefore, they will have quite substantial impact parame-
ters. After applying several powerful cuts, we are able to reduce the major background
substantially, and we are likely to discover this channel with 16~ luminosity at LHC
with 7 TeV center-of-mass.

In Chapter 6, we discusses the systematic uncertainty for dijet invariant mass dis-
tribution associated with the W boson at the CDF. In this chapter, we will investigate
the sensitivity of the dijet mass distribution to various parameters, for example, Par-
ton Distribution choice, renormalization and factorization scale choice, jet matching
scale choice, and different Monte Carlo Generator choice. We find out that the biggest
uncertainty is from the difference between the MLM matching and CKKW matching

scheme.

11



Chapter 2

Evaluation of the PDF
Uncertainties in the W — /v Cross

Sections at the LHC

We study the PDF systematic errors in the measurement of the W — /(v cross-
sections at the LHC. We consider the systematic errors in both the total cross-section
and acceptance for anticipated experimental cuts. The method employed here is the
Hessian method. In this method, the x? function, which is used to extract the “best
fit” between the theory and the experiment, is used to explore the neighbourhood of
the global minimum in order to quantify the uncertainties. This chapter derives from

ref.[1]

2.1 Motivation

A precise measurement of gauge boson production cross-sections for pp scattering will
be crucial at the LHC. W and Z bosons will be produced copiously, and a careful
measurement of their production cross-sections will be important in testing the SM

more rigorously than ever before, and uncovering signs of new physics which may

12



appear through radiative corrections. In addition, these cross-sections have been pro-
posed as a “standard candle” for measuring the luminosity through a comparison of
the measured rates to the best theoretical calculations of the cross-section. Investiga-
tion of this means of measuring luminosity began at the Tevatron and will continue
at the LHC [19, 20].

The dominant production mechanism for Z or W bosons is the Drell-Yan pro-
cess [21], in which a quark and anti-quark annihilate to form a vector boson, which
subsequently decays into a lepton pair. The W production process is actually ob-
served through the charged lepton and missing energy of the neutrino produced in
its decay. In general, the cross-section may be inferred from the number N> of

observed events via the relation
N = o' " BR(W — (v)Aw / Ldt. (2.1)

Aw is the acceptance obtained after applying the experimental selection criteria. For

example, if the cuts require p,, > p;“m, 0 <0 < Npas, and v/ >E,;m”, then

A ' 1 Vel ¢ Vel
min — d dp..t
W(pT ’nmax) gtOt BR(W N gy) \/pmzn pT /Evmin pT
T T

/nmd /Ood dlo BR(W — () (2.2
X 3 Y .
) dp..* dp.,»dnedn, ( ) (22

77 max

Alternatively to the W production cross-section measurement, the corrected W
yield can be used as a standard candle for a luminosity monitor in LHC if one cal-
culates the cross-section and solves for [ Ldt. The theoretical cross-section may be
constructed by convoluting a parton-level cross-section 7, for partons a and b with

the parton density functions (PDFs) f,, f, for these partons,

1
o "BR(W — tv) =) / deydzy fo(21) fol2) Gap(21, 22) (2.3)
a,b 0

13



integrating over the momentum fractions x;,zs, and applying cuts relevant to the
experiment.

There are various sources of theoretical uncertainties in this computation, and
here we will focus on the errors from the PDFs with the Hessian Method described

in [22].

2.2 PDF's parametrization and The Hessian Meth-
ods

The parton distribution function (PDF) is defined as the probability density for find-
ing a particle with a certain longitudinal momentum fraction x at momentum transfer
Q?. Because of the inherent non-perturbative effect in a QCD binding state, PDFs
cannot be obtained by perturbative QCD. Due to the limitations in present lattice
QCD calculations, the known PDF's are instead obtained through the global analysis
of experimental data from a wide range of hard-scattering processes, using perturba-
tive QCD to calculate the hard scattering and to determine the dependence of the
PDFs on Q by the renormalization-group based evolution equations.

The PDFs are specified in a parametrized form at a fixed low energy scale Qo,
which we choose to be 1 GeV. The PDFs at all higher ) are determined from these

by the NLO perturbative QCD evolution equations. The functional forms we use are
f(z,Qo) = Aga™ (1 — )™ (1+ Aza™) (2.4)

with independent parameters for parton flavour combinations u, = u—1u, d, = d —d,
g, and @ +d. We assume s = 5 = 0.2 (4 + d) at Qy. Therefore, there are a total of
d=16 independent parameters, referred to generically as {a;}.

To extract the PDFs, we will define the y?, which measures the quality of the fit

14



between theory and experiment:

Dn] - Tn[ 2
=y (—M ) (2.5)
I

where T,,;, D,, and o,; are the theory value, data value, and uncertainty for data
point I of data set (or “experiment”) n. We find the parameter set that minimizes it
to obtain a “best estimate” of the true PDFs, denoted by Sj.

To study the uncertainties, we must explore the variation of x? in the neighbour-
hood of its minimum, rather than focusing only on Sy as has been done in the past.
Moving the parameters away from the minimum increases x? by an amount Ay?. It

is natural to define the relevant neighbourhood of the global minimum as
Ax? < T? (2.6)

where T'is a tolerance parameter. The Hessian formalism developed provides a reliable
and efficient method of calculating the variation of all predictions of PDFs in this
neighbourhood, as long as T is within the range where a quadratic expansion of >
in terms of the PDF parameters is adequate.

The standard error matrix approach begins with a Taylor series expansion of x*(.9)
around its minimum Sy, keeping only the leading terms. This produces a quadratic

form in the displacements from the minimum:
d d
A =X =x3 = Y. Hij(ai—a))(a;—af) (2.7)
i=1 j=1

where x5 = x*(So) is the value at the minimum, {aj} = {a;(So)} is its location, and
{a;} = {a;(S)}. H;; is the Hessian matrix ,the matrix of second derivatives of x? at
the minimum.

The Hessian matrix H;; has a complete set of orthonormal eigenvectors v;;, defined

15



d
ZHijUjk = €, Vik (2.8)
j=1

d

> vwva = o, (2.9)
=1

where {e;} are the eigenvalues and dy, is the unit matrix. Displacements from the

minimum are conveniently expressed in terms of the eigenvectors by

d
a; —a) = Z Vik Sk 2k (2.10)
k=1

where scale factors s, are introduced to normalize the new parameters z; such that

A =) % (2.11)

ith this normalization, the relevant neighborhood (2.6) of the global minimum corre-

sponds to the interior of a hypersphere of radius 7"

d
d o<1 (2.12)
k=1
Now we will construct the Eigenvector Basis PDFs {S; ( =1,...,d} as:
2(SF) = £t 0k - (2.13)

More explicitly, Si is defined by (21,...,2q4) = (£,0,...,0), etc. We make displace-
ments in both directions along each eigenvector to improve accuracy; which direction
is called “up” is totally arbitrary. As a practical matter, we choose ¢t =5 for the
displacement distance.

Let X(.5) be any variable that depends on the PDFs. It can be a physical quantity

16



such as the W production cross section. The best-fit estimate for X is X% = X (Sj).

To find the uncertainty, it is only necessary to evaluate X for each of the 2d sets

{87}

DY) = X(S) - X(S;) (2.14)
J 1/2

DY) = (Z[m@@?) (215)
. (2.16)

Finally, as defined in[22], the master equation we will use to evaluate the uncer-

tainty is:

T
AX = — D(X) |. (2.17)
2t

2.3 Results

Figure 2.1 and Figure 2.2 show the results of the inclusive W to di-lepton production
cross-section using various CTEQ [25] and MRST [23] PDFs. The upward shift of
about 7% (between CTEQ6.1 and 6.5 and MRST2004 and 2006) results from the
inclusion of heavy quark effects in the latest PDF calculations. The acceptance due

to the cuts in Table 2.1 using each of these PDFs is shown in Fig 2.3 and Fig 2.4.1

Transverse Missing Transverse
Momentum (GeV/c) | Pseudorapidity Energy (GeV)
Cut 1 pr > 25 In| <1 B > 20
Cut 2 pp > 25 1<|n <22 B >20
Cut 3 pr <25 In| <1 B > 30

Table 2.1: Acceptance regions for the PDF uncertainty study

!Theoretical issues which may affect the contribution of the PDFs to the NNLO K-factor are
not included here as we are concerned primarily with the error at NLO. See Refs. [24] for details.

17
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Figure 2.1: Comparison of W~ — [V total cross-sections for several recent PDF
calculations.

The difference in the uncertainties (approximately a factor of two) between the
results obtained from the CTEQ and MRST PDF error sets is due to different as-
sumptions made by the groups while creating the eigenvector PDF sets.

Finally we study the sensitivity of the kinematic acceptance calculations to the
uncertainties affecting the PDF sets. Fig 2.5 and Fig 2.7 for W~ and Fig 2.6 and
Fig 2.8 for W+ show the systematic error on the production cross-sections as a func-
tion of the |n| cut and minimum lepton py for variations on the three types of cuts
in Table 2.1. The fractional uncertainties, shown in in the same figures, demonstrate
that the relative uncertainty in the cross-section is very flat as a function of the kine-
matic cuts, until the region of extreme cuts and low statistics in the MC are reached.
The corresponding uncertainty on the acceptance as a function of the kinematic cuts
is shown in Fig 2.9 and Fig 2.11 for W~ and Fig 2.10 and Fig 2.12 for W*. These
show a similar dependence to the cross-section uncertainties, though the fractional

errors are smaller.
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Figure 2.2: Comparison of W+ — [Tv total cross-sections for several recent PDF

calculations.

2.4 Conclusions

The PDF uncertainty is evaluated for W — fv at the LHC, shown in Table 2.3. The

errors are asymmetric, so we take the largest of the two (up or down) uncertainties as

the total fractional error for the PDF calculation. We choose the first cut set, since

it is the most representative of likely analysis cuts at the LHC experiments.CTEQ

errors, rather than the MRST errors, are used because they give a more conservative

estimate. The results are shown in Table 2.2.

PDF Uncertainty (%)

W

W+

Cross-Section Ao

Acceptance AA

Cross-Section Ao

Acceptance AA

3.31

2.22

4.01

2.28

Table 2.2: PDF Uncertainty on the W production cross-section Ao, and acceptances

AA.
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Figure 2.3: Comparison of W~ — [77 (£ = e or u) acceptances A, with several recent
PDF calculations for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as
defined in Table 2.1. The left-hand plots show the total acceptance and the right
hand plots show the fractional error on the acceptance.
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Figure 2.4: Comparison of W'+ — [Tv (¢ = e or pu) acceptances A, with several recent
PDF calculations for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as
defined in Table 2.1. The left-hand plots show the total acceptance and the right
hand plots show the fractional error on the acceptance.
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Figure 2.5: The W~ — [77 cross-section o (£ = e or u), as a function of the p.. cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the invariant mass and |n| cuts at their specified
values, and vary only the p,, cut. The figures on the right show the relative errors in
the cross sections.
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Figure 2.6: The W+ — [*v cross-section o (¢ = e or y), as a function of the p, cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the invariant mass and |n| cuts at their specified
values, and vary only the p,, cut. The figures on the right show the relative errors in
the cross sections.
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Figure 2.7: The W~ — ["7 cross-section o (¢ = e or p), as a function of the |n| cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the invariant mass and p cuts at their specified
values, and vary only the |n| cut. The figures on the right show the relative errors in
the cross sections.
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Figure 2.8: The W+ — [*v cross-section o (¢ = e or p), as a function of the |n| cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the invariant mass and p cuts at their specified
values, and vary only the |n| cut. The figures on the right show the relative errors in
the cross sections.
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Figure 2.9: The W~ — [77 acceptances ({ = e or u) A, as a function of the p, cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the missing energy and |n| cuts at their specified
values, and vary only the p,, cut. The figures on the right show the relative errors in
the acceptances.
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Figure 2.10: The W+ — [*v acceptances (¢ = e or i) A, as a function of the p,, cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the missing energy and |n| cuts at their specified
values, and vary only the p,, cut. The figures on the right show the relative errors in
the acceptances.
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Figure 2.11: The W~ — [T acceptances (¢ = e or u)A, as a function of the |n| cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the missing energy and p.cuts at their specified
values, and vary only the || cut. The figures on the right show the relative errors in
the acceptances.
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Figure 2.12: The W — [T acceptances(¢ = e or u) A, as a function of the |n| cut
for acceptance regions (a) Cut 1, (b) Cut 2, and (c) Cut 3, as defined in Table 2.1.
For each acceptance region we fix the missing energy and p.cuts at their specified
values, and vary only the || cut. The figures on the right show the relative errors in
the acceptances.
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Chapter 3

Application of Jet Trimming in

Boosted Higgs Search

We introduce a new search strategy to look for a light Higgs boson (around 120 GeV)
produced with a vector boson the Large Hadron Collider (LHC). The Higgs boson and
the vector boson are required to be boosted, while the Higgs boson will decay to bb
and the vector boson will decay leptonically. By using the Jet Trimming Technique,
we will show that the Higgs boson mass resolution is significantly improved. Finally,
we will show that statistical significance of this search channel is 4.5 o for 30fb~!

data.

3.1 Boosted Higgs boson Search

The Higgs boson search is the most important search at the Large Hadron Collider
(LHC), because it is an essential part of the SM electroweak symmetry breaking.
As shown in Fig 3.1, current electroweak fits, together with the LEP and Tevatron
exclusion limit, favour a light Higgs boson one with mass around 120 GeV [26] [27].
However, the Higgs boson will decay dominantly to bb around this mass region as

shown in Fig 3.2. It is a challenging task for the discovery of Higgs boson in this mass
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region [28] [29].

Search for the Higgs Particle
Status as of March 2011

95% confidence level

Excluded by
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Figure 3.1: The current limit on the Higgs boson mass from LEP and Tevatron.

(a) T T T T T T T T T (b) 1
102 F o(pp—H+X) (pb) ] .
Vs =14 TeV
i M =175 GeV
10 CTEQ4M g1l
1 F
10°1f @ —HW qqoHgq ) i
]0—2._ - 1072
1073L e
L0 e BEOTOHED 2
0 200 400 600 800 1000 50 100 200 500 1000
my (GeV) my (GeV)

Figure 3.2: The Higgs boson Production Cross Section and Decay Branch Ratio at
14 TeV.

However, the Mass Dropping and Filtering method introduced in [31] revived this
search channel. The Higgs boson will decay hadronically into two b-tagged jet with the
vector boson decaying leptonically as shown in Fig 5.3. The dominant background for
this process is VV,Vj and t¢t. In [31], The statistical significance with 30 fb~! after
all the cuts is 4.5. In this study, we will employ a similar kinematic selection to [31],

but we will reconstruct the Higgs boson using the jet trimming technique [30].
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Figure 3.3: Demonstration of Higgs boson Production with a vector boson where the
Higgs boson decays to a pair of bottom quark and the vector boson decays leptonically.

3.2 Jet Trimming

Jet Trimming [30] is a designated procedure for removing the ISR/MI/Pileup from
the FSR. The intrinsic idea is that ISR/MI/Pileup will be much softer than the FSR.
Therefore, we will form a fat jet using a larger cone and then recluster the fat jet
with a smaller cone and throw away the softer subjets as shown in Fig 3.4.

We will make some changes to the original algorithm described in [30] for the jet
substructure of the boosted Higgs boson. First, we will find the two b-tagged jets by
clustering the jet constituents of the fat jet. Also, the Higgs jet, different from a QCD
jet, is a dipole itself, so we expect to have more radiation between the two b quarks
as shown in Fig 3.5. Therefore, we will use a dynamical f..;, which is proportional
to the distance between the subjet and the fat jet.

The jet trimming algorithm proceeds as follows:

e Cluster all the final state particles with Fastjet 2.4.2 [34] antikr algorithm with
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a cone size 1.2.

e Cluster the particles in the hardest jet with a smaller cone size 0.3 with antikp
algorithm to find out the hardest two subjets, and we will require each of the
two subjets to be b tagged. We assume a 60% tagging efficiency and 2% of

mis-tagging efficiency.

e Cluster the remaining particles with an even smaller cone size 0.2 with kp

algorithm to form the subjets.

o If pi. > fouprAR the subjet is kept otherwise it is trimmed, pr is the pr of the
fat jet and AR is the distance between the subjet and the fat jet. The fey is

chosen to be 0.03 in this analysis.

e Now we have the Higgs Candidate. We will require the Higgs Candidate pr

larger than 200 GeV and 7 less than 2.5.

The Higgs Mass spectrum before and after trimming is shown in Fig 3.5. The

trimming procedure improve the Higgs mass resolution significantly.
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Figure 3.4: Demonstration of the Jet Trimming Technique.
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Figure 3.5: Comparison of the radiation pattern of the two bottom quarks from the
Higgs boson(Left) and the gluon(Right).

3.3 Results

The events are generated by Pythia 6.403 [116], fully showered and hadronized. The
underlying event is incorporated by Pythia "DW?” tune. For this analysis, signal
samples of WH, ZH are generated, as well as WW, ZW, ZZ, Z + jet, W + jet, tt to
study backgrounds.

There are three search channels in this analysis and the channel specific cuts are

very similar to [31]:

Leptonic channel: Two opposite sign lepton (e or p) with pr > 30 GeV and

In| < 2.5, with an invariant mass between 80 and 100 GeV.

Missing E7 channel: Missing Transverse momentum> 200GeV.

Semi-leptonic Channel: Missing transverse momentum> 30GeV plus a lepton
(e or ) with pr > 30GeV. Veto event if there is jet with pr > 30 GeV and

In| < 3.0.

all channel: No more lepton with pr > 30 GeV and |n| < 2.5 except to recon-
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Figure 3.6: The Higgs Mass spectrum with and without trimming.
struct the vector boson, no more b-tagged jets with pr > 30 and |n| < 2.5.

The mass spectrum of the Higgs Candidate with my =115 GeV is shown in
Fig 3.7 for the three sub-channel and combined channel. The number of both signal
and background for Higgs Mass between 112-128 GeV for 30fb~! data is shown in
Table 3.1, the significance is 4.5 0(8.20 for 100 fb~'). The result is comparable to

[31] and offer an alternative strategy for search for boosted Higgs.

Channel Signal | V+Jet | tt | VV | S/B|S/VB
Leptonic 5.4 10.0 | 0.032 | 0.53 | 0.51 | 1.66
Missing F; 24.3 65.6 129 | 34 | 0.3 2.7
Semi-leptonic | 30.6 35.0 49.9 | 1.6 | 0.35 3.3
Total 60.3 | 110.60 | 62.8 | 6.5 | 0.34 | 4.5

Table 3.1: Signal and Background for a 115 GeV SM Higgs boson for 30 fb~!.

36



3.4 Conclusion and Outlook

Here we have applied jet trimming technique to the boosted Higgs boson search for
a low mass (115 GeV) SM Higgs boson. The statistical significance for 30 fb~! data
is 4.5 o, which is comparable to the previous result [31]. This could be considered as

an alternative search strategy for the high-pr W H,Z H channel at the LHC.
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Figure 3.7: The Signal and Background for a 115 GeV SM Higgs boson for 30 fb1.
On the top, the left plot is or leptonic channel and the right plot is for missing Et
channel. On the bottom, the left plot is for semi-leptonic channel and the right plot
is the total signal and background for all the channel.
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Chapter 4

New Physics Signals in
Longitudinal (Gauge Boson

Scattering at the LHC

We introduce a novel technique designed to look for signatures of new physics in vector
boson fusion processes at the TeV scale. This functions by measuring the polarization
of the vector bosons to determine the relative longitudinal to transverse production.
In studying this ratio we can directly probe the high energy E2-growth of longitudinal
vector boson scattering amplitudes characteristic of models with non-SM interactions.
We will focus on studying models parameterized by an effective Lagrangian that
include a light Higgs boson with non-SM couplings arising from TeV scale new physics
associated with the electroweak symmetry breaking, although our technique can be
used in more general scenarios. We will show that this technique is stable against the
large uncertainties that can result from variations in the factorization scale, improving

upon previous studies that measure cross section alone.
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4.1 Vector Boson Fusion as a Probe of New Physics

The Large Hadron Collider (LHC) was built to elucidate the physics behind elec-
troweak symmetry breaking (EWSB). In a sense, it must succeed in finding some new
physics because the partial wave amplitudes for V,V;, — V.V, scattering,! calculated
in the absence of a Higgs boson or other new physics, begin to violate unitarity at
the TeV scale. Therefore, either new weakly-coupled light particles must come in
to guaranty the unitary of the amplitude the amplitudes, or we will see new strong
interactions in the electroweak sector.

While many models of EWSB have been proposed, precision experiments such as
LEP seem to favor a model employing a O(100) GeV scalar with the quantum numbers
and approximate couplings of the SM Higgs boson [35, 37]. Many models of new
physics already include such a particle, oftentimes with couplings deviating slightly
from those of the SM, e.g. little Higgs [36] and holographic Higgs models [38]. Ideally,
such models would be identified and studied at the LHC through the production of
their intrinsic new particles. However, the finite energy reach and large backgrounds
at the LHC could make discovering any new states very difficult.

Thus we will focus on these non-SM light Higgs scenarios, both because they
are favored by precision data and because they are perhaps the most difficult to
distinguish from the SM. To study these setups we will take a model-independent
approach, employing an effective field theory to parameterize the effects of new
physics [17, 39, 40, 41, 42, 43]. We will see that the general phenomenology of the
Higgs sector is captured by the coefficients of a small number of dimension-6 opera-
tors [44, 45], only one of which is relevant to the vector boson fusion process we wish
to study.

Vector boson fusion (VBF) is the process in which vector bosons radiated by initial

state quarks scatter into vector bosons (see Fig. 4.1). This process is intimately tied

!By V1 we denote a longitudinally polarized electroweak vector boson.
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Figure 4.1: Hlustration for vector boson fusion.

to EWSB: just as the pion is a Nambu-Goldstone boson (NGB) and 77 scattering
can be used to understand chiral symmetry breaking, at high energies longitudinally
polarized vector bosons take on the behavior of the NGBs from EWSB. In the absence
of a Higgs boson or other new physics responsible for the EWSB, the scattering
amplitudes probed by VBF would violate perturbative unitarity [46, 47, 48, 49] at
around 1 TeV (see the discussion in appendix A). Furthermore, if the Higgs boson
does not have the exact couplings to vector bosons as predicted by the SM, then the
necessary cancelations will not occur and one will still observe an E? growth in the
amplitudes until new physics comes into play. It is by measuring this growth that we
can hope to observe the effects of physics beyond the SM, even in scenarios where we
only see a light Higgs-like particle [45, 50].

In this article we will introduce a novel technique designed to analyze VBF pro-
cesses and observe the £? growth in longitudinal gauge-boson scattering amplitudes
mentioned above. We will begin by introducing our notations and framework in Sec-
tion 4.2. In Section 4.4 we will describe our technique designed measure the relative
production of transverse to longitudinal modes, focusing on the fully reconstructable
semi-leptonic decay of the V'V system. We will demonstrate that this measurement
is sensitive to anomalous Higgs-gauge couplings while at the same time being robust

against the scale uncertainties that challenge cross section measurements. Section 4.5
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contains our conclusions.

4.2 Theoretical Setup

In the formulation of a general effective theory of the SM-like Higgs sector [17, 39, 44]
most of the operators are tightly constrained [40, 41, 42, 43] because of their other-
wise excessive contributions to the electroweak observables, such as the p-parameter,
oblique parameters, and triple gauge boson self-interactions. There are only two
dimension-six operators that are genuine interactions in the Higgs sector not subject
to the stringent experimental constraints,? O*(H'H)0,(H'H) and (H'H)?. We note
that as both operators are composed from the singlet operator H'H they may serve
to probe not only EWSB physics, but also other physics beyond the SM. For a given
theoretical framework, the coefficients of these operators may be calculable [45], and
by measuring them we can hope to learn about any new physics. Even in some
strongly coupled models for which these may not be calculable, the measurement of
a non-zero value can give important clues to the structure of new physics. Now, the
second operator above does not have derivative couplings, so its effect on the behav-
ior of the V, scattering amplitudes at high energies should be sub-leading [44]. We

therefore focus on the former and parameterize it (following [45]) as

CH
LD Q—JQa“(HTH)au(HTH), (4.1)
where the coefficient ¢y is naturally of O(1—4m) depending on whether the underlying
theory is weakly or strongly coupled, and f is the characteristic scale of new physics,

typically expected to be round 47v if the new physics is associated with EWSB.

2As discussed in [51], the first of these operators can induce corrections to the oblique parameter
S [52], leading to ~ 20 deviations in S for the range of anomalous couplings included here. However,
shifts in S can be compensated for by the presence of additional heavy states. We thus believe that
these parameters should still be considered viable.
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Upon expanding around the electroweak VEV v, this operator contributes terms
which add to the kinetic terms of H. After imposing canonical normalization on the
fields, the result is a modification to the Higgs couplings. Ref. [45] parameterizes the

resulting modified Higgs-gauge coupling in the zero-momentum limit as

__9sm (1_C_H) 4.9
Geit = o - 9s 5 & (4.2)

where ¢ = v?/f%  This modified coupling has important phenomenological con-
sequences because it deviates from the SM prediction. At high energies and for
lcg€] 2 0.1 3 this modification leads to an incomplete cancelation in the amplitude

for longitudinal vector boson scattering and the cross section grows as

c 2

O'(VLVL — VLVL) ~ <7H£) U(VLVL — VLVL)nofhiggs- (43)
which can be seen by considering the NGB scattering as shown in appendix A. In
what follows we will study means of measuring this behavior. Note that, as discussed
in appendix A, the W, W scattering amplitudes calculated in this framework violate

perturbative unitarity when

16702

cpé '
cns (1 - 4(1ch§)>

This is the point at which we expect new physics to come into play. In what follows

we will limit our analyses to

VSsyy < 2 TeV. (45)

This corresponds to a coupling value |cg&| ~ 0.6. We will take this as an upper limit

for our analyses. Of course, looking beyond this energy range would be interesting

3For smaller values of |cy€| the dominant non-SM effects enter as interference terms proportional
to cy& rather than (cy€&)?. Also, in this case the anomalous energy dependence of the longitudinal
cross section goes as E? instead of E*.
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and should be attempted at the LHC, but any deviation from the SM expectation
would no longer carry the same effective Lagrangian interpretation. Also, note that
for larger couplings and lower scales of new physics some higher dimensional operators
could become relevant and it would be more appropriate to think of the cx& used in
our analysis as parameterizing a new physics form factor, rather than as the coefficient

of a particular operator.

4.3 Leptonic and Semi-Leptonic Channels Revis-
ited: Scale Uncertainties

The most straightforward way to probe the behavior of Eq. (4.3) would be to measure
the resulting increase in VBF' cross section at higher energies. This is a well studied
topic, with many different analyses having been performed (see, for instance, [55, 53,
54, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]). Here we will revisit these analyses
taking into account the effects of parton showering. We will see that while the cuts
developed in past analyses remain essential in suppressing background and isolating
VBEF signals, one encounters large factorization scale uncertainties that affect rate
measurements and must be overcome to detect new physics in VBF.

Sophisticated acceptance cuts have been developed to suppress the SM background
and isolate the longitudinal gauge boson scattering in VBF processes at high energies.
It has been a common practice to impose a high pr cut on the reconstructed gauge
bosons or their decay products, require one or two forward (backward) energetic jets,
and demand that the central detector region remain relatively free of hadronic activity.
The first few cuts ensure that we observe hard scattering processes with the gauge
bosons emitted by energetic quarks [67, 68, 69], while the last cut is designed to reduce
background by taking advantage of the fact that VBF is a purely electroweak process

with no color exchange [70] and V, V], scattering tends to produce fewer central jets
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than other electroweak processes [56]. Using this sort of cut, it was concluded [55, 53]
that reasonable sensitivity can be achieved for TeV scale strongly interacting new
physics at the 14 TeV LHC with an integrated luminosity of 100 fb™1.

We revisit the WIWW analyses with the theoretical framework as discussed in the
previous section. We consider both fully leptonic [55] and semi-leptonic [53] decays
of the vector bosons. For the sake of illustration, we concentrate on the W1TW~—
final state. Our VBF parton-level results are generated using the full 2 — 6 matrix
element for

qq — q@dWW~ — q¢ ¢*v ff, (4.6)

without making the effective W approximation [71, 72, 73]. In so doing, wherever ap-
propriate, we have included other O(a%,;,) processes as background to the channels.
Our PDFs are those of MRST2004 [74]. To generate the jet-level samples we shower
parton-level results using Pythia 6.4.21 [116] with a virtuality ordered shower, clus-
ter the visible final state particles into 0.1 x 0.1 y — ¢ cells between —5 < y < 5,
and produce R = 0.7 anti-ky [113] jets using FastJet [102]. To sample PDFs and
shower our results we must choose a factorization scale for the gauge boson scattering
processes. The natural choice of the factorization scale is of the order of my,, with
corrections from the pp of the scattering quarks. We parameterize the choice of scales
via

p=p (miv + % ZPQT) , (4.7)

jets
where  is an O(1) parameter.
We begin by adopting the selection cuts of [55] to study the fully leptonic W~
final state, as detailed in Table 4.1. Using these cuts, we calculate the parton level

cross sections for a light Higgs scenario? with various anomalous couplings parame-

“Here and henceforth, we will take a light Higgs boson mass as my = 100 GeV for illustration
and for comparing with the early studies in the literature. This will make no numerical difference
with other mp values as long as it is well below the 2my;, threshold.
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Leptonic Cuts

Jet Cuts

ly(1)] < 2.0
pr(l) > 100 GeV
Apr(ll) > 440 GeV
cos oy < —0.8
M(Il) > 250 GeV

E(jiag) > 0.8 TeV
3.0 < |Jtag| < 5.0

Pr(Jtag) > 40 GeV

P17 (Jveto) > 30 GeV

|y<jveto)| < 30

Table 4.1: The cuts of [55] for the leptonically decaying W*W ™ final state. The
signal selection requires that we tag at least one jet (jiag) and to veto extra central

jets (Jueto)-
terized by cy €. The parton level results for a few representative scale choices of 3
are listed on the left-hand side of Table 4.2. They are consistent with those of [55].
At this level, the uncertainty in rate is only around O(10%), which can be attributed
entirely to the PDFs. When we include showering, hadronization and jet clustering,
the scale u dictates the virtuality at which the parton shower is started, in addition
to controlling the sampling of PDFs. On the right-hand side in Table 4.2, we present
the cross sections for the showered and clustered results with a few representative
scale choices. We see that the uncertainties can now be as much as O(100%). This is
because small changes in p result in large changes in the behavior of the associated
forward jets. A higher value of u could lead to harder radiation that will sink forward
jets below the tagging criteria, or it could lead to the parton-shower emission of a
veto jet. As the uncertainties from varying the scale (5 = 0.5 — 2.0) would normally
set the systematic theoretical errors, such large uncertainties in rate would make it
difficult to distinguish the presence of anomalous couplings, even for large values of
cué.

We next explore the situation for the semi-leptonic mode of W+W = decay. We
employ cuts inspired by [53] as shown in Table 4.3. The results of this analysis are
shown in Table 4.4, again demonstrating a relatively stable signal at the parton level

(left-hand panels) and an O(100%) uncertainty at the jet level (right-hand panels).
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Parton Level [fb] Jet Level [fb]
€| F=05]8=10]5=20|8=05]8=10]5=20
0.4 | 0.015 0.013 0.012 0.015 0.009 0.005
0.2 | 0.013 0.011 0.010 0.013 0.006 0.004
0.0 | 0.011 0.090 0.008 0.012 0.007 0.004

Table 4.2: Cross sections [fb] for VBF with W~ final states decaying into e and
p for various anomalous Higgs-gauge couplings and at different factorization scales
parameterized by Eq. (4.7). The cuts used to generate these results are those of [55].
The set of cross sections on the left are computed at parton level, while those on the
right correspond to results after the parton shower and hadronization.

Veto conditions
pT(jmini) > 25 GeV

|y(jmini)| <2
130 GeV < myyy < 240 GeV

Pass conditions
E(jiag) > 300 GeV
2< |y(jtag)| <5
Pr(Jrag) > 20 GeV
pT<Wrecon.) > 320 Gev
|y(Whad)‘ <4

Table 4.3: W~ semi-leptonic decay cuts inspired by [53]. These require two tagged
jets (Jiag) and two reconstructed Ws (Wieeon.). If the events contain two soft, central
jets (Jmini) they are vetoed. The cut on the jet-W invariant mass is designed to reduce
top quark backgrounds.

As with the fully leptonic system considered above, the large uncertainty is once again

attributable to the parton-shower treatment of the forward jets using different scales.

We find that VBF cross sections with complicated kinematical cuts are extremely
sensitive to the exact scale choice one uses, and it is insufficient to simply characterize
the hard scattering with a rough estimate of u. While we have only considered the
effects of varying p on signal rates, the background is also susceptible to these uncer-
tainties. Even without considering the effects of the veto cut, which can only increase
sensitivity to u, it’s natural to associate O(2x) K-factors with high multiplicity QCD
events. Therefore, before drawing any conclusion about the presence of new physics

one would have to understand these systematics. In principle, the theoretical uncer-
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Parton Level [fb] Jet Level [fb]
cn€ | B=0515=10]8=208=0515=10] =20
0.4 0.95 0.81 0.73 0.53 0.38 0.26
0.2 0.82 0.72 0.64 0.43 0.33 0.24
0.0 0.73 0.64 0.57 0.40 0.29 0.21

Table 4.4: Cross sections [fb] for VBF with the semi-leptonic decay of WTW ™ for
various anomalous Higgs-gauge couplings and at different factorization scales param-
eterized by Eq. (4.7). The cuts used to generate these results are those of Table 4.3.

tainty may be reduced through higher order calculations that can give us a better idea
of the appropriate scale choice. Substantial efforts would be needed both in theory
and in experiments before to bring this uncertainty under control. With this in mind,
in the next section we will present a new tool to circumvent the difficult issue of the

factorization-scale dependence.

4.4 Polarization Measurements

With the uncertainties detailed above as our motivation, we propose a new technique
to probe the anomalous couplings in a robust way. Our basic idea is to look for
the relative increase in longitudinal vector boson production by comparing it to the
production of transverse modes. Unlike the overall cross section, which is sensitive
to the behavior of the forward jets, the relative transverse to longitudinal production
rates should be stable against different scale choices because it depends only on the
VV — VV scattering amplitude. To measure the polarization of a vector boson
we need to reconstruct the four-momenta of its decay products and measure their
distribution with respect to a polarization axis. If one chooses the polarization axis

to be the gauge boson direction of motion (Fig. 4.2), then a simple spin-analysis

predicts that in the V' rest frame the transverse and longitudinal polarizations will
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0*

W

Figure 4.2: The polarization axis used to measure #*. Note that this is measured in
the rest frame of the W, and the W direction of motion is defined with respect to the
WW center of mass.

be distributed as °
* 3 *\2 * 3 2 nx
Py(cosf*) = g(l + cos 0%)*, Pp(cosf*) = Z(l — cos”0") (4.8)

where 6* denotes the angle between the parton and the gauge boson direction of
motion in the gauge boson rest frame. ¢

To measure these distributions experimentally, we need to fully reconstruct the
gauge boson pair center of mass and each gauge boson’s direction of motion in this
frame. To accomplish this we will focus on the semi-leptonic decay channel of the
V'V system as this allows full reconstruction of the system while minimizing the SM
background by requiring leptons and missing energy. The semi-leptonic channel also
significantly increases the signal event rate. For this we will rely upon jet substructure
techniques to reconstruct the hadronically decaying gauge boson [53]. We will focus on
studying the W~ final state, although we will take into account the background

from other VBF processes like W*W* and W*Z that enter because we can not

distinguish the sign of a hadronically decaying vector, nor can we always distinguish

5Note that these distributions can be modified when cuts are placed on the individual W decay
products, rather than on the W momenta.

6We alert the reader to the fact that 6* is sometimes also used in the VBF literature (e.g. [53])
to refer to the angle between incoming and outgoing vector bosons.
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Figure 4.3: The distributions of cos8* for different anomalous couplings at parton
level (left) and for fully showered, hadronized, clustered, and reconstructed events
(right). All distributions are normalized to the same area.

a hadronically decaying W from a Z. Later in this section we will comment on the

SM O(a%) and O(a) backgrounds.

4.4.1 Leptonic Polarization

We begin with the polarization analysis for the leptonic side of the decay. We first
study the parton-level results, then we will turn on the full simulation (parton-
showering and jet clustering) to see that they are largely unchanged.

Before proceeding further, we encounter a subtlety in the reconstruction of the
leptonic system: While the neutrino four-momentum is constrained by the on-shell W
condition, it is only determined up to a discrete ambiguity. One finds two candidate
four-momenta at the same azimuthal angle but separated from the charged lepton
by a fixed rapidity difference. In what follows we will simply use the average cos 6*
value from both solutions as an approximation of the true value. This is acceptable
because we are working in a boosted regime where the difference in rapidity between

the neutrino and the lepton is small, making the curvature effects from the (y, o)
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Leptonic W | Hadronic W
cul | JE 1 JF ] JL o)
-0.6 | 0.71 | 0.70 | 0.71 | 0.55 | 3.38
-041049 | 048 |[0.49 | 0.40 | 1.12
-0.2 1023 | 0.26 | 0.23| 0.24 | 0.60
0.0 | 0.17 | 0.22 | 0.17 | 0.22 | 0.62
0.2 1024 | 027 [0.24] 0.26 | 0.65
04 1032 035 [ 032 032 | 0.73
0.6 [ 0.40 | 0.38 | 0.40 | 0.38 | 0.87

Table 4.5: The fraction of longitudinally polarized vector bosons for different anoma-
lous couplings at parton level fI and jet level f{, reconstructed in hadronic and
leptonic decays. Also listed are the jet-level cross sections. These results are after the
cuts of Table 4.3.

system sub-leading. The resultant distributions are shown in Fig. 4.3, at parton level
(left panel) and after the hadronization (right panel). The characteristic shapes with
different couplings are quite distinctive. In Table 4.5 we compute the cross section for
each anomalous coupling and fit it to the transverse and longitudinal distributions of

Eq. (4.8) using

P(cos0) = frPr(cos0*) + fiPy(cos0*) + f_P_(cos ") (4.9)

where the P are normalized probability distributions of cos#* and the f are subject
to the constraint > f = 1. As one can see from comparing the jet and parton level
figures, the results are remarkably stable under a full simulation.

In Figure 4.4 we plot the projected event distributions and associated statistical
errors both for the SM and for an anomalous scenario with cx¢é = —0.4, given 100 fb™*
of luminosity. The shape difference between the two samples is clearly visible. To
estimate the luminosity necessary to probe a given coupling, one can use that the
signal scales roughly as (cg€)?, as discussed before. However, the precise reach of the

LHC in discerning anomalous couplings will require a more thorough accounting of
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Figure 4.4: Projected distribution and associated statistical uncertainties of cos 8* for
the leptonically decaying vector using 100 fb™' of luminosity.

background. Further, we have not made an effort to optimize the statistical power
of the analysis and there are other channels that contribute to the signal, such as
WHW+ W*Z and ZZ. In addition, one can extract more information from each

event, as we will now see.

4.4.2 Hadronic Polarization

It is possible to further improve the discriminating power of polarization by consid-
ering both sides of the V'V system together; by looking for the expected correlation
between both states one can hope to gain additional discriminating power.

To see the correlation effect, consider Fig. 4.5, which shows the parton-level cos 6*
distributions for both sides of the V'V system in SM and non-SM scenarios. For now,
we plot cos 8* on the hadronic side for the down-type quarks. In the non-SM scenario

we see a rapid rise in the central region of the plot near cos6* =~ 0. This indicates
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Figure 4.5: Distributions of cos#* at parton-level for both sides of the V'V system
(labeled with subscript H and L for hadronic and leptonic decays, respectively). The
plot on the left is for the Higgs boson with SM couplings, while the one on the right is
for cg& = —0.6. The scale is individually normalized for each plot, going from violet
to red as the concentration of events increases. The scaling of the color gradient on
the right side of each plot is linear.
that the results are correlated; when we see a V it is likely to be accompanied by
a Vi, because only the V;V} final state sees the E? growth characteristic of with
non-SM effects. In practice the situation is slightly more complicated because we
cannot label the light quark states once they shower and hadronize (e.g. we cannot
distinguish a u from a d), so the distributions we measure are symmetrized. However,
the distributions still carry additional discriminating power, as one can see from
the distributions in Fig. 4.4.2 and Fig. 4.7, and Table 4.5. Note that in fitting the
symmetrized distributions we only fit to data from 0 < |cos#*| < 0.7. In the regime
where |cos*| 2 0.7 one subjet becomes very soft and the technique breaks down
(although, of course, the leptonic analysis still works here).

To perform this analysis we had to look at the hadronically decaying V' using
subjet techniques (for a short overview of jet algorithms and their behavior, see

appendix B). In particular, we used the ky algorithm [75, 76] with R = 0.25 to

cluster the constituents of each hadronically decaying gauge boson, using the two
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Figure 4.6: Distribution of | cos §*| at different anomalous couplings for hadronically
decaying W's using parton level samples (left) and fully showered, hadronized samples
(right). Note that the distributions differ more at high values of cos 8* because this
is the region in which one jet is relatively soft.

most energetic subjets (as measured in the V'V center of mass frame) for our analy-
sis. Note that rather than identifying our subjets through a C/A [77, 78] or kp-like
unwinding [31, 79], we used fixed small cones (i.e. small R). Otherwise, the subjets
encompass a large area and become more susceptable to contamination from initial
state radiation, multiple interactions, and event pileup. The choice of a small cone
seems to result in a better reconstruction of events, especially at high values of cos 6*
when there is a large difference in the subjet prs. Furthermore, we use kr rather than
anti-kr to form our subjets because it more accurately reconstructs the softer jet in
situations where the jets are nearly collinear (see appendix B).

One important thing to consider in the subjet analysis is that the results are not
as robust in going from matrix-element to parton shower as were the leptonic results;
the curves change shape (compare the parton and jet level results for both sides of
the decay in Table 4.5). This is because the diffuse nature of the subjets makes them
difficult to resolve when they become collinear and/or soft. We note, however, that

at the LHC we can expect to calibrate subjet measurements for boosted hadronic W's
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Figure 4.7: Jet-level distribution of cosf* (labeled with subscript H and L for
hadronic and leptonic decays, respectively) for the SM Higgs boson(left) and Higgs
boson with ¢y = —0.6 (right). The scale is individually normalized for each plot,
going from violet to red as the concentration of events increases. The scaling of the
color gradient on the right side of each plot is linear.

with large SM samples, and while the parton-level to jet-level results may vary, the
correspondence should eventually be well understood. Thus the leptonic gauge boson

analysis is likely to be the first tool used, but the hadronic analysis can be added

later on.

4.5 Conclusions

In this chapter, we have introduced a powerful new technique for identifying signs of
beyond the SM physics associated with the EWSB by probing VBF processes at the
LHC.

We began by motivating our decision to study models of EWSB employing a light
Higg-like particle with couplings deviating from those of the SM. Theories with a
light Higgs boson are favored by the current electroweak precision data. However,

this type of model is the most difficult to distinguish from the SM, especially if the
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new physics particles are very heavy. However, it is also the scenario in which VBF
can be most useful, because for such a scenario the amplitude for V.V, — V.V
scattering exhibits a non-SM E? growth until new physics comes into play.

Past analyses designed to measure this E? growth were reviewed and updated
to account for the effects of the parton shower and jet clustering. While the cuts
pioneered by these works can be very powerful in reducing the SM background, we
demonstrate that there is still a significant O(100%) rate uncertainty attributable to
factorization scale ambiguities. Thus, we show that in the absence of higher order
calculations that might give us some guidance on the correct scale treatment, rate
information alone may not be sufficient to distinguish the signs of new physics.

We then propose our new technique, which uses the semi-leptonic decay mode of
the V'V system to fully reconstruct events and obtain the decay angle distributions
for the V' daughters. These distributions can be decomposed into longitudinal and
transverse components, allowing us to measure the E? growth in scattering ampli-
tudes associated with new physics by looking for the relative increase in longitudinal
production. We demonstrate that these results are insensitive to the scale ambiguities
that trouble rate measurements.

In closing, we wish to reiterate that polarization measurements of VBF final states
are a powerful, robust probe of new physics associated with the EWSB. Although we
have only employed them here to study light SM-like Higgs scenarios, they would be
useful in more general scenarios of EWSB as long as the longitudinal gauge bosons
are significantly involved. Such measurements may prove to be our best tool in

understanding the physics of EWSB at the LHC.

o6



Chapter 5

Higgs boson Search through

Highly Displaced Vertices

This chapter presents a proposal for a new search channel for the Higgs boson decaying
to two long-lived neutral particles, each of which decays to bb at a displaced vertex
inside the beampipe. We demonstrate how to discriminate the signal from the QCD
background by looking at properties of the tracks from the highly-displaced vertices.
We concentrate on the case of a 120 GeV Higgs boson that always decays via this
mode, with the long-lived neutral particle having a mass in the range of 15-30 GeV
and a decay length commensurate with the beam pipe radius. Such a signal can be

readily observed with an integrated luminosity of 1 fb~!.

5.1 Introduction/Theory

The Higgs sector is one of the great unknowns in our current understanding of particle
physics, and is the primary target of the current Tevatron and Large Hadron Collider
(LHC) programs. Within the Standard Model (SM), the mass of its single Higgs boson
is undetermined, but for a given mass the Higgs boson’s decay modes are precisely

predicted. However, beyond the Standard Model (BSM), the number of neutral Higgs
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bosons (and other scalars or pseudoscalars) and their decay modes can vary widely.
It will be essential, especially if the SM Higgs boson is not found at the LHC during
the current run, to do a very wide variety of analyses that cover all possibilities, until
at least one discovery is made.

In this chapter we address an exotic Higgs decay mode, one that would have
escaped existing search strategies. We consider the possibility [108] (see also [109, 110]
for closely related work) that the Higgs boson h decays to two spin-zero neutral
particles a, and the a decays in turn to bb with a displaced vertex. More specifically,
we will consider the case where the lifetime 7, of the a puts its decay at a distance
from the collision point of order millimeters to a few centimeters. The case where the
typical decay is in the several to 20 centimeter range has been weakly constrained by
DO [111]; longer and shorter lifetimes have not been significantly constrained, even
for 100% branching fraction for this mode.

It is sometimes argued that searches of this type are not so well motivated, because
the chance of the a to have a lifetime that allows for decays inside the detector is
low. But there are both theoretical and experimental counterarguments. First, long-
lived particles are less rare in models than is commonly assumed. In hidden valley
models [112], for instance, there may be not one but many new particle states with
a wide variety of lifetimes, similarly to the case of QCD, and this plenitude makes it
more likely that one of these particles will decay at a certain non negligiable distance
from the interaction point creating a displaced vertex which is detectable by the
experiments. Second, decays of such particles have such limited SM background that
in principle only a few such events might suffice for a discovery, so even a small
branching fraction to such particles may lead to a discovery channel. That said,
detector backgrounds can be a serious issue, and event triggering and reconstruction
may be an even larger one if the lifetimes are long enough. Each search strategy has

its own features, and some are easier than others.
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The Tevatron and LHC detectors were generally not optimized for finding long-
lived particles, with the exception of B hadrons, and searches for such particles face
numerous challenges. In this paper we consider the case that, relatively speaking,
is the easiest: a search for a new particle that mainly decays before that particle
reaches the beampipe. Such decays face little or no background from secondary
interactions of hadrons with detector material, and the dominant background is a
physics background from real B hadron decays. However, to the extent the a lives
longer than the B hadron and is considerably heavier, distinguishing it from SM
heavy-flavor backgrounds should be easier. For the specific case of h — aa, the
situation is better still, since there are two a decays per event, and also a mass
resonance that may be reconstructable.

The main purpose of our paper is to suggest a search strategy for h — aa, with a
decaying to bb before passing through the wall of the beampipe.

Since our signal consists of the significantly displaced decay of the (pseudo-)scalar,
we will look for displaced tracks as our signal. The dominant background will stem
mostly from production of two or more heavy quarks. Each decaying pseudo-scalar
might create a single jet or two, depending on the angle between the two b quarks
and the details of the jet algorithm. We will use large-radius anti-kr [113] “displaced-
track jets” (jets formed by applying the anti-k7 algorithm only to displaced tracks) in
this analysis to try to capture the hadrons from both b quarks in a single object. By
requiring these displaced-track jets be massive and isolated from any prompt tracks,
we will reduce backgrounds to the point that we already obtain an excess of events in
some cases. Efficiently identifying the correct primary vertex in the context of pile-up
will be important in the isolation stage. Then we will try to reconstruct the Higgs as
a resonance in the invariant mass of the two highest-p; calorimetric jets that are close
in angle to the displaced-track jets. This will require a careful pileup subtraction, and

we use the approach suggested in [114].
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Although our search strategy uses h — aa as a benchmark for optimization,
it is not strongly dependent on the specific initial or final state. Consequently it
should be somewhat model-independent, and would be sensitive to a variety of models
with two long-lived particles in the events. For example, certain gauge-mediated
supersymmetric models with a neutralino [115] decaying in flight to a Z or h might
be picked up by our search. One point of model-dependence worth keeping in mind is
that the heavy-flavor content of the a decay is important for our strategy, as we will
base our study on the requirement to have 2 jets and 2 soft muon at the High Level
Trigger (HLT, purely software-based and with access to the full event information).
This choice will be found to provide reasoable efficiency and rate to be included in

either CMS/ATLAS trigger menu while running at few times 1033cm=2s7!

5.2 Event Generation

At hadron colliders the dominant Higgs production mechanism is via gluon-gluon
fusion. In this note we study the process gg — h — (a — bb)(a — bb), where the
Higgs boson is produced by gluon fusion and then decays into a pair of long lived
(pseudo-)scalars which then each decay to a pair of bottom quarks. We consider this
in the context of pp collisions at 7 TeV center of mass energy.

We generate the signal samples for Higgs mass m;, = 120 GeV and the (pseudo-
)scalar mass m, between 15 and 35 GeV with 5 GeV steps. Samples were generated
for the cr, of the scalar varying within a wide range between 0.1 mm to 40 mm. The
signal sample is generated using Pythia 6.4.21 [116]. The NNLO cross section for this
process is 17 pb at 7 TeV [118].

The main background for this process is heavy quark production, including events
in which multiple heavy-quark (QQ) pairs are created, which represents the most

difficult background to remove. The background samples are generated at parton
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level using ALPGEN 2.13 [156] and then showered through Pythia 6.4.21'. The
specific details of the generation of the signal and background is shown in Table 5.1.
For both the signal and background, the underlying events are incorporated using the
Pythia “DW” tune [120] and the pileup is simulated assuming an average of 6 pileup
events per bunch crossing.

While we carry out all simulations at leading order, we use the K factor from
[121, 122, 123] to normalize the cross section, increasing the LO cross section by a
factor of order 2 — 3. For the background that will turn out to be dominant, 4b
production, the NLO corrections have been calculated in Ref. [124] for the same scale
choice as shown in table 5.1 and found to be of order 1.5. The cross section for the
4Q background is also normalized with this K factor.

All jet reconstruction in the following is performed using Fastjet 2.4.2 [34].

Process Scale Choice | PDF Choice
Signal B g9 — h — (a — bb)(a — bb) mp, CTEQ5L
2Q | QQ+N, partons with N, from 0 to 1 and @ = ¢,b | CKKW Scale | CTEQS5L
4Q QOQ'Q with Q, Q' = ¢, b Wi vh CTEQ5L

Table 5.1: Some details of the Monte Carlo generation for backgrounds and signal.
The CTEQ5 PDF [125] is the default choice in the DW tune. The QQ and QQ + 1
samples are combined using MLM matching (see Ref. [126]).

5.3 Identifying Displaced Tracks

To identify the displaced tracks arising from the displaced pseudo-scalar decay to b
quarks and their ensuing hadronization, we will use the 2-D Impact Parameter (IP)
— the transverse distance between the track and the vertex at the point of closest

approach. For fast-moving B hadrons, the average IP is invariant under boosts of

'For the 2Q background, we turn off the gluon splitting to b quark pairs to avoid double counting
of the events.
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the B hadron along its direction of motion, and the typical scale of the IP is set by
ct, ~ 400-500 pm. Given that the uncertainty in measurement of the IP can be of
the same order of magnitude as the IP, a better observable for b-tagging is the Impact
Parameter Significance (IPS) defined as IP/op. IPS is being used by all experiments
at hadron colliders as one of the most robust b-tagging variables.

The IP resolution is extracted from [127]. We parametrize it as a function of

pseudorapidity 1 and transverse momentum prp:

b d
Resolution = a + — + (¢ + —)n? (5.1)
pr br

with the coefficients a, b, ¢, d as shown in Table 5.2.

a| 204
b | 56.4
c | -0.11
d| 18.2

Table 5.2: The coefficients of the impact-parameter resolution parameterization
Eq. 5.1 giving resolution in pum for track momenta in GeV. The coefficients have
been deduced based on the resolutions shown in Ref. [127], cf. also table 5.3.

Table 5.3 shows some values of the transverse impact parameter resolutions as a

function of pr and 7. Tracks are measured up to |n| = 2.5.

n
pr (Ge 0 |1.0| 2.0
1.0 80 | 95 | 150
3.0 40 | 45 | 65
8.0 26 | 30 | 35

Table 5.3: Measured resolution (in pum) of the transverse impact parameter from
Figure 7 in Ref. [127] for different track py and 7.

In addition, we will require that all the displaced tracks are originated from the
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vertices inside the beam pipe. The vertex reconstruction is done in the following way:

e 1. Identify the MC truth vertices with at least 2 charged tracks with p; >
0.5GeV; define two distinct vertices as being part of the same MC truth vertex

if they are within the tolerance of 1 micron of each other.

e 2. For each remaining track, find the existing MC truth vertex to which it
comes closest. If it comes within 0.3 mm of that vertex and the angle between
the track and the vertex’s direction from the primary vertex is less than %W,

assign it to that vertex.

e 3. For the remaining un-vertexed tracks, find the pair that comes closest; if they

come within 0.3 mm and the angle between the momentum of the two tracks

2

is less than 5

7, create a new vertex at midpoint between the points of closest

approach, then repeat from step 2.

5.4 Signal Selection

Before giving the event selection cuts used in our study, we outline our basic strategy,
supporting our choices with plots of the key variables on which our cuts will be based.

Due to the long lifetime of the (pseudo-)scalar, the signal events have highly-
displaced vertices, and to differentiate signal from background we look for unusually
large numbers of tracks coming from displaced vertices. Figure 5.1 shows the distri-
bution of number of tracks from signal and background samples for all tracks with
IPS > 5. Clearly the number of tracks with substantial IPS is larger in signal than
in background.

We will focus on those tracks with large IPS, and combine them to form jets, which
we will call “displaced-track jets” to distinguish them from calorimeter jets which we
use elsewhere. We use a large jet radius, so as to include most of the displaced tracks

from a single a decay in a single displaced-track jet.
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Since most tracks from the a decay will be included in a corresponding displaced-

track jet, and a little more than one third of hadrons are neutral, the jet should have

a mass that is around 60%-70% of m,. In background, however, the jet mass will

typically be much smaller. Many of the tracks from b-hadron decays will not have a

large IP, so even in a jet with a gluon splitting to bb, which is the source of background

(the 4Q sample) most difficult to reduce, the mass of the two leading track jets will be

significantly lower than the invariant mass of the two b quarks. For a jet from a more

isolated b quark (the 2QQ sample) the invariant mass distribution is much lower still.

The mass distribution of the second-hardest displaced-track-jet is shown in Fig. 5.2.
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Figure 5.1: The distribution of the
number of tracks with IPS > 5 (dis-
placed tracks) for the backgrounds
and for signals with different Decay
Lengths (DL), shown after trigger cuts
(Cut 1 below). The distributions are
normalized to unity; m;, = 120 GeV
and m, = 20 GeV.
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Figure 5.2: The mass distribution
of the lighter of the two highest-pr
displaced-track jets, for events that
pass Cuts 1 and 2 below. Shown
for the background samples and for
signals with different Decay Lengths
(DL). The distributions are normal-
ized to unity. In the full analysis, the
two highest p; track jets are both re-
quired to have masses greater than 6
GeV (Cut 3).

Finally, a key difference between signal and background is in the pattern of nearby

prompt tracks. In standard-model heavy-hadron production, any b-quark or c-quark

hadronizes within about a fermi of the primary vertex, and gluons generated in QCD



Background Signal

Figure 5.3: An illustration of why backgrounds have more prompt tracks near the
jets than does the signal: gluons in QCD final-state showering (before hadronization)
are produced mainly at the primary vertex in the background QCD events, but in
the signal the a particle is color-neutral, and showering occurs only at the displaced
location of its decay.

showering will generate, through QCD fragmentation, prompt moderately-hard tracks
that accompany the heavy hadrons within their jet cone. In contrast, the a, a color-
less particle, does not undergo any fragmentation. Only when it decays to bb, at a
macroscopic distance from the primary vertex, does a process of hadronization begin.
All non-b hadrons generated in the showering and fragmentation of the a — bb decay
will emerge at the a decay vertex, and thus they too will typically have a large IPS.
This is illustrated in Fig. 5.3.

Therefore, if we choose the prompt tracks that are at a small AR from either of
the two highest-pr displaced-track jets, we are likely to find more tracks, with higher
energy, for the background than for the signal. The distributions of the py sum of
these tracks are shown in Fig. 5.4. We see that a judicious cut can remove most of
the remaining 4Q) background.

The various selections are applied sequentially, as described below, and the yields

for signal and background are presented in Table 5.4.

e Cut 1: Require events to be selected by the HLT with at least two calorimeter
jets (formed using the anti-kr algorithm with cone radius 0.7) of pr > 40 GeV

and two muons with pr > 3 GeV and IPS > 5 (in the acceptance region of |n| <
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Figure 5.4: The distribution of the
sum pr variable (as defined in Cut 4,
the smaller of the two jets are plotted),
shown for events that pass cuts 1-3,
both for the backgrounds for signals
with different Decay Lengths (DL).
The plots are normalized to unity.
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Figure 5.5: The mass spectrum of the
Higgs boson candidate after Cut 4,
shown for the backgrounds and the sig-
nal with (pseudo-)scalar Decay Length
(DL) of 0.5 mm.

2.5)

e Cut 2: Select all tracks with pr > 0.5 GeV. From these tracks, construct all
radially-displaced vertices with IP greater than 1.0 mm. Reject all tracks that
do not participate in any displaced vertex ( the vertices are clustered using a
tolerance of 0.3 mm) or that pass through a vertex at a radius > 25 mm (at
or beyond the beampipe.) From the tracks that remain, make a list (List A,
displaced tracks) of all tracks that have IPS > 5. Form displaced-track jets by
clustering the tracks from List A, using the anti-kr algorithm with a large cone
radius, R = 1.0. Take the two highest-p; displaced-track jets (call them 7; and

T3). Require that each T} and T3 have at least 6 displaced tracks.

e Cut 3: Require that both 77 and 75 have a mass greater than 6 GeV. (See

Fig. 5.2, which shows the displaced-track mass distribution for the lighter of T}
and T5.)
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Figure 5.6: The mass spectrum of the
Higgs boson candidate after Cut 4,
shown for the backgrounds and the sig-
nal with (pseudo-)scalar Decay Length
(DL) of 2.0 mm.

e I[dentify the primary vertex, as follows:
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Figure 5.7: The mass spectrum of the
Higgs boson candidate after Cut 4,
shown for the backgrounds and the sig-
nal with (pseudo-)scalar Decay Length
(DL) of 10.0 mm.

— Trace back each track n in List A to the beamline.

— Find its point x,,, y,, 2, of closest approach.

— Compute the pr-weighted average of the z,

n€list A

.

nelist A

and identify the primary vertex with the proton-proton collision whose z

coordinate is closest to Zz.

e Cut 4: Select all prompt tracks emerging from the primary vertex that have

pr > 0.5 GeV and with a AR smaller than 1.0 from the jet axis of 77 and

T,. Require the scalar pr sum for each of T1 and T2 to be less than 5 GeV

(see Fig. 5.4). We will call this cut “Absolute Track Isolation”, following the

terminology used by the experiments, and use X1 as a shorthand for the sum



pr variable.?

e Construct large (R = 1, in contrast to the initial selection) anti-kz calorimeter
jets. To remove the effect of the underlying event and pileup, use the jet-
area [130] based pileup-subtraction method of [114] (which involves using the
kr algorithm [131, 132] on the whole event and determining the appropriate

energy-per-unit-area to subtract).

e Cut 5 Choose the two R = 1 calorimeter jets C; and C5 closest in angle to
the displaced-track jets 77 and T5. Compute the invariant mass of C'; and Cs
(with pile-up and underlying event subtracted) and combine them to get the
candidate Higgs boson mass. For the purpose of quoting a final significance, we

will examine the number of events in a mass window from 90-140 GeV.

The resulting mass spectrum of these two calorimeter jets is shown in Figs. 5.5, 5.6, 5.7
for different lifetimes of the scalar. We see that for some lifetimes and an h — aa
branching fraction of 100%, the signal can easily dominate over the background, and

a peak in mass is clearly visible.

5.5 Results

The number of events for signal and background after each step of the cuts are shown
in Table 5.4 for 1 fb~! of integrated luminosity. In this table, we choose m; = 120
GeV and m, = 20 GeV and three decay length 0.5, 2.0, 10 mm. The background
is overwhelming to start with, but after applying all the kinematic cuts, the signal
becomes comparable to the background. Since the B-hadron mass is less than 6 GeV,

it is expected that after cutting on the mass of the displaced-track jet, few events

2An isolation cut exploiting the colour-neutrality of the pseudo-scalar in H — aa decays had
been used before in Refs [128, 129]. In our case, the separation between prompt and non-prompt
radiation serves to enhance the discriminating power of the isolation requirement.
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from the 2Q) sample remain. A closer look at the 2QQ sample reveals that the events
passing this cut are exclusively QQg, where the gluon further splits into two heavy
quarks. Thus there is some overlap between the 2Q) and 4(Q samples, and so the
background is therefore overestimated by a factor of order 2. In the interest of being

conservative, we will not correct for this.

Channel | 0.5 mm | 2.0 mm | 10.0 mm 2Q 4Q
Cut 1 229 332 416 712000 | 108000
Cut 2 36.4 123 61 656 480
Cut 3 24.8 88 42 109 124
Cut 4 20.3 73 34 21 21
Cut 5 18 65 30 5.6 4.8

Table 5.4: Comparison of the background and signal for 1fb~! luminosity; m; =
120 GeV, m, = 20GeV, and three pseudo-scalar decay lengths are shown, 0.5 mm,
2mm, 10 mm.

A comment is due concerning the trigger rate. The trigger selection corresponds
to cut 1 and one sees that the cross section is of order 1 nb~! (the order of magnitude
has been confirmed with an independent inclusive dijet sample generated with Pythia

~2 571 this corresponds

6.4). For an instantaneous luminosity of a few times 10%* cm
to a rate of a few Hz, i.e. about 1% of typical high-level trigger output bandwidths,
which are several hundred Hz. Prescaling could further reduce the rate, while still
delivering an adequate integrated luminosity for this analysis.

Following the selection criteria discussed in Sec. 5.4, we can clearly see the Higgs
boson mass peak in Fig. 5.6. Figs. 5.5 and 5.7 show the corresponding dijet mass
spectrum for the 0.5 mm and 10.0 mm decay lengths respectively. If for simplicity
we treat this search as a pure counting experiment, without cutting on the invariant
mass variable, and assuming small systematic errors for the moment (see below), the

signal has a statistical significance of about 11 in the case c¢t, = 2 mm and m, = 20

GeV. Placing a restriction on the dijet mass as in cut 5 increases the significance to
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about 20. The statistical significance of the signal is shown for other choices of ¢,
in Fig. 5.8, and for other choices of m, in Fig. 5.9. Note we have not optimized the
cuts for these other masses and lifetimes. To improve the statistical significance at
different lifetimes, one might want to use a looser cut on the IPS for smaller values of
ct, and a stricter cut on the IPS for greater values of c7,. For masses larger than 25
GeV, one might want to optimize the selection criteria, for instance, using a harder

track-jet mass cut and a larger jet radius.
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Figure 5.8: The statistical significance Figure 5.9: The statistical significance

of the signal as a function of the de-
cay length of the (pseudo-)scalar, for 1
fb—t. The black squares indicate the
ratio of signal to background, and the
red triangles give the ratio of signal
to square-root of background. In this
plot, m, is set to 20 GeV.

5.6 Conclusion

of the signal as a function of the mass
of the (pseudo-)scalar, for 1 fb~. The
black squares are the ratio of signal
to background, and the red triangles
give the ratio of signal to square root
of background. The Decay Length c7,
is set to 2 mm.

In this chapter we have introduced several powerful kinematic cuts designed to dis-
cover a Higgs boson decaying to long-lived neutral particles. The unique feature of
this channel is the highly-displaced vertices resulting from the decay of the long-lived

particles, some fraction of which occur before reaching within the beampipe. The
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tracks from these vertices will have large IPS, and form clusters with large mass that
are isolated from prompt tracks. We exploit these features to separate signal from
background. For certain values of the (pseudo-)scalar decay length and masses in
Fig. 5.8 and Fig. 5.9, we may be able to discover the Higgs in this channel with just
1 fb=! of recorded LHC data.

We should comment regarding the trigger selection, which we took (see Cut 1 of
section 5.4) as a requirement of two displaced muons and two jets with pr > 40 GeV.
Should the trigger rate be found to be intolerably high, one could perhaps additionally
perform a regional track reconstruction in the vicinity of the calorimeter jets. One
could then study either the number of prompt tracks with pr > 1 GeV (requiring it to
be less than two) or the number of tracks with large IP. Full regional reconstruction
of the tracks associated with the calorimeter jets might consume a intolerably long
CPU time to be done on the High Level Trigger. Another option would be to use
Particle Flow (PF) reconstructions of all the objects in the event after a calo jets
filter was applied to expedite the HLT trigger path CPU time. One should require 2
neutral PF jets with additional 2 muons in the event. Note, the reason one asks for
neutral PF jets are an artifact of the PF jets and track reconstructions that does not
manage to reconstruct displaced tracks after a certain distance from the interaction
point. Therefore the PF algorithm will identify displaced jets as neutral PF jets.
These techniques should suppress the background rate and should not much hurt the
signal efficiency.

The search described in this chapter should also be sensitive to other models with
displaced vertices and rather large cross-sections. Only the final step in the search
method assumes anything specific about the Higgs being the source of the displaced
vertices, though our di-muon trigger requirement makes us sensitive only to certain
final states, including ones with bottom, charm, taus, and certain exotics (such as

hidden sector particles decaying to leptons [112, 108], as for instance in lepton-jets
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[133], or to neutralinos decaying via R-parity violation to heavy flavor [110].) Further
optimization of the search strategy might allow for both improved significance for the

Higgs signal and wider sensitivity to other possible new sources of displaced vertices.
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Chapter 6

Systematic Uncertainties of
Invariant Mass Distribution of

W jets at Tevatron

CDF has recently reported an excess in the dijet invariant mass distribution around
150 GeV for events containing a lepton, missing energy and exactly two jets [134].
This has led to many new physics interpretations [135, 136, 137, 138, 139, 140,
141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153]. However, the excess
could also possibly be from the systematic uncertainty of the W+2jets background
simulation. In this chapter, We will investigate the various sources of the systematic

uncertainties.

6.1 Revisit of the W+2jets Analysis at CDF

In this chapter, we will use the same cuts as the original CDF analysis [134]. Namely,
we ask for events containing exactly two jets with p]T > 30 GeV in || < 2.4 units of
rapidity. We use the CDF JetClu algorithm with parameter R = 0.4 implemented in

Fastjet 2.4.2 [34]. The jets must be separated by at most 2.5 units of rapidity and
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the transverse momentum of the dijet system (pjTj ) is constrained by p]Tj > 40 GeV.
Events should contain exactly one lepton in || < 1, pf% > 20 GeV that is separated
from the jets by R;, > 0.52. We require that the missing transverse momentum
(E3ss) satisfies B8 > 25 GeV and is separated azimuthally from the leading jet,
A¢ > 0.4.

The CDF results are shown in Fig 6.1. The data deviates from the background
simulation significantly, and if a Gaussian distribution between 120-160 GeV is added,

the statistical significance is 3.4 [134].

6.2 ME-PS matching

Matrix Element (ME) is good at describing the hard process of the event, typically
2 — N process. To describe the full event with all the soft radiations, we need the
Parton Shower (PS) to describe the jet evolution. A complete simulation of the events
will need both of them. However, there is an overlap in the phase space between these
two methods, so we need ME-PS matching to avoid the double counting. Here, we

will describe MLM matching, CKKW matching [154].

6.2.1 MLM matching

The MLM matching will find the double counting phase space and reject them. It is

implemented this way [154]:

e The first step is the generation of parton-level configurations for all final-state
parton multiplicities n up to a given N (W + N partons). They are defined by

the following kinematical cuts:

p]zjﬂa'rt > pITCLl’ﬂ’ ‘npart‘ < ’T]max‘,ARjj > Rmin (61)
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where pb'™" and 7P¥"* are the transverse momentum and pseudo-rapidity of the
final-state partons, and ARj;; is their minimal separation in the (7, ¢) plane.
The parameters po'™, Nyae and R, are called generation parameters, and are

the same for alln =1, ..., N.

Events are then showered, using Pythia [116] or Herwig [33]. The evolution for
each parton starts at the scale determined by the default Pythia and Herwig
algorithms on the basis of the kinematics and colour connections of the event.
The upper veto cutoff to the shower evolution is given by the hard scale of the
process. After evolution, a jet cone algorithm is applied to the partons produced
in the perturbative phase of the shower. Jets are defined by a cone size R,s, a
minimum transverse energy ES$“* and a maximum pseudo-rapidity n<%. These
parameters are called matching parameters, and should be kept the same for all
samples n =0, 1,..., N. These jets provide the starting point for the matching
procedure, described in the next bullet. In the default implementation, we take
Raus = Roin, 1% = n™®® and E$ = p2™ + max(5Gev, 0.2 x pi™), but
these can be varied as part of the systematics assessment. To ensure a complete

clus maz

coverage of phase space, however, it is necessary that Reyus > Romin, N5 >0

and ESus > pmin,

Starting from the hardest parton, the jet, which is closest to it in (n,¢) is
selected. If the distance between the parton and the jet centroid is smaller
than 1.5 x R.,s, we say that the parton and the jet match. The matched jet is
removed from the list of jets, and the matching test for subsequent partons is
performed. The event is fully matched if each parton matches to a jet. Events,
which do not match, are rejected. A typical example is when two partons are so
close that they cannot generate independent jets, and therefore cannot match.

Another example is when a parton is too soft to generate its own jet, again
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failing matching.

e Events from the parton samples with n < N, which survive matching, are then
required not to have extra jets. If they do, they are rejected, a suppression,
which replaces the Sudakov reweighting used in the CKKW approach. This
prevents the double counting of events, which will be present in, and more
accurately described by, the n + 1 sample. In the case of n = N, events with
extra jets can be kept since they will not be generated by samples with higher
n. Nevertheless, to avoid double counting, we require that their transverse

momentum be smaller than that of the softest of the matched jets.

When all the resulting samples from n = 0, ..., N are combined, we obtain an
inclusive W+jets sample. The harder the threshold for the energy of the jets used in
the matching, EZ%, the fewer the events rejected by the extra-jet veto (i.e. smaller
Sudakov suppression), with a bigger role given to the shower approximation in the
production of jets. Using lower thresholds would instead enhance the role of the
matrix elements even at lower Er, and lead to larger Sudakov suppression, reducing
the role played by the shower in generating jets. The matching/rejection algorithm

ensures that these two components balance each other.

6.2.2 CKKW matching

The CKKW matching will reject Parton shower to cover only phase space not covered

by ME. The implementation is described as:

e Select the jet multiplicity n and parton identities ¢ with probability

o0
ki Okj

©)'is the tree-level njet cross section at resolution yim; = Q?/Q?, cal-

where o,
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culated using a fixed value a4(Q;) for the strong coupling. The label i is to
distinguish different parton identities with the same multiplicity, e.g. i = gggg
or qqqqq for n = 4. N is the largest jet multiplicity for which the calculation

can realistically be performed (N ~ 6 currently). Errors will then be of relative

N-1

order a;

. Ideally, one should check that any given result is insensitive to N.

Distribute the jet momenta according to the corresponding n-parton matrix

elements squared |M,, ;|?, again using fixed a(Q1).

Use the kp-clustering algorithm to determine the resolution values yo = 1 >
Y3 > ... > Yp > Y at which 2,3,... . n jets are resolved. These give the nodal
values of ¢; = Q,/y; for a tree diagram that specifies the kr-clustering sequence

for that configuration.
Apply a coupling-constant weight of as(gs)as(qa) - - - as(gn)/[as(Q1)]" 2 < 1.

For each internal line of type ¢ from a node at scale g; to the next node at
g < qj, apply a Sudakov weight factor A;(Q1,¢;)/Ai(Q1,q) < 1. For an

external line from a node at scale ¢;, the weight factor is A;(Q1, ¢;).

Accept the configuration if the product of the coupling-constant weight and the
Sudakov factor is greater than a random number R € [0, 1] times' [A,(Q1, Q)]*.

Otherwise, return to step 1.

6.3 Results

We will employ three different Matrix Element Generator in this study, Madgraph [155],

ALPGEN [156], and SHERPA [157]. The Madgraph and ALPGEN events will be

fully showered and hadronized by Pythia 6.4 [116], while the SHERPA events will be

"Multiplying by [A,(Q1,Q)]? increases the efficiency of the procedure, since this constant factor
is always present.
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handled by the internal shower and hadronization program CSSHOWER [158] and
AHADRONIC [159]. Jet Matching are applied for all the sample generated in this
study and it is matched up to 3 jets (the highest multiplicity is 3). In ALPGEN,
MLM cone matching is available, while in Madgraph, one could do both MLL cone
matching and kt matching, and in SHERPA, the CKKW matching is used.

Parton distribution functions (PDF) are defined as the probability density for
finding a particle with a certain longitudinal momentum fraction x at momentum
transfer Q2. It is obtained by a global fit of the experimental data. There are various
different versions of PDF sets, here we will use three different set of PDF: CTEQ5,
CTEQG6 and CTEQG61[25]. The dijet mass spectrum and the AR between the two jets
are shown in Figure 6.2, the samples are from ALPGEN matched up to 3 jets. At
parton level, the py cut is 15 GeV and the cone size is 0.4, during ME-PS merging,
the matching scale is set to 20 GeV. In Figure 6.1, CDF used CTEQ5 to generate the
events.

In the matrix element calculation, the coupling constant is evaluated at the renor-
malization scale and the PDF are evaluated at the factorization scale, and the fac-
torization scale also sets the virtuality of the parton shower. Figure 6.3 shows the
difference between the dijet mass spectrum and AR between the two jets for different
scale choices. We will vary the default scale by half and two and compare with the
result with the default scale. The samples are from ALPGEN matched up to 3 jets.
At parton level, the py cut is 15 GeV and the cone size is 0.4, during ME-PS merging,
the matching scale is set to 20 GeV.

In ME-PS matching, we need to choose the matching scale described in the previ-
ous section. However, these scales are quite arbitrary and has no physical meanings.
We will vary these scales to probe the systematic uncertainties associated with these
scales in Figure 6.4. The events are generated by ALPGEN, matched up to 3 jets. At

parton level, the pr cut is 15 GeV and the cone size is 0.4, during ME-PS merging,
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the matching scale is set to 20, 25 and 30 GeV. In Figure 6.1, this scale is set to be
20 GeV.

In Madgraph, the MLM algorithm is not only implemented for cone matching,
but also for kr matching. We show the difference between the two matching schemes
in Figure 6.5. The events are generated by Madgraph, matched up to 3 jets. For
MLM cone matching, at parton level the py cut is 15 GeV and the cone size is 0.4,
during ME-PS merging, the matching scale is set to 20 GeV. For MLM kr matching,
at parton level, the ky cut is 15 GeV and during ME-PS merging, the matching scale
is set to 20 GeV.

In addition, we also show the systematic uncertainty from the choice of the ME-
PS matching scale in the MLM k7 matching in Fig 6.6. The events are generated by
Madgraph, matched up to 3 jets with MLM kg matching. At parton level the kr cut
is 15 GeV, during ME-PS merging, the matching scale is set to 20, 25 and 30 GeV.

Figure 6.7 shows the results for various generators, ALPGEN, Madgraph and
SHERPA. The samples for all the three generators are matched up to 3 jets. For
ALPGEN and Madgraph, at parton level the py cut is 15 GeV and the cone size is
0.4, during ME-PS merging, the matching scale is set to 20 GeV. For SHERPA, the
matching scale is set to 15 GeV for the CKKW matching. In SHERPA results differ
from Madgraph and ALPGEN significantly, and looks more similar to the data in
Figure 6.1.

Figure 6.8 shows the results for different matching scale in the CKKW matching.
The events are generated by SHERPA, matched up to 3 jets with CKKW matching.

And the matching scale is set to 10, 15 and 20 GeV.
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6.4 Conclusion

In this chapter, we investigate all the possible systematic uncertainties for the dijet
mass distribution at Tevatron. Among all the possible sources, the difference between
MLM matching and CKKW matching seems to be the greatest, which is shown in
Figure 6.7. Another important systematic uncertainty is the choice of matching scale
as shown in Figure 6.4 and Figure 6.6. These two areas deserve more theoretical and

experimental studies.
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Figure 6.1: The dijet invariant mass distribution from CDF[134]. The sum of electron
and muon events is plotted. In the left plots we show the fits for known processes
only (a) and with the addition of a hypothetical Gaussian component (c). On the
right plots we show, by subtraction, only the resonant contribution to M;; including
WW and W Z production (b) and the hypothesized narrow Gaussian contribution (d).
In plot (b) and (d) data points differ because the normalization of the background
changes between the two fits. The band in the subtracted plots represents the sum of
all background shape systematic uncertainties described in the text. The distributions
are shown with a 8 GeV/c? binning while the actual fit is performed using a 4 GeV /c?
bin size.
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Figure 6.2: The comparison of the dijet mass spectrum(on the left) and the AR
between the two jets for different PDF sets, CTEQ5, CTEQ6L and CTEQ6L1. The
events are generated by ALPGEN, matched up to 3 jets. At parton level, the py cut
is 15 GeV and the cone size is 0.4, during ME-PS merging, the matching scale is set

to 20 GeV.
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Figure 6.3: The comparison of the dijet mass spectrum(on the left) and the AR
between the two jets for different renormalization and factorization choices. The
events are generated by ALPGEN, matched up to 3 jets. At parton level, the py cut
is 15 GeV and the cone size is 0.4, during ME-PS merging, the matching scale is set
to 20 GeV. We will vary the default scale choice by a factor of half and two.
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Figure 6.4: The comparison of the dijet mass spectrum(on the left) and the AR
between the two jets for different matching scales. The events are generated by
ALPGEN, matched up to 3 jets. At parton level, the pr cut is 15 GeV and the cone
size is 0.4, during ME-PS merging, the matching scale is set to 20, 25 and 30 GeV.
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Figure 6.5: The comparison of the dijet mass spectrum(on the left) and the AR
between the two jets for different MLM matching schemes. The events are generated
by Madgraph, matched up to 3 jets. For MLM cone matching, at parton level the pp
cut is 15 GeV and the cone size is 0.4, during ME-PS merging, the matching scale
is set to 20 GeV. For MLM k7 matching, at parton level, the kr cut is 15 GeV and
during ME-PS merging, the matching scale is set to 20 GeV.
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by Madgraph, matched up to 3 jets with MLM kr matching. At parton level the kr
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Figure 6.7: The comparison of the dijet mass spectrum(on the left) and the AR be-
tween the two jets for different event generators, ALPGEN, Madgraph and SHERPA.
The samples for all the three generators are matched up to 3 jets. For ALPGEN and
Madgraph, at parton level the pr cut is 15 GeV and the cone size is 0.4, during ME-
PS merging, the matching scale is set to 20 GeV. For SHERPA, the matching scale
is set to 15 GeV for the CKKW matching.
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by SHERPA, matched up to 3 jets with CKKW matching. And the matching scale
is set to 10, 15 and 20 GeV.
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Chapter 7

Conclusion

With the LHC turning on, it is a very exciting period for collider physics, which
this thesis primarily focus on. And all the topics discussed in this thesis will be
summarized below.

The thesis began, in chapter 2, with the estimation of the PDF uncertainties of
the W boson production cross section. At the end of the day, every analysis at the
LHC, for search of new physics or test of SM, has to be compared with the Monte
Carlo Prediction. So we need to find out the proper normalization factor to connect
between Events and Cross Section. The W boson production cross section serves
as a Standard Candle for this purpose. Since the Parton Distribution Functions
are measured experimentally, they come with statistical and systematic errors, and
these errors will propagate into the W boson cross section computation in the MC
generator. This chapter present the results both the uncertainties and its sensitivities
to the acceptance cut by employing the Hessian Method.

In Chapter 3, we focus on the search strategy of a light SM Higgs boson. Inspired
by [31], we search for a SM Higgs boson with mass around 120 GeV produced with
a vector boson, and both of them are very boosted. In this search channel, the

Higgs boson will decay to a pair of bottom quark and the vector boson will decay
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leptonically. To kill the huge QCD background, we will require two b-tagged subjets
inside the Higgs Jet and also apply the Jet Trimming Technique on the Higgs Jet to
improve its mass resolution. It is shown that we could achieve the same statistical
significance with 30 fb~! data and could offer an alternative search strategy.

In Chapter 5, we continue to focus on collider search of a Non-SM Higgs bo-
son. Instead decaying to SM particles, the Higgs boson will decay to a pair of
(psuedo-)scalars, and decaying to four bottom quarks eventually. However, due to
the weak coupling between the (psuedo-)scalar and the bottom quark, the (psuedo-
)scalar will be long-lived, therefore, we are expected to see highly-displaced vertices
in the (psuedo-)scalar decay. Taken advantage of this feature, we propose a set of
efficient cuts to kill the QCD background and show that we are likely to observe this
channel in the early LHC data.

Chapter 4, we introduce a new measurement sensitive to the Higgs/weak gauge-
boson coupling, where the Higgs boson looks like a light SM Higgs boson, but its
coupling to the gauge boson is different. The primary virtue of the proposed mea-
surement is its insensitivity to experimental and theoretical uncertainties. Through
such a measurement, one might detect subtle shifts in the Higgs couplings signal-
ing the effects of new physics, and perhaps giving clues to the mechanism behind
electroweak symmetry breaking.

Finally, in Chapter 6, we discuss various systematic uncertainty in the dijet mass
distribution from the W+2jets production at the Tevatron. We use different PDF
sets, scale choices, Monte Carlo Generators, ME-PS matching schemes and ME-PS
matching scales. Among these factors, the largest difference comes from the CKKW
matching implemented in SHERPA and the MLM cone matching implemented in
ALPGEN ( what the CDF has been using). Another important systematic error is
the choice of the matching scale in ME-PS merging. These systematic uncertainties

are important and needs more study both from the theoretical and experimental
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effort.
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Appendix A

Scattering Amplitudes for
Longitudinal (Gauge Bosons and

Partial Wave Unitarity

For completeness, we will here review the high energy behavior of longitudinal gauge
boson scattering. This will demonstrate why we expect the increase in the scattering
amplitudes for non-SM Higgs couplings. It will also help us establish the partial wave
unitarity bound for longitudinal gauge boson scattering, which is of practical impor-
tance for our simulation. We will make use of the Goldstone equivalence theorem,
which says that the scattering behavior of the longitudinal gauge bosons is the same
as that of the eaten Goldstones, up to corrections of order O(my /E). Note that
while we will only explicitly calculate the behavior of W W, — W, W/, the other
longitudinal gauge boson scattering processes are similar.

We begin with the Lagrangian for the SM Higgs doublet with the additional
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dimension-6 operator we wish to study:

L= i Tr (OHTOH + 2 HIH) — % Tr (HIH)” + [0Tr (H'H) 0Tr (H'H)]

(A1)

32 f2

where H = ¢ - o for real fields ¢; (i = 0 <> 3) and ¢ = (1,5). The SM Higgs
potential corresponds to ¢; = 0. Expanding around the minima (¢g) = pu/ VA one
finds new derivative interactions proportional to cy. Those relevant to ¢, — ¢ ¢

scattering at lowest order are:

LD —v\hd o — —¢+¢ + L (2(DD_) + ¢y b0, Db + 2u¢,dp_Oh) + h.c.

(A.2)

2f2

where we have denoted the shifted ¢y field by h and written ¢, in terms of their

charge eigenstates ¢.. Also, note that there is an additional kinetic term for A:

£>3 f2 LLpA (A.3)

so that in going to canonical normalization we must insert a factor of N = 1/1/1 + cyv?/ f?

for every h encountered at a vertex. The tree level amplitude becomes

iN? 2
M- — prdp_) = —4i\+ ZFS - (S—LTR}L) (2)\1) + 2—f25> +(s<t) (A4)

where mj;, = V2 \v. Working in the limit s,¢ > m? we find

C 'U2
M- = br0-) % (1= N9 ) (540 (A.5)

which shows the £? growth in the amplitude that we expect. In this limit, the J = 0
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partial wave is:

1 Oy 2ch2 cySs 2CHU2
_ CH (1 _ = "7 (q1_ .
a 16m/sf2 (1 N ) syt = o (1 - 4L (A.6)

Partial wave unitarity is violated when |Re(as)| > 1/2, so the unitarity bound is

saturated when
16702

e =€ (1= cp€N?/4)

(A7)

To stay clear of this limit, we limit ourselves to studying events for which s < 2 TeV
(corresponding to |cgé| < 0.6).
We note that one may gain further intuition into the longitudinal gauge boson

system by considering the parameterization
H = (v+h)e™/" (A.8)

Here we have shifted our field definitions so that the 7 transform non-linearly. In this
language, the relevant terms in the Lagrangian become
A A
LD \/—_hamﬁﬁ_ + 6 (73 (0m_)? — mpm_OmyOm_) + h.c. (A.9)
H Iz
As before, the kinetic term of A is shifted, so we must add a factor of N at every point
we encounter an h at a vertex. Note, however, that in this case all of the operators
come with 07 terms. Computed in this way, the amplitude M(m 7_ — 7, 7_) shows
the same behavior as Eq. (A.4), as it must, but this is the result of a non-cancelation of
derivatives between the four-point operator and the h-exchange in the ¢ & s-channels,
rather than because of a new vertex.

Using these results we can compare the scattering in the Higgsless case to that of

the case where the Higgs has anomalous couplings. To consider the Higgsless case we
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set cy = 0 in Eq. (A.4) and consider the /s < my, limit using m;, = V2 v. We find
o 4 2
Ono—higgs X |[M|” = F(S + 1) (A.10)

wheras for the case of a light Higgs with anomalous couplings we find from Eq. (A.5)

2
c
Oanom—higgs X ’M‘Q - ( I;f> (3 + t)2 (A].l)
under the assumption
cué m?
—_— > — A.12
5 > (A.12)

This is how we arrived at Eq. (4.3). For m;, ~ 100 GeV this is true for scattering
at the TeV scale as long as cg& 2 1/10. At lower values of the anomalous coupling
the dominant effect comes from interference effects proportional to s + t instead of
(s+1)2. Thus smaller values of the anomalous couplings have a qualitatively different

energy behavior that of larger values, making them especially difficult to resolve.
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Appendix B

Overview of Jet Algorithms

While a comprehensive review of jet algorithms is beyond the scope of this work
(see [107] for a recent review), here we will provide a short overview so the reader can
quickly gain intuition into subjet techniques.

Jet algorithms can roughly be divided into two categories: cone algorithms, which
function as cookie-cutters to stamp out jets from calorimeter cells, and sequential
recombination algorithms, which build up a jet by merging four-momenta one by one
in a prescribed order. Here we will focus on recombination algorithms.

Each of these algorithms functions by defining a distance measure between every
pair of four-momenta and for each four-momenta individually:

: n n RZ ? n
d;j = min(p7}, p7%) (R;) , dip = p7% (B.1)

for jets ¢ and j. If the smallest distance measure at a given stage in clustering is
between two four-momenta they are merged, otherwise the four-momenta with the
smallest d;p is declared a jet and removed from the queue.

The different sequential recombination algorithms are distinguished by value of
n appearing in Eq. (B.1). These values determine the clustering order, whether

one clusters beginning with hard four-momenta, soft four-momenta, or by angle (see
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Algortithm | n | Approximate clustering order
ko 1 soft— hard
C/A 0 near—far (in y-¢)
anti-kr -1 hard— soft

Table B.1: Parameterization and approximate behavior of sequential recombination
jet algorithms.

anti—kT C/A I{ZT

Figure B.1: Approximate clustering behavior of jets for the different sequential re-
combination algorithms assuming p54 > pZ. Note that while we have shown the jets
as being circular, the kr jets can behave in a non-circular, wandering way.

Table B.1 and Fig. B.1). For the subjet analysis at hand, where reconstructing the

softer subjet is essential, we therefore use the kr algorithm which begins by clustering

softer jets, preventing them from being cannibalized by the harder subjet.
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