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We consider prospects for detecting and measuring the properties of Z’, W’ and heavy
Higgs bosons at the Large Hadron Collider (LHC). These particles are all well-motivated
heavier counterparts to known SM particles. Z’ and W’ bosons arise when the SM gauge
group is extended with additional U(1) or SU(2) factors. Heavy Higgs bosons are a fea-
ture of many models, including the Two Higgs Doublet Model (2HDM), supersymmetric
(SUSY) models, and W’ and Z" models.

First, we consider a number of common Z’ models and present next-to-leading (NLO)
and next-to-next-to-leading order (NNLO) predictions for the cross section, forward-
backward asymmetry, and rapidity distributions. We discuss methods for measuring the
couplings of the Z' and distinguishing among models. Z’ bosons with masses around
5 TeV should be detectable at the LHC, and the couplings of a 2.5 TeV Z’ could be
measured within 0.17 with a luminosity of 1 ab=!. We also consider a hidden sector Z’
that couples to standard model fermions via kinetic and mass mixing and serves as a
mediator of isospin-violating interactions with dark matter. We combine the results of
LHC Z’ searches and dark matter direct detection experiments with global electroweak
data to obtain mass-dependent constraints on the model parameters.

Next, we consider the fact that extra broken gauge symmetries are often accompanied
by extended scalar sectors. If the masses of new Higgs particles are not too large,
the W' bosons may decay into heavy Higgs particles, providing new possibilities for
W' detection. We consider a simple scenario where the W’ couplings to fermions are
suppressed, making decays to scalar pairs the dominant decay mode. Potential final

states include one or two gauge bosons plus missing energy.
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Finally, we turn our attention to Higgs pair production in the 2HDM. Higgs pair
production is a valuable tool for measuring the triscalar couplings of the scalar potential.
We consider both hh resonant production and hH associated production. We identify
viable search channels for the LHC and provide their expected discovery sensitivities
for a center-of-mass energy of 14 TeV (LHC14) and a luminosity of 3 ab™t. We find
that discovery at the 95% C.L. is possible over most of the parameter space of the
CP-conserving Type-IT 2HDM.
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Chapter 1
Introduction

The Standard Model (SM) of particle physics has been remarkably successful, with-
standing ever-more rigorous tests over the course of several decades. In July 2012, the
ATLAS and CMS collaborations at the Large Hadron Collider (LHC) announced the
discovery of the final piece of the SM puzzle: a Higgs boson with a mass of 125 GeV. This
amagzing discovery validates the fundamental theoretical tenet that the electroweak gauge
symmetry is spontaneously broken. So far, LHC measurements of the Higgs couplings
to other particles are all consistent with their SM-predicted values [1]. This is satisfying,
to a degree, but it is also mystifying that the SM should work quite so well, when we
know it faces several fundamental challenges. For one, the Higgs mass, measured to
be 125 GeV, is not predicted in the SM. In fact, it requires theoretically unappealing
fine-tuning of model parameters, since otherwise quantum effects should drive the Higgs
mass to very large values near the Planck scale, where gravity becomes important. The
Planck scale is many, many orders of magnitude larger than the electroweak scale, a fact
the SM cannot explain.

Another major issue is that the SM provides no dark matter candidate. Dark matter
interacts gravitationally but has no electric charge, so we cannot observe it through its
interactions with photons, as with ordinary matter. Copious astronomical observations,
such as measurements of galactic rotation rates and gravitational lensing effects, show

that about 85% of the matter in our universe is dark. Observations from colliding



clusters of galaxies, like the famous bullet cluster, show that dark matter has very weak
self-interactions, while analyses of the structure formation indicate it is mostly cold (non-
relativistic). Many experiments are underway to detect dark matter directly, including
LUX, XENON, CDMS, and CRESST. A few potential signals have been detected, but
thus far there has been nothing definitive, and some of the results are in tension with
one another [2].

Many expect that TeV-scale new physics beyond the Standard Model (BSM) will
resolve these issues. The LHC experiments at 7 and 8 TeV center-of-mass energy have
not found evidence for significant deviations from the SM or any new particles, however
the LHC upgrade to 14 TeV, with 10 times the present luminosity, may change this. In
this thesis, we focus on two simple possibilities for new physics at the LHC: extending
the electroweak gauge symmetry, or expanding the scalar symmetry breaking sector.
While often considered in separate contexts, these two ideas are closely related, as we
will point out in Chapter 3. Both scenarios lead to heavier counterparts of known SM
particles, which could potentially be detected at the LHC. We will discuss direct and
indirect methods of detecting and measuring the properties of these new particles, and

how to connect these observations to an underlying physics model.

1.1 The Standard Model

The Standard Model is a theory of subatomic particles and the forces and symme-
tries that govern their interactions. It describes three of the four fundamental forces (the
strong and weak nuclear forces and electromagnetism, but not gravity) in terms of a local
gauge symmetry SU(3)c x SU(2), x U(1)y. SU(3)¢ corresponds to the strong interac-
tions, while the weak and electromagnetic interactions are unified into the electroweak
gauge group SU(2);, x U(1)y, which is broken to U(1)gys by the Higgs mechanism. How
gravity can be incorporated into this picture is an area of active research. Each of these
symmetry groups is associated with a coupling constant that determines the strength

of the force. Due to quantum effects, the strengths of these couplings depend on the



energy scale of the process under consideration. The SU(3)c coupling is largest at low
energies or, equivalently, long distances, while the the strength of the electromagnetic
and weak forces is quite small at long distances.

The SM contains 12 types of fermions (spin-1/2 particles): six quarks (up, down,
charm, strange, top and bottom) and six leptons (electrons, muons, and taus, and
their corresponding neutrinos), plus an oppositely-charged antiparticle for each of these.
These particles transform under representations of the SM gauge group. Only quarks
interact via the strong force; they form an SU(3)¢ triplet, carrying one of three charges
known as colors. Since the strength of the strong force increases at low energies, free
quarks are not observed. Instead, they are found in color-neutral bounds states called
hadrons, which consist of either three quarks or a quark-antiquark pair. The most
common hadrons are the protons and neutrons that make up atoms.

Left-handed quarks and leptons are doublets under SU(2):

V; U;
LL = ) QL - ) (11)
t; d;
L L

where ¢ is a generation index such that v; = v.,v,,v;; € = e,u,7; u; = u,c,t; and

d; = d, s,b. The corresponding right-handed fields
up, dr lr (1.2)

are singlets under SU(2)r. The gauge assignments of the SM fermions are given in Table
1.1. The SM does not explicitly include right-handed neutrinos. However, so-called
sterile (non-interacting) neutrinos can be added easily, since right-handed neutrinos
would be singlets under the SM gauge group. It is usually assumed that right-handed
neutrinos are very heavy, so the minuscule masses of the left-handed neutrinos can be
accounted for with the see-saw mechanism.

Each subgroup of the SM is associated with force-carrying gauge bosons. The ex-
change of these particles mediates force interactions between matter particles. There

are eight QCD gauge bosons, called gluons, transforming in the adjoint representation



SUB)e | SU@). | Uy | Qen=T}+Y
1 2 1
3 p - i
@ 6 t3073
1
L, 1 2 -3 0, -1
d 3 1 + +2 L
u — —_— — —_—
Ry UR 37 3 37 3
R 1 1 1 -1
1
) 1 2 —0—5 0

Table 1.1 Gauge assignments for the SM fermions and Higgs doublet. The electric
charge, Qg is given by the sum of the U(1) hypercharge, Y, and the weak isospin, T}.

of SU(3). There are three weak gauge bosons, W% and W° W?° mixes with the U(1)y
gauge boson B, leading to two physically-observed mass eigenstates: the massive Z bo-
son and the massless photon, A. Explicit mass terms for gauge bosons are not allowed
by gauge invariance; instead, the masses are generated through the Higgs mechanism.

If the scalar potential,

2 A
vz%@@+z@@ﬁ (1.3)

has a stable minimum away from ® = 0, then we can shift the Higgs field by its vacuum

expectation value (VEV), v & 246 GeV. Then the scalar field can be rewritten as

G+
P=1 e | (1.4)

V2
After symmetry breaking, the expansion of the Higgs kinetic terms about v generates
mass terms for the weak bosons. With an appropriate choice of gauge, the Goldstone
bosons, G° and GF, are “eaten” and become the longitudinal degrees of freedom for the
now-massive W and Z, leaving one physical Higgs particle, h. The Higgs mechanism

can also generate fermion masses through Yukawa couplings of the form

YaqrPdg , YuqrPur , Yol Pep . (1.5)



The Higgs boson, h, has direct couplings to W and Z bosons and fermions, and gains
couplings to photons and gluons through loops. The fermion couplings are proportional
to their masses (since both come from the Yukawa terms), so the Higgs interacts most
strongly with top quarks. It also has sizable couplings to W and Z bosons. The SM
Higgs boson, with a mass of 125 GeV, is too light to decay to tops or on-shell weak
bosons, so its primary decay is to b quarks. The SM Higgs branching fractions for the
most important channels are shown in Table 1.2. The Higgs can be produced through
several processes at the LHC: gluon fusion, vector boson fusion, associated production
with a vector boson, or associated production with a top quark pair. Diagrams for these
processes are shown in Figure 1.1, and their cross sections as a function of collider energy

are shown in Figure 1.2.

Decay channel | Branching Fraction
H — bb 57.7%
H—-WW 21.5%
H— 1t~ 6.3%
H—ZZ 2.6%
H — vy 0.2%

Table 1.2 SM branching fractions for a 125 GeV Higgs boson [3].

1.2 Extended Gauge Symmetries

One simple and well-motivated extension of the SM is to add an extra U(1)" factor to
the gauge group and its associated gauge boson, the Z’. If U(1)’ is broken at the TeV-
scale, the Z’ could be observed as a heavy dilepton or dijet resonance at the LHC. Grand
unified theories (GUTs), embed the SM gauge group in a larger symmetry group, are a
strong motivation for Z’ searches. Grand Unified theories attempt to explain a number of

theoretical issues, including why charge is quantized, why the SM is chiral (asymmetric
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Figure 1.1 Representative diagrams for Higgs production at the LHC, taken from [2].
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Figure 1.2 Cross sections for production of a 125 GeV Higgs in various channels at the
LHC, taken from [2, 4]. We see that gluon fusion is the dominant production mechanism
in a hadron collider.

between right- and left-handed particles), and why there are three generations of matter.
They also provide for gauge coupling unification, something that is hinted at, but does
not quite work, in the SM [2]. There are several common types of GUTs that lead to
Z" bosons. One class is the left-right symmetric models that contain a U(1) for B — L
(baryon number - lepton number), which can be further embedded in SO(10). Another



is the string theory-motivated Es GUT, which breaks down to include multiple U(1)
factors [5, 6, 7, 8, 9]. Z’ bosons also arise in Little Higgs models and models with
extra dimensions [5]. An area of considerable recent interest has been dark sector U(1)
symmetries, where dark matter is charge under the U(1), but SM fermions are not. This
leads to dark photon or Z’'-mediated dark matter interactions [10, 11, 12].

We can also consider adding larger gauge groups to the SM, such as SU(N) factors,
where N > 2. One famous example is the left-right symmetric model [13, 14, 15, 16, 17].
Since the left-handed fermions are charged under SU(2)y, it would seem natural to add
a similar group SU(2)g under which the right handed fermions transform as doublets.
This is implemented by assuming a SU(2), x SU(2)r x U(1)p_r symmetry at high
scales, with SU(2)r x U(1)p_y, breaking to U(1)y at the TeV scale (or higher). Despite
the popularity of this model, it is not the only model based on a SU(2) x SU(2) x U(1)
gauge structure. Other options include models where quarks and leptons are charged
under different SU(2)s, or where the third generation is assigned to its own SU(2) [16].
It is also possible that none of the SM fermions are charged under the second SU(2),
so that the W’ acquires left-handed couplings to SM fermions only through mixing with
the W. As in the case of the U(1)-extended symmetry, if the symmetry breaking scale
is not too high, the heavy W’ and Z’ bosons associated with the new SU(2) could be
detectable at the LHC.

1.3 Extended Higgs Sector

The SM Higgs mechanism requires only one complex doublet scalar to generate
masses for the W and Z bosons and the fermions. However, it is often the case in BSM
scenarios that more than one Higgs multiplet is allowed, or even required. The most
common option is to add extra SU(2) doublets or singlets. Higher SU(2) representations,
for example triplets, are disfavored due their effect on the ratio of the W and Z masses,
a very precisely measured quantity. The most widely-studied model is the Two Higgs

Doublet Model (2HDM), in which a second complex doublet is added to the scalar



sector, adding heavy Higgs states to the physical spectrum [18]. In the CP-conserving
case, there are two charged Higgs H*, a neutral CP-even Higgs H°, and a neutral CP-
odd Higgs A°. There are several incarnations of the 2HDM, differing in how the Higgs
particles interact with fermions. A particularly interesting case is the Type-I1 2HDM,
which corresponds to the Higgs sector of the Minimal Supersymmetric Standard Model
(MSSM).

Extra Higgs particles often show up in models with extended gauge symmetries as
well, as they are required to break the new symmetry groups to the SM gauge group.
W’ models usually require two scalar multiplets, often a combination of SU(2) triplets,
doublets, or bidoublets (i.e. a scalar that transforms in the fundamental representation
of both factors of SU(2)). The particular choice of Higgs representation, as well as the
hierarchy of the symmetry-breaking scales, has a significant impact on the spectrum and
couplings of the scalar and vector bosons.

In any of these models, measuring the properties of the Higgs boson will be central
to the search for new physics. Small deviations from SM predictions of Higgs couplings
and decays could hint at new physics long before a new particle is directly detected.
While we have begun to measure the couplings of the Higgs to weak bosons, photons,
gluons and fermions, the Higgs potential itself has not yet been subject to experimental
scrutiny. Such analysis requires the more challenging measurements of triple and quartic
Higgs self-interactions via pair production of Higgs bosons. However, this important
avenue of pursuit should soon be possible with data from the upcoming LHC14 run, as
will increasingly precise measurements of the Higgs fermion and gauge boson couplings.
Current measurements from CMS of the Higgs cross section for different production and

decay modes are shown in Figure 1.3.

1.4 Experimental constraints

All of these new particles are being actively searched for at the LHC. So far, only

null results have been found, leading to lower bounds on the masses of the new particles.
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Figure 1.3 CMS best fit values for the measured Higgs cross section relative to SM
expectations in a number of production and decay modes, from [1].

With 20 fb~!, CMS excludes Z’ masses much below 2500-3000 GeV [19]. W’ bosons are
excluded below 3.35 TeV [20]. SM-like heavy Higgs bosons are excluded for masses in the
range of 127-710 GeV [21]. However, these bounds are highly model-dependent. Simple
adjustments to the standard assumptions can dramatically change the picture, allowing
“excluded” models to remain promising. This is a point we will return to frequently in
this work.

New physics models are also constrained by the extremely precise measurements
of the Z boson couplings at the Z-pole [2]. The ongoing measurements of the Higgs
mass and couplings provide additional constraints. These constraints are especially
important for the models considered in this thesis, as the new gauge bosons and Higgs
scalars generally mix with their SM counterparts, altering their properties. This leaves
two options: either the mixing angles between sectors are small, or the mass scales of
the SM and new physics are quite separated.

This thesis is organized as follows: In Chapter 2, we discuss the detecting and mea-

suring the couplings of Z’ bosons at the LHC. For a spectrum of benchmark models, we
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discuss how the rapidity and forward-backward distributions can be used to determine
the couplings of the Z’ and differentiate between models. We also consider a dark-sector
Z' that gains couplings to the SM through kinetic and mass mixing with the SM Z,
and obtain constraints from dark matter direct detection experiments. In Chapter 3,
we consider a left-handed W’ models with fermion couplings proportional to the SM
W couplings. We use this model to demonstrate that W’ bosons can decay dominantly
into scalar pairs, and discuss collider signatures of such decays. Finally, in Chapter 4,
we consider production of Higgs pairs hh and hH in the Type-II CP-conserving 2HDM.
These processes are valuable for measuring the triscalar terms of the Higgs potential.
We identify viable search channels and evaluate the LHC discovery reach for each pro-
cess. We also discuss the use of Multivariate Analysis (MVA) techniques to improve

LHC sensitivity.
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Chapter 2

LHC and dark matter signals of 7' bosons

2.1 Introduction

A simple extension of the Standard Model (SM) is the addition of an extra U(1)
gauge symmetry, with associated neutral Z’ gauge boson. Extra U(1) symmetries are
a necessary part of many interesting new physics scenarios, including several Grand
Unified Theories and string-inspired model constructions. Generic Z’ models can have
many new physics features, including generation-dependent couplings, Z — Z' mixing,
and new fermions; see e.g., Refs. [5, 6, 7, 8, 9]. We first study the simplest models with
generation-independent couplings and no Z — Z’ mixing. There are a number of such
models that are theoretically relevant, such as the Fg GUT models and the B — L model.
In Section 2.6, we consider a model that includes mass and kinetic mixing between the
7" and the Z [10], which has applications to isospin-violating dark matter scattering [11].

We expand the simulation code FEWZ 2.1 (Fully Exclusive W and Z Production)
[22, 23] to study the production and decay of Z’ bosons at the LHC through the process
pp — Z' — ITl~. FEWZ includes up to NNLO in perturbative QCD and is fully
differential in the lepton phase space. This allows for the precise calculation of the
Z' cross sections and differential distributions with realistic experimental acceptances.
In Sections 2.2 and 2.3, we briefly review Z’ detection and introduce several common
benchmark models that we use to demonstrate the efficacy and validity of our simulation.

In Section 2.4 we use FEWZ to derive a semi-empirical expression for the differential

do

Tgdeosd We show that, with sufficient data, this formula can be used

cross section
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to determine the couplings of the Z’ and set limits on model parameters with good
precision.

In Section 2.5, we apply our fit to the Eg model class and the production of two
7' bosons. The heavier of the two mass eigenstates is often assumed to be too heavy
for collider detection, but we show that it could be accessible at the LHC for a certain
range of mixing angles. Throughout, we focus on Z’ masses of a few TeV, as the LHC
lower limits with approximately 5 fb™! of data fall in the vicinity of 2 — 2.5 TeV for the
considered models [24].

In Section 2.6 we study the phenomenology of a Z’ scenario in which SM particles
are uncharged under the new U(1)’. In this case, SM particles interact with a new sector
through kinetic and mass mixing of the Z’ with the Z. Such a Z’ could act as a dark
matter mediator, with isospin-violating dark matter scattering arising naturally. Then,
there are two complementary ways to test such a model: the production of Z’ resonances
in collider experiments, and the direct detection of dark matter particles. We combine
the data from LHC Z’ searches [25, 26] and the XENON100 dark matter experiment [27]
with global electroweak data to constrain the kinetic and mass mixing angles. We find

that the electroweak, collider, and dark matter data provide comparable limits.

2.2 7' bosons at the LHC

If the Z’ couples to standard model quarks and leptons, it could be detected at the
LHC as a resonance in the dilepton channel through the experimentally well-studied
process pp — Z' — 1117 [28, 29, 30, 31, 32, 33]. We focus on the dielectron and dilmuon
channels, though decays to 7-lepton pairs can also be useful [34]. The SM background
to this process is fairly small, consisting mostly of Drell-Yan (DY) Z/v* events and a
smaller number of ¢f and multijet events [25, 26].

The differential cross section for the DY process is [6]

do

1
TQQ _ §U<Zl — IM17) Wyi(s, Q%) + interference terms, (2.1)
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where /s is the collider energy and @ is the center-of-mass energy of the dilepton pair.
The first term on the right hand side is the pure Z’ contribution, factored into two
parts: a hadronic structure function containing the QCD dependence, Wy (s, Q?), and
the partonic cross section,

1.9, +9i, Q?
4r 288  (Q2 — MZ,)2+ MZT%,°

o(Z = IF7) = (2.2)

The interference terms read

X

o(7',X) = 929X (ZZL iyt 2n Fiy (@ — M7)(Q* — M%) + Mz Mx Tz T'x

2n 288 ) (@2 = M2+ Mz 13| [(Q2 = M3)* + My TR ]

where X = ~, Z. For narrow resonances, which we define as I'y» < 0.1M/, interference
effects can be neglected. This is an excellent approximation near the resonance peak.
In the region slightly off peak, the interference terms can significantly alter the shape of
the invariant mass distribution [6, 35].

The partial width for decay into a massless fermion pair ff is given by

My

U = 55 95+ 7). (2.3)

where the gy, ., are the fermion couplings, which can be written in terms of the overall

Z' coupling and the fermion charges zy:

drac
_z )
cos? Oy fr.r

gJZCL,R = g%/ Z]%L,R - (2'4)

We take the masses of the quarks to be negligible compared to Mz /2. We assume
for simplicity that the Z’ decays only to SM fermions. However, in models with extra
fermions, the Z’ might also have non-SM decays. Thus, the total width is generally a
free parameter. If the decay rate to new fermions is large, the Z’ mass limits could be
significantly relaxed due to the reduced SM branching fractions [36].

In scattering experiments, the Z’ couplings influence the kinematics of the final state
particles. Before discussing this further, we define some standard scattering variables.

We choose a polar coordinate system about the beam axis, z, with azimuthal and polar
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angles ¢ and 6, respectively. The transverse momentum (the momentum of a particle

perpendicular to the beam line) is given by:

pr = /P2 + p: = psind (2.5)
Er = \/p2T + m?2. (26)

These quantities are equivalent for massless particles. Oftentimes, the polar angle 6 is

and the transverse energy by:

replaced by a related quantity known as pseudorapidty:
n=—Intan(6/2) . (2.7)

There are two quantities that are particularly relevant for Z’ searches, namely the
rapidity, y, and the forward-backward asymmetry, Arp. The rapidity describes the

boost along the beam axis of the CM frame relative to the lab frame, and is given by

yzlln(Eerz). (2.8)

The forward-backward asymmetry is given by
F—-B
FB= T g (2.9)

where F[B] is the number of events where the final state fermion is scattered in the
forward [backward], i.e. cosf > 0[< 0], direction relative to the initial quark direction.
In Section 2.4, we will show how these two quantities can be used to diagnose the Z’
couplings.

Dilepton resonances are not the only viable channel for Z’ detection. Past work has
considered detection using decays to top quarks [37, 38, 39, 40] and third generation
fermions [41, 42, 43], weak boson pair production [44], and weak charge measurements
in atomic parity violation experiments [45, 46]. The latter channels are particularly
useful in the case of leptophobic or non-universal Z’ models [47].

Other new physics, including Randall-Sundrum gravitons or sneutrinos, could also
be detected via a dilepton resonance similar to a Z’. There have been several discussions

of how to differentiate such resonances from a Z’ [40, 48].
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2.3 Simulation

We have analyzed the characteristic features of Z’ production at the LHC using an
expanded version of the simulation code FEWZ [22, 23]. FEWZ allows for an extensive
analysis of the SM Drell-Yan process, including NNLO effects and the influence of phase
space cuts. With a few modifications, its features can be used to study Z’ production
as well. The details of the original simulation are provided in Refs. [22, 23].

The QCD factorization theorem allows us to write the Z’' production cross section

in terms of the partonic cross section and the proton structure functions as follows:
do = Z/dwld'x2fz’hl(‘rl)f]hg(x2)d0-ij%lllg (331, xz),
]

where x; 9 is the fraction of the proton momentum carried by the quark. Since the
addition of a Z’ affects only the partonic cross section, and not the structure functions,
we do not need to alter the Monte Carlo portion of FEWZ.

The parameters of the Z’ model are specified in the input file for each run. For each
model, the user sets the mass, total width, partial width to leptons, and couplings of
the Z’. The input file also includes the SM parameters and kinematic cuts. We also
include a switch to turn on and off the Z’ contribution, so that calculations of the SM
background can still be done.

The Z' parameters are read into FEWZ and used to calculate weights (related to the
partonic cross section of various subprocesses) for the integration routine. Preserving
the structure of the SM calculation, we insert additional Z’ contributions to the partonic
cross section according to Eq. (2.1). Hereafter, the Monte Carlo integration proceeds
without alteration. All calculations are done to NLO or NNLO in QCD using the
MSTW2008 PDF sets [49]. Factorization and renormalization scales are set to up =
pr = Mz [23].
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We adopt the following standard acceptance cuts in our analysis:

Py > 20 GeV
me| < 2.5,
lyz/| > 0.8 (for App only). (2.10)

The first two of these cuts are the same as those applied to the muon channel by CMS
and ATLAS [26, 25]. The third is used to define a forward-backward asymmetry. The
intial quark direction cannot be measured directly at proton-proton colliders. However,
the boost direction of the Z’ is preferentially in the direction of the quark, not the an-
tiquark, especially for large dilepton rapidity |y;|. Valence quarks are much more likely
than any other partons to carry a large fraction of the proton momentum. Thus, if the
dilepton rapidity is large, the boost is preferentially in the valence quark direction. How-
ever, for small dilepton rapidities, the initial momenta of the quark and antiquark have
similar magnitudes, so we cannot use the parton distributions to distinguish between
them. Therefore, placing a cut on the rapidity of the final dilepton system allows for a
measurement of App [33].

We consider several common benchmark Z’ models. The first, the sequential standard
model (SSM), has couplings identical to those of the SM Z. It is a common benchmark
in experimental searches. Another theoretically interesting case is the Z;_;, noteworthy
because U(1)p_p, satisfies anomaly cancellation conditions without the presence of exotic
fermions or non-universal couplings [6, 50, 51] and may be a remnant of string theory [52,
53, b4].

A theoretically well-motivated class of Z’ models derives from breaking the Eg gauge

group via the chain [§]
SUB) x U(1)y x U(L)y = SU(3). x SU2)L x U(L)y x U(1)y x U(1),.

The new U(1) factors are associated with two neutral gauge bosons, Z, and Z,. After

symmetry breaking, they mix to form the mass eigenstates Z’ and Z”, with the mixing
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parameterized by an angle 5 [55]:

Z'=Z,sinfB+ Zy,cos 3,

7" =7 cos B — Zysin . 2.11
X (]

Since the Z" and Z” are assumed to be heavy compared to the SM Z-boson, any mixing
with the Z is negligible and ignored here. For now, we only consider the lower-mass Z’
for the three specific cases Z, for 8 =0, Z] for § = /2, and Z for tan 8 = \/% We
explore Z' and Z” detection in this class of models in Section 2.5.
Finally, we consider a left-right symmetric model, Z}  [56]. The Z’ couples to the
current
1

JlLLR = CYLRJ;;R — —QCKLR Jg_L, (212)

where app = +/cos? Oy g3 /sin?Oyg2 — 1 and sin® 6@y, = 0.22255 [57]. We study an

example Z} , with g% = g7 i.e., arr ~ 1.58 [33].

Table 2.1 summarizes the Z’ couplings to SM fermions for these models. The overall
gauge coupling strength is a free parameter, but it is often chosen to be consistent with
a grand unification scenario. We follow this approach and set g%, = C(;;ng [32]. (This
factor is not included in Table 2.1.)

In Table 2.2 we list for each model the total width, normalized by M/, as well as the
branching fractions to leptons, quarks, and neutrinos, assuming no decays to non-SM
particles. For our calculations, we use a~'(My) = 128.

In Fig. 2.1 we show the shape of the dilepton mass spectrum for a variety of Z’
models with Mz = 2.2 TeV at /s = 8 TeV (LHCS), and My = 2.5 TeV at /s =
14 TeV (LHC14). The SM background is very small in the resonance mass range, so for
luminosities of 20 fb~! for /s = 8 TeV or 100 fb~! for /s = 14 TeV, these resonance
peaks should be clearly distinguishable. Distributions are calculated at next-to-next-
to-leading order. We neglect detector effects such as energy resolution smearing. For

ATLAS, the resolution width is about 1% for electrons and 5% for muons [25]. For
CMS, the resolutions widths are 1 — 2% for electrons and 4 — 7% for muons [26]. As
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27 zg 25 Zp zjlz Zh 27

W V10 V10 V10 —/10 —/10 —/10 V10

12 12 12 12 12 12 12

Y -1 -1 3 1 -3 1 3
26 26 2v6 26 26 26 26

1 1 -1 =1 1 =1 =1

n 3 3 6 3 6 3 6
B_L| V5| VB V5 V5 _ 5 _ 5
6v2 62 22 62 62 2V2 2V/2

LR — -1 1 __1 QLR 1 arpr 1 _ owr 1
6arr 6arr 2ar R 6arr 2 6arr 2 20 R 2 2arr

Table 2.1 7' gauge charges. For the LR model, apg ~ 1.58
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Model | T'/Myz | BF(utp™) | BF(tt) | BF(hadrons) | BF(vp)
P 0.005 0.04 0.12 0.80 0.07
X 0.012 0.06 0.03 0.65 0.16
i 0.006 0.04 0.16 0.87 0.02
B—-L | 0.014 0.15 0.05 0.31 0.23
LR 0.022 0.03 0.10 0.90 0.02
SSM 0.026 0.03 0.10 0.73 0.18

Table 2.2 Z'" decay widths and branching fractions, assuming no non-SM fermion decays.

can be seen in Table 2.2, the resolutions are generally comparable to or larger than the
decay widths for the Z’ (assuming that non-SM decay rates are not large). Therefore a
precise measurement of the Z' width will likely be difficult [35]. As we show later, there
are observables that do not depend strongly on the decay width but still provide useful
information about the properties of the Z’.

By integrating over the peak region, we can determine the cross section as a function
of My for each model. In Fig. 2.2, we show the mass dependence of the integrated
peak (£3['z/) cross section for our six model examples at NLO. Note that the mass

dependence is largely model-independent.

2.4 Analysis

We now present a few empirical formulas from our simulations, which allow the cross
section and the differential distributions over a wide range of model parameters to be
predicted. They are also useful in extracting coupling information from experimental

data.
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Figure 2.1 Simulated NNLO dimuon invariant mass spectrum for a variety of Z’ models
with Mz = 2.2 TeV and /s = 8 TeV (left) and Mz = 2.5 TeV and /s = 14 TeV
(right), both with a luminosity of £ = 100 fb™!.

The LHC production cross section of the Z’ depends on the mass, width, and cou-
plings. Under the assumption of generational universality, this dependence can be pa-

rameterized in the narrow width approximation by

olpp— Z' = 1"17) = [p(gs, +9a,) + (1 —p) (g5, +93,) ] B(Z = 1I"17) f(rz).
(2.13)

The parameter p is model-independent but varies with .. It quantifies the fractional
contribution to the cross section from up-type quark events. The dependence on the Z’

mass is contained in f(rz). We use the empirical representation [7],

lmﬂ:%@<1—0a (2.14)

Tz

of the structure function dependence, where r; = %

As in Refs. [32, 6], we define the quantities

My
Cq =
247TFZ/
M/
€q = Z
247TFZ/

(95, + 9o (g2, +92,) = (92, +g..,) B(Z = 1117), (2.15)

(92, —92.)(92, —g2,) - (2.16)
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Figure 2.2 NLO cross section for the process Z’ — [T1~ versus Z’' mass, integrated over
the dilepton invariant mass peak region (£3T") for /s = 8 TeV (left) and /s = 14 TeV
(right).

In this notation, the cross section formula takes the simple form:

olpp— Z' =117 =[pcs + (1 —p)cg] flrz). (2.17)

We use a NLO FEWZ simulation of the six model examples in fits of the parameters
of Egs. (2.13) and (2.14). First, we fix rz and fit the simulated cross sections for the

six models to the form Ac, + Bcy, then take p = We repeat this procedure for

_A
A+B
several values of rz over the range, 0.1 — 0.6 (Mz = 1.0 — 4.5 TeV for /s = 8 TeV;
My =2.0—7.0 TeV for /s = 14 TeV), to determine how p changes with rz. We find

that this dependence can be approximated by the function
p(rz) =0.77—0.17tan"' (2.6 — 9.57/) . (2.18)

The result is shown in Fig. 2.3.
To determine f(ryz/), we fit the normalization A+ B to the form given in Eq. (2.14).

Our best fit values are

(2.19)

17.5
(3200fb) r0 (L -1 Vs =8 TeV,
flrz) = { ( ’ )

16.8
(43.3 fb) 731 (L - 1) /5 = 14 TeV.

A comparison of our fit to the simulation is plotted in Fig. 2.4. This fit captures the

dependence on rz within 20% over the entire range Mz =1 — 7 TeV.
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Figure 2.3 The parameter p (as defined in Eq. 2.13) as a function of r = %, along

with an approximate fit to an arctangent function. Notice that simulated values (points)
are shown for both 8 TeV (squares) and 14 TeV (circles) and agree well.

After a Z’ is detected, the next step will be to measure its couplings. Measuring
couplings with precision requires a large number of events, which may not be the situa-
tion for a very heavy or weakly coupled Z’. However, with enough events, an accurate
measurement of ¢, and e, is possible, as we demonstrate by considering a set of simulated
measurements of a 2.5 TeV Z’ at /s = 14 TeV.

The coupling combinations ¢, and e, of Eq. (2.15) can be determined by considering
the differential cross section, integrated over the resonance peak:

do_int M5 +3T do p
dydcosf /sz—3F dy d cos 0 dQ)

— 3/8(1+ cos?6) [pe, hi(y) + (1 — p) ca h(y)] F(rz)

+cosf[pey by (y) + (1 —p)eahy(y)] g(rz).

Q
(2.20)

The functions h‘fz are normalized so that integrating over cosf and y yields Eq. (2.17).
g(rz) represents the mass dependence of the cos term, similar to f(ryz). For Mz =

2.5 TeV, its value is g(rz/) = 506 fb. For the same mass, we find f(rz) = 1050 fb.
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Figure 2.4 FEWZ simulation (points) and fitted curve (lines) of the integrated Z’
cross section for /s = 8 TeV (left) and /s = 14 TeV (right). We show only the Eg n,
left-right, and sequential models for simplicity.

We have already determined p, f(rz), and g(rz), so all that remains is to find Af ,.
In order to separate the up and down contributions to the differential cross section, we
define two distinct scenarios in which the Z’ couples exclusively to one type of quark
(and to leptons). Then, for each scenario we simulate two differential distributions. The
first is the dilepton rapidity distribution, which allows us to determine h{. To determine
hi, instead of using the total cross section, we consider the quantity d(Z—;B), where F
is the number of lepton pairs scattered in the forward (cosfz > 0) direction in the
Collins-Soper frame [58] and B is the number scattered in the backward direction. The
resulting distributions are easily distinguishable, as can be seen in Fig. 2.5. In addition
to the simulated NLO data, Fig. 2.5 shows approximate curves h{,(y). The specific
curves used to approximate the normalized distributions at 14 TeV are

, 0.59
hl (y) = 64'6(y_0'84) +1 )
0.78
d —
hl(y) T e46(y—063) 117
. 2.5 (1 — e~0-00)
h2 (y) = 65'7(y_0'84) + 1 )
gy 11(1— e 020)
h2 (y) T e58(y—0.63) 11 -

(2.21)

By fitting observed data to Eq. (2.20), one can determine the four coefficients ¢, and

eq. To demonstrate the feasibility of this method and estimate the statistical error, we
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Figure 2.5 Normalized distributions for ‘ZZ—Z (left) and d(Z—;B) (right) for a Z’ that couples
to only up-type (solid) or down-type (dashed) quarks. We have set Mz = 2.5 TeV at
LHC14. Points are simulated data and lines are fitted curves.

use our simulation as a pseudo-experiment. For each reference model in Section 2.3,

we generate binned distributions for % and

d(F—B)

o— To extract ¢, and ¢4, we fit these
y

distributions to linear combinations of A, and hf’Q by minimizing x?. To determine the
boundaries of the confidence regions, we vary ¢, and e, and calculate the x? value at
each point for an “average” experiment using the method described in Appendix A of
[59].

Figures 2.6 and 2.7 show the 95% confidence level (C.L.) regions for our example case
of a 2.5 TeV Z' at 14 TeV. We see that 100 fb=! allows for some model differentiation,
while for 1 ab™! of luminosity the confidence regions are narrow. In the right panel of
Fig. 2.6, the red dashed contour shows the values of ¢, and ¢4 for the Eg models as a
function of the mixing angle 3, from which we can see that some model differentiation
should be possible. The tilt of the ellipses arises from the requirement that the up and
down quark contributions are summed to give the total cross section, restricting ¢, and
¢q to lie on a line.

Within the Eg model class, our fit can also be used to place limits on £ using the

least squares method. Using Egs. (2.11) and (2.15), we can write Eq. (2.20) in terms of
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Figure 2.6 95% C.L. regions for the couplings ¢, and ¢, for an average experiment
(statistical errors only) for £ = 100 fb=! (left) and £ =1 ab™! (right). The values of ¢,
and ¢, for the Eg family lie on the dashed red contour. Points are the theoretical values.

B instead of ¢, and e;. At the 1-sigma level, we find

0.447 < B, < 0.54r
0971 < By < 1.03m or 1.147 < By < 1.17m, (2.22)

0.207 < 8, < 0.227.

I[f the number of events is low, an analysis can still be done by integrating over the
distributions A{ ,, leading to a system of four equations in four unknowns that can be
inverted [32]. Note that we have included only statistical errors. For information on the
effect of PDF errors, see Ref. [32].

From our fit, we can also determine the forward-backward asymmetry;,

F—-B
F+B’

App = (2.23)
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Figure 2.7 95% confidence level regions for the couplings e, and e; for an average
experiment for £ = 100 fb~! (left) and £ = 1 ab™! (right). Points are the theoretical
values.

On the Z’" peak, Arp depends solely on the Z’ couplings to fermions. Using Eq. (2.20),

integrated over appropriate ranges of cosf, we can write

u o d ,
AFB — (p CL2 Cu + (1 p) CL2 ed) g(MZ ) (224)

(paf cu+ (1= p)afca) f(Mz)’
where af , = 2 fyy’"_” hi 5 (y) dy. We choose Ymaz = 2.5 and Yy = 0.8, the rapidity cuts

discussed in Section 2.3.

In the left panel of Fig. 2.8, we show the simulated values of Arp along with statistical
uncertainties for three Fg models with 100 fb~! of data. The red curve shows the
predicted values for App versus the mixing angle 8 defined in Eq. (2.11). The couplings
of the LR, B— L, and x models can also be parameterized (up to a normalization factor)
by an angle o with [28]

Z'=cosaZ, +sinaZy. (2.25)

This is equivalent to

Z}/R = COS GLR(_ZB—L> + SiIlHLR ZR . (226)

where arctan(apr) = 0L r = a+arctan 1/2/3. As for the three Fg models, we show App

versus « in the right panel of Fig 2.8.
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Figure 2.8 Predicted on-peak forward-backward asymmetry versus mixing angle 3 for
the Eg models (left) and « for the LR models (right), along with FEWZ simulated values
and statistical errors for Mz = 2.5 TeV, /s = 14 TeV, and £ = 100 fb".

Off peak, the Z’ interference with the SM background contributes to the asymmetry,
so App varies significantly with dilepton mass. Figure 2.9 shows the effect of this
interference on Arp. Both the shape of the curve and the peak value are highly model-

dependent.

2.5 FEs Models

We now consider Fg grand unification scenarios in more detail. An Fg gauge group
can be broken down into either a rank-5 or rank-6 subgroup. In the rank-5 case, this leads
to one additional Z’ boson, the Z7’7 discussed above. In the rank-6 case, there are two
additional Z's, corresponding to the additional U(1), and U(1), groups in Eq. (2.11).
The mass eigenstates are Z' and Z” of Eq. (2.11). We justifiably ignore small mixings
of the Z’ bosons with the SM Z. Often, the Z” is assumed to be very heavy, leading to
an effective rank-5 group, as was the case in the models we considered in Section 2.3.
In Fig. 2.10, we show the branching fractions and total width of each additional boson

as a function of the mixing angle f3.
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Figure 2.9 Simulated forward-backward asymmetry for a number of Z’ models with
My = 2.5 TeV and /s = 14 TeV.

In the rank-6 case, the masses of the Z' and Z” are related by [55],

(MZ’>2_ cos B+ V/15sin B <COSB) (2.27)
Mzr) — \V15cosB —sinfB ) \sinf/) .

This relation assumes that the U(1)" symmetry breaking scale is much higher than the

electroweak scale. Since the experimental lower bound on the Z’ mass is currently
about 2 TeV for Fg models, and there are tight limits on mixing with the SM Z, this is
a justified assumption.

Requiring that the Z” be heavier than the Z’, and that both masses are positive
leads to the condition

—/15/4 < cos < 0 (2.28)

Notice that the Z;, with cos8 = 4/5/8 is excluded from the range in Eq. (2.28).
Additionally, both the Z; and Z|, with cos = 1 and cos 8 = 0, respectively, have
My < Mz, Therefore, we would not expect the LHC to detect a heavier mass eigen-

state for the three Fg models considered in Section 2.3.
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Figure 2.10 Total width, normalized by the mass, and branching fractions to lepton, top,
and neutrino pairs for the lower mass eigenstate Z’ (left) and the higher mass eigenstate
Z" (right). For both, we include only decays into SM fermions.

Using the empirical equations determined in Section 2.4, we can now calculate the
cross section for the Z’ and Z”. Both cross sections are a function of just two free
parameters: My and 5. In Fig. 2.11, we show the integrated peak cross section for Z’
production and decay at LHC14 versus mixing angle. In Fig. 2.12, we plot the same
quantity for the Z” over the allowed range of mixing angles. Here we see that if a Z’
were to be discovered in the mass range of 1 — 2.5 TeV or so, the higher mass Z” could

be accessible at the LHC as well, within a certain range of mixing angles.

2.6 Dark Matter Interactions

There are a number of scenarios in which a Z’ boson can serve as a dark matter
mediator [60, 61, 62, 63, 64]. These models often include mixing between the gauge
bosons, leading to small effective couplings between dark matter and SM fermions [65,
66, 10, 67, 68, 69, 70]. We study this possibility, paying particular attention to the
possibility of isospin-violating dark matter scattering, which occurs naturally in the case
of a Z' mediator.

We now consider a model with a new U(1)" and a new Dirac fermion that is charged
only under U(1)" — this fermion will serve as our dark matter candidate. Interactions

between the dark matter and SM particles are achieved through the kinetic and mass
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Figure 2.11 Integrated peak cross section for the process pp — Z' — [T1~ as a function
of mixing angle 3, with Mz = 2.5 TeV at LHC14.

mixing of the new Z’ boson with the SM Z. The Lagrangian in this case is [66]

1, w1 L
L =Ly — ZZ/,WZ'“ + §M§,Z’MZ’“
~ - i i — 5 sine ,  ~. A
- S~ V2~ T2 B+ 6N 2,20
Here sin € and § M? parameterize the kinetic and mass mixing between the Z’ and the Z.
As usual, B, W,,, and Z',, are the field strength tensors for U(1)y, SU(2), and U(1)".
1; are the fermion fields (including the dark matter), and f{, and f’ are the vector and
axial charges of the fermions under U(1)’. For simplicity, we consider the case where all
SM fermions have f{, = fi = 0. This choice leads to rather weak couplings between SM
fermions and the new Z’, which avoids current LHC bounds on Z’ production. fi¥ must
be nonzero to allow for spin-independent scattering of dark matter on nuclei.

We define two additional parameters for convenience:

dM?

5:—2,
M;

(2.29)

—2cos€(0 + Sy sine)

tan 26 = ’
¢ M;/Mé — cos® € + §%, sin® € + 20 sin €

(2.30)

where Sy is the sine of the weak mixing angle. The Z’ couplings to DM and the shifts
in the Z couplings are proportional to . Since £ is approximately proportional to M Z_,Q

for 9, e < %, these couplings must be small for heavy Z's.
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Figure 2.12 Integrated peak cross section for the process pp — Z” — [T~ at LHC14
versus mixing angle 5. The mass of the heavier eigenstate is determined by the Z’ mass
and the mixing angle.

The physical states A, Z,,, and Z;L are obtained through two sequential transforma-
tions. First, we diagonalize the field strength tensors; then, after SU(2) x U(1) breaking,
we diagonalize the resulting mass matrices. After these transformations, the physical

states are related to the original (hatted) states by

A, = AH + éWsineZA/’H
Z, = cos&(Z, — & sin €ZAL) + sin € cos EZL, (2.31)

/ 5 . 5 ~ . 5
7, = cosecosEZ), —sin§(Z, — swsineZ),).
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We can write the couplings of the physical states to fermions in terms of the oblique

parameters, S, T, and U, and the “physical” weak mixing angle [66]:

e ol
o 1 - Tl . 2 7.2
ng QSWCW ( + 2 )( 3 Q *)7
A e ofy ,
= — | T
ng 28WcW ( 2 ) 37
e al™\ i i i
g}/Z, = Cy— (1 + 7) (S(T3 —2Q") tane — (T3 — 2Q) 55)5) ,
e aT i ;
g]‘?Z, Sy— (1 + 7) (ST3 tane — T3f) ,
g)‘(/Z = gfl)/(' )
QZZ' _ ‘>§7 (2.32)
where
1 1
Sz = SIQ/V + W(ZaS — CIQ,VS%/VCYT) , (233)
W w
and
3
- Sy 1 1
= S —=aT). 2.34
5 8W+0124/—812,V(4c%‘,a 204) ( )

The contributions to S and 7" due to the Z’ are, to second order in & [66],

aS = 4éci sy tane, (2.35)
2 M7

o' =& (—5 — 1) + 2¢sw tane. (2.36)
My

S and T" are constrained by fits to the global electroweak data, as shown in Fig. 2.13 [57].

The best fit values for an assumed Higgs boson mass of My = 117 GeV are

S =0.03£0.09,

T =0.07£0.08,

with a strong correlation of 87%. The S and T values would change very little for a
Higgs mass of 125 GeV, as may be suggested by recent LHC observations [71, 72]. The

constraints on S and 7' can be translated into constraints on the Z’ mixing angles (and
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Figure 2.13 Left: The 90% C.L. allowed region for S and T based on the global data
for My = 117 GeV [57]. Right: This region translated into a 90% CL region for e and
0 for MZ’ = 1000 GeV.

consequently the couplings and cross sections) with a simple Monte Carlo. The result
is shown in Fig. 2.13. Note that the kinetic mixing angle € can be quite large, assuming
that 0 is small enough.

By sampling values in the region of allowed € and §, we can determine the range of
possible values for the dark matter scattering cross section and the LHC Z’ production
cross section. These can then be compared to the results of experimental searches to
further restrict the mixing angles, Z’ mass, and f,,/f, (defined below).

For direct detection experiments, we are interested in interactions between dark
matter and atomic nuclei [10]. To determine this cross section, we start with an effective

dark matter-quark coupling given by

gV,AgV,A gv,Agv,A
bV,A: XZ/ fZ’ XZ fZ 7 (237)
! M2, M3

which leads to DM-nucleon couplings of
fo=2b) +0by, (2.38)

fo="by +2by .
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Using these expressions, we can determine f,/f, as a function of €, 6, and M. Con-
tour plots of f,,/f, and f,/f, as functions of € and ¢ are shown in Fig. 2.14. Comparing
with Fig. 2.13, we see that S and T place no limit on the value of f,,/ f,, though the mix-
ing angles are more tightly constrained for some values of f,,/f, than others. Therefore,

the limit on the dark matter scattering cross section will vary significantly as a function

of fn/fp’

TOF i 77 10F
05 ] 05 ]
Sul fy I Solfan
1 L 1
< 00 <  00r
-0.5 1 -05r- 1
-10& -10¢0 J
-1.0 . [ . A -10 1.0

sin €

Figure 2.14 Contour plots of f,/f, and f,/f, as a function of € and 0. No limits are
placed on the values of € and 9.

Finally, we can write the dark matter-nucleus spin-independent scattering cross sec-

tion: )
2
oq="Ha <Z +(A- Z)ﬁ) oy, (2.39)
/J’p fp
where o), is the spin-independent DM-proton cross section,
2 £2
Foly
= 2.40
r 64 ( )

and Z and A are the atomic and mass numbers of the detector material, 4 is the
reduced mass of the dark matter-nucleus system, and p, is the reduced mass of the dark
matter-proton system [11].

It is common to present the spin-independent cross section for a nucleus with Z

protons in terms of the cross section for scattering off a single nucleon, making the
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assumption that f, = f,. To compare a model with data, we must also account for
possible isospin violation. To convert the nuclear cross section to a proton cross section
0p, we multiply by [11]

_ i Mk, A
22k, Z + (A = Z) fu o]?

This factor is derived from Eq. (2.39) by summing over all stable isotopes of atomic

Fy

(2.41)

number Z, weighted by their natural abundances n;. In Fig. 2.15, we show the effect of
isospin violation on the xenon (Z = 54) cross section, normalized to the current limit
from XENON100, 0, < 2.7 x 107* c¢m? at f,/f, = 1 and M, = 100 GeV [27]. Isospin
violation can relax the bound by several orders of magnitude, with the least stringent

bound occurring around f,/f, = —0.7 [11].

o, (cm?)
10—40 _

10—4] L
10742 L
10—43

10744 L

. . . . I . . . . I . . . . I . . . . I fn/fp
-1.0 -0.5 0.0 0.5 1.0

Figure 2.15 The 90% C.L. upper bound on the spin independent dark matter-proton
scattering cross section from XENON100 as a function of f,/f,.

With the XENON bound generalized to all values of f,,/f,, we can use it to place
limits on the model parameters. We start by choosing a random sample of points (¢, &)
within the allowed region shown in Fig. 2.13 and then calculate the proton SI cross
section for each point. In Figs. 2.16 and 2.17, we show the dependence of the cross

section on f,/f, and My, respectively. From Fig. 2.17, we see that the largest cross
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Figure 2.16 The cross section fro DM scattering on protons, o, versus Z' mass for
fu/fo = 1. The thick red line at o, = 2.7 x 107 cm? is the XENON100 limit [27]; dots
are the cross sections corresponding to pairs (e, ) sampled uniformly over the allowed
values. The dark matter mass and coupling to the Z’ are set to M, = 100 GeV and
gy = 1, respectively.

sections occur for f,/f, ~ 0.35, while the lowest occur for f,/f, < —0.5, which is
where the XENON bound is the most relaxed. For both figures, we have set g, = 1
and M, = 100 GeV, which in general are free parameters. However, they have no
impact on the qualitative features of the distributions, as they only enter the overall
normalization factor. They influence our ability to place limits on the other parameters;
in particular, the gi dependence of the cross section means that all constraints can be
evaded by choosing a small enough coupling. For Mz = 1000 GeV and M, = 100 GeV,
the XENON bounds are evaded for all values of f,/f, with g, = 0.58.

Collider searches can also help constrain the mixing angles for a dark Z’, as the Z’
acquires small couplings to SM fermions via mixing effects [73]. Z’ production and decay
to leptons at the LHC depends primarily on the mixing angles and the Z’ mass, with only
a small dependence on the dark matter properties through the decay width of the Z’.
Using the couplings in Eq. (2.32), we can apply the analysis of Section 2.4 to calculate
the cross section for Z’ production at the LHC. We find the ATLAS predictions of the
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Figure 2.17 o, versus f,/f, mass for M}, = 1000 GeV. The thick red line is the
XENON100 upper bound; dots are the cross sections corresponding to pairs (¢, §) sam-
pled uniformly through the allowed region shown in Fig 2.13. The dark matter mass
and coupling to the Z’ are set to M, = 100 GeV and g, = 1, respectively.

cross section for the various Z’ models given in Fig. 2 of Ref. [25] are well parameterized
by

15
oB = (2200 fb) r; (é — 1) [pes+ (1 —p)ca) (2.42)

With this equation, we can use the current ATLAS limits to restrict the parameter
space. Since there are no direct couplings between the Z’ and the SM, the lower bound
on the Z’ mass is much less stringent than for the models considered earlier. In Fig. 2.18,
we show the upper bound on o(pp — Z' — [*17) set by the S and T parameters for
Vs =TTeV.

Finally, we can combine the limits from XENON100 and ATLAS to constrain the
model parameter space in terms of €, §, and M. The results are shown in Fig. 3.7,
again with M, = 100 GeV and g, = 1. The electroweak, dark matter, and LHC data
provide complimentary bounds, with S and T" more strongly limiting the degree of mass
mixing, while XENON and ATLAS provide more stringent bounds on kinetic mixing.

The bounds on § and e relax as My increases and the Z and Z’ decouple. Note that
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Figure 2.18 o(pp — Z' — IT17) versus M}. The thick red line is the most recent
ATLAS limit [25]; dots are the cross sections corresponding to pairs (e, ¢) sampled
uniformly through the allowed region shown in Fig 2.13.

the experiments report their results at different confidence levels, so these regions are
not confidence regions; they are simply indicative of the parameter space available.

The invisible decay width of the Z and the muon anomalous magnetic moment have
also been used to constrain the mixing parameters € and § [67], but they are less
restrictive than S and T for Mz in the range 300 — 1500 GeV.

If M; > M,, the invisible decay width of the Z must be considered. The decay
width is proportional to &2, so the experimental 1.5 MeV bound [57] is avoided as long
as £ < 0.95.

There are also corrections to the muon anomalous magnetic moment [67],

2

a§2 m,
N . 2.43
3wk, st M2, (243)

day,

However, the contributions from the Z’ are very small, because of the dependence on
M,? and €2. The current experimental limit is da, ~ 3 x 1079 [57], which is several

orders of magnitude larger than the expected contribution except for very small M.
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Figure 2.19 Derived limits on € and 0 for Mz = 500 GeV (left) and Mz = 1000 GeV
(right). The dotted blue lines represent the limit from global electroweak data (90%
C.L.), the solid red lines are the limit from XENON100 (90% C.L.), and the dashed
green lines are the limits from ATLAS at /s =7 TeV for £ ~ 1 fb~! (95% C.L.).

2.7 Summary of Z' Analysis

Our customization of the FEWZ simulation code allows for extensive studies of Z’
production and decay at the LHC at NLO and NNLO. Using the results of our simulation
for representative benchmark models, we derived an empirical formula for the double

differential cross section %. This formula can be used to study broad classes of
models easily and to determine the Z’ couplings to fermions without prior knowledge of
the underlying model. In a model-dependent analysis, it can also be used to set limits
on model parameters. In the case of the FEjg-derived models, without accounting for
systematic uncertainties, we find that the mixing angle § may be determined within
0.17 with 1 ab™! of data for a mass of 2.5 TeV. For Es models we also showed that
within a range of mixing angles, two extra neutral gauge bosons should be within the
reach of the LHC.

Finally, we considered a more general Z’ model with kinetic and mass mixing, which

has interesting implications for dark matter detection and hidden sector theories. Even
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if the SM is uncharged under a new hidden sector U(1)’, mixing could induce couplings
strong enough that the Z’ could be produced at the LHC and mediate dark matter
scattering on nuclei, without violating limits from global electroweak data. In the case
of a heavy Z' (Myz > My) we find that the limits on the S and 7' parameters can
be combined with XENON100 and LHC data to restrict the range of allowed mixing
angles. For a relatively light Z' at 500 GeV, the mass and kinetic mixing parameters
0 and e must both be less than about 0.2. For heavy Z's, these mixing parameters are

unrestricted.
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Chapter 3

W' decays to odd Higgs particles

3.1 Introduction

New heavy particles of charge +1 and spin 1, referred to as W' bosons, are pre-
dicted in many interesting theories for physics beyond the Standard Model (SM) [2, 13].
Extensive searches for W’ bosons at colliders have set limits on the production cross
section times branching fraction in several final states [2]. The most stringent limit on
a W' boson that has the same couplings to quarks and leptons as the SM W boson
(“sequential” ') has been set using the (v channels, where ¢ = e or p; the current
mass limit is 3.8 TeV, set by the CMS Collaboration [20] using the full data set from
the 8 TeV LHC.

In this Chapter, we show that the W’ boson is likely to decay not only into SM
fermions, as often assumed, but also into pairs of scalar particles from the extended
Higgs sector responsible for the W’ mass. As a result the existing limits may be relaxed,
and different types of searches at the LHC may prove to be more sensitive.

Theories that include a W’ boson embed the electroweak gauge group within an
SU(2)1xSU(2)exU(1), SU(3)w xU(1), or larger gauge symmetry that is spontaneously
broken down to the electromagnetic gauge group, U(1)en. This symmetry breaking
pattern is induced usually by some scalar fields with vacuum expectation values (VEVs).
The coupling of the W’ to these scalars is related to the gauge couplings, and cannot be
too small. In perturbative renormalizable models, the scalars have masses near or below

the symmetry breaking scale, because the quartic couplings grow with the energy. The
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W' boson, by contrast, may be significantly heavier, because large gauge couplings are
allowed by the asymptotic freedom of non-Abelian gauge theories. Consequently, it is
natural to expect W’ decays into pairs of particles from the extended Higgs sector.

We demonstrate the importance of W’ decays into scalars by analyzing in detail a
simple renormalizable W’ model: SU(2); x SU(2)s x U(1)y gauge symmetry broken by
the VEVs of two complex scalars: a bidoublet (i.e., a doublet under each non-Abelian
group) of hypercharge Y = 0 and a doublet under one of the SU(2)’s. This model has
been studied in different contexts [74, 75], assuming that the Higgs particles are heavy
enough to avoid W’ decays into them. An interesting feature of it is that, up to an
overall normalization, the W’ boson has identical couplings to quarks and leptons as the
SM W boson. We refer to it as the “meta-sequential” W',

The most general scalar potential has many terms, but it is significantly simplified
by imposing a Zy symmetry (the bidoublet transforms into its charge conjugate). The
lightest Higgs particle that is odd under this parity is stable, and could be a viable dark
matter candidate. Whether or not the Z, is exact, it leads to cascade decays of the W’
that give signatures with one or two electroweak bosons and two of these lightest odd
particles (LOPs).

In Section 3.2 we study the masses and couplings of the Higgs particles, and of the
heavy gauge bosons. Then, in Section 3.3, we compute the branching fractions of the W’
and Z’' bosons, and comment on various signatures arising from their cascade decays.
In Section 3.4 we discuss the LHC phenomenology assuming that the LOPs escape the

detector. We summarize our results in Section 3.5.

3.2 An SU(2) x SU(2) x U(1)y model with odd Higgs sector

Let us focus on a simple Higgs sector that breaks the SU(2); x SU(2), x U(1)y gauge
group down to U(1)ey,: a bidoublet complex scalar, A, which has 0 hypercharge, and
an SU(2); doublet, ®. We take the SM quarks and leptons to be SU(2), singlets. The

scalar and fermion gauge charges are shown in Table 3.1.
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SUB). | SU2) | SU(2)2 U1y
A 1 2 2 0
1
1 2 1 —
+2
1 1
L 1 2 1 -, —=
QLa L 37 +67 9
d 3 1 1 +2 L
u — —_—
R, WR 37 3
en 1 1 1 +1

Table 3.1 Gauge assignments for the scalars (A and ®) and SM fermions.

3.2.1 Scalar spectrum

We require the Lagrangian to be symmetric under the interchange A +» A, where A
is the charge conjugate of A. The most general renormalizable scalar potential exhibit-

ing this Zy symmetry and CP invariance is [74]

Vo= mio'o+ %‘I’ (©T®)” + (m2 + Ao @'®) Tr (ATA) + %A [Tr (ATA)]?
—% Tr (ATA) g %(TI(ATA))Q—FH.C. (3.1)

To avoid runaway directions, we impose Ag, Aa > 0. The A and Ao quartic couplings
must be real so that the potential is Hermitian. The N quartic coupling may be complex,
but its phase can be rotated away by a redefinition of A; we then take N to be real
without loss of generality.

Canonical normalization of the A and X terms would require an extra factor of 1 /2;
we do not include it in order to simplify some equations below. Other terms in V', such
as Tr[(ATA)?], Tr (ATAATA), or Tr (ATAATA), would be redundant as they are linear
combinations of the Aa, A and X terms. We recover the potential of Ref. [74] using the

identity ®T(ATA + ATA)® = &Td Tr (ATA).
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We also impose m3 < 0 so that A acquires a VEV. In addition, we need m2 < 0 or
Ao < 0 such that ® also acquires a VEV. We are interested in the vacuum that preserves
the U(1)em and Zs symmetries:

(a) = 2 diag (1,1) <@:$%<?). (3.2)

This vacuum is indeed a minimum of the potential for a range of parameters (discussed
below). The VEVs v, > 0 and va > 0 are related to m%, m%, and the five quartic

couplings by the extremization conditions:

A\ + )\ovi = —2m3
AoUA + Apv; = —2mG (3.3)
where we defined
AM=da—A—=N . (3.4)

In terms of fields of definite electric charge, the scalars can be written as

¢+
o= ,
- (v + 7 + i)

V2

Lo, .0
0+ — () +iny) x*
’r] X T (2
A= = V2 R )
X n- ﬁ (X'r' + ZXi)
The charge conjugate state of the bidoublet is then
(153 _at
AZO'QA*O'Q = X 1 . (36)
X "

All odd fields under Zs (which cannot mix with even fields, and thus are already in
the mass eigenstate basis) are collected in
HY+iA°  V2H*

A—A= : (3.7)
V2H- —HY4iA°
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where the physical states consist of a CP-even scalar (H°), a CP-odd scalar (A°), and a
charged scalar (H*). These are related to the n and y fields by

1
A= s )
1
= 2 (=)
Hi:i(iﬂ(i) : (3.8)

V2

At tree-level, the Zy-odd scalars have masses given by

My= V2N va .
My+ = Mygo = \/S\—I—:\’ UA - (3.9)

There are two remaining scalars not eaten by the gauge bosons. These are Zs-even,
CP-even, and neutral; their mass-squared matrix in the (x2 +n?)/ V2, #? basis is

e U2A Ao Vg VA

M. = : (3.10)

even

Ao Vg UA Ao U3

The Zs-even physical scalars,

1
h' = ¢? cosay, — —= (X0 +1y) sinay,

V2

1
H'® = ¢) sinoy, + —= (X) + 1)) cosay, (3.11)

V2

have the following squared masses:

1 2
Mp = 5 (MZ + \ov; F \/ (Avd — Xpv2)” + 4N vdvd ) : (3.12)

The mixing angle «y, satisfies

2
VAT (3.13)

tan2q), = —————
h AU — )\qﬂ)g
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The necessary and sufficient conditions for the vacuum (3.2) to be a minimum of the

potential are

N > Max{—\,0} ,
)\*)\q:a > )\(2) 5
)\q>]m2A] > —)\omgb ,

o|mA| > —Am3 ; (3.14)

these follow from imposing that all physical scalars have positive squared masses [see
Egs. (3.9) and (3.12)], and that the extremization conditions (3.3) have solutions.

All above results are valid for any vs/va. The agreement between SM predictions and
the data suggests that the Higgs sector is near the decoupling limit vg, < vi; adopting
this limit, we can analyze the spontaneous symmetry breaking in two stages. The first
one is SU(2); x SU(2)e x U(l)y — SU((2)w x U(1)y at the scale va. The effective
theory below va consists of the SM (with the Higgs doublet ®) plus an SU(2)y -triplet
of heavy gauge bosons (W'%, Z"), and five of the scalar degrees of freedom from A: four
Zy-0dd scalars combined into an SU(2)y-triplet (H*, H°) and a singlet (A°), and a
Zy-even singlet (H'?).

The second stage of symmetry breaking is the SM one: SU(2)w x U(1)y = U(1)em
at the weak scale v, & 246 GeV. The lightest CP-even scalar, h", represents the recently
discovered Higgs boson, because its couplings are the same as the SM ones up to small

corrections of order vi /vA4. Tts mass is given by

BYPT
My, = vy (A¢——) {1——+0 o) (3.15)
Ay 202 v3 ( ¢ A)

and should be identified with the measured Higgs mass, near 126 GeV. The H'? even

scalar has the same couplings as the SM Higgs except for an overall suppression by

A
sin oy, = )\0;}¢ +O(v3/v}) (3.16)
*UA
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and is significantly heavier:

My = \/)\_*UA + O(U;/UA) . (317)

Consequently, its dominant decay modes are W*TW ™ and ZZ.

The odd scalars, H*, H°, A° couple exclusively to gauge bosons and scalars, and
only in pairs. The lightest of them is stable, and a component of dark matter. A is
naturally the lightest odd particle (LOP) because in the X — 0 limit the symmetry is
enhanced: A° becomes the Nambu-Goldstone boson of a global U(1) symmetry acting
on A. We note, however, that H° could also be the LOP (for A’ > )) and a viable dark
matter candidate. Even though it is part of an SU(2)y triplet that is degenerate at
tree-level, electroweak loops split the H* and H° masses [76, 77).

In what follows we will assume that A° is the LOP. The heavier odd scalars then
decay as follows: H* — W*A H° — ZA% Even when these two-body decays are
kinematically forbidden, the three-body decays through an off-shell W* or Z are the
dominant ones. Other channels are highly suppressed, either kinematically (Ht —

7t a%HC and HY — (TvHY) or by loops (H° — yA° and the CP-violating H® — h°A°).
3.2.2 Meta-sequential 1’ boson
The kinetic terms for the ® and A scalars,
(D,®)'D,® + Tr [(D,A)'D,A] (3.18)
involve the covariant derivative
D, =0, —igyYB, —igiTi - Wy, —igoTs - Wo,, (3.19)

with 77 5 = 01,2/2; notice that T, acts from the right on the bidoublet: Ty-A = —A-7/2.
After symmetry breaking, the electrically-charged gauge bosons acquire mass terms:
2

2
(% _ ) _ _
f gt Wi W+ 2 (Wi, = 9:Wa) (W7 = oW 7)) (3.20)
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Diagonalizing them gives the physical charged spin-1 states,

W, = Wi, cos0 + Wy, sinf |
W, = =Wy, sinf + W, cosf (3.21)

with the following mixing angle, 0 < 6 < 7/2:

29192 UQA
tan 260 = (3.22)
(95 — 91) v& — giv;
The masses of the W and W’ bosons are
1 219> 12
Myw = —— 242 2 ) 02 4 2P . 3.23

Given that the left-handed quarks and leptons transform as doublets only under
SU(2)1, their couplings to the W and W’ bosons are proportional to the respective
coefficients of Wy, in Egs. (3.21). The measured W coupling to fermions gives a value
for the SU(2)w gauge coupling of g = v4mwa/sw = 0.652, where the electromagnetic
coupling constant and the weak mixing angle are evaluated at the My scale: a =
a(My) = 1/127.9 and sy = sin @y ~ v/0.231. In terms of the parameters of this model,
the SU(2)w gauge coupling can be expressed as

gicost =g . (3.24)
The W’ coupling to quarks and leptons, derived from Eq. (3.21) and Table I, is then
— g18inf = —gtanf . (3.25)

Thus, tan # determines completely the tree-level couplings of W’ to SM fermions. Impos-
ing a perturbativity condition on the SU(2); x SU(2), gauge couplings, g7 ,/(47) < 1,
and using Eq. (3.24) we find that

02<tanf <5 . (3.26)

In the particular case of tanf = 1, the couplings of W’ to fermions are identical (at

tree level) to those of the W. This is usually referred to as the sequential W’ boson, and
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is a common benchmark model for W’ searches at colliders. The most recent limit on the
mass of a sequential W’ at CMS, using 20 fb~! of 8 TeV data, is 3.8 TeV [20], assuming
that W’ can decay only into SM fermions. Note that the relative sign in Eqgs. (3.24)
and (3.25) implies constructive interference between the W and W' amplitudes that
contribute to processes constrained by W’ searches at the LHC. In the next sections we
will focus on the region 0.2 < tanf < 1, where the LHC limits are relaxed. Given that
the W’ boson in this model has couplings to fermions proportional to the SM W ones
(by an overall factor of — tan #), we refer to it as a “meta-sequential W’ boson”.

The above results are valid for any vs/va. It is instructive to expand these results

in powers of (vy/va)? < 1. The W’ coupling to fermions, relative to the TV one is

02
tan § = tan 6 (1 — —f 008290) +O(vy/va) (3.27)
VA
where we defined
tan by = i (3.28)
92

For vi < v4, the values of tan f, span essentially the same range as tan. The W and

W' masses, given in Eq. (3.23), have simple expressions to leading order in vy/va:

2
My, = 92 vgsindy |1 — % sin*fy + O(vi/vi) : (3.29)
2 2024
92 VA U; 4 Ué 2 8 67,6
My = 2 cos 01 [1 + 203 sin“fy + @ (4cot®0y — 1) sin®p + O (v3/vx)| - (3.30)

The low-energy charged current interactions are mediated in this model by both W

and W’ exchange. Consequently, the Fermi constant is related to our parameters by

(g1cosf)?  (gysinh)?

NGy =
M, M2,
= 9—2 1+ ﬁ sin'dp + O(vy /va)| (3.31)
M, v ¢

where we used Eq. (3.24), which defines g as the tree-level W coupling to leptons and

quarks. This shows that the measurements of the weak coupling in low-energy processes
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and in collider processes involving W bosons should agree up to corrections of order
(vy/va)? sin?fy. Defining the weak scale v ~ 246 GeV through G = 2Y/2v72, and using
Eq. (3.29), we obtain the relation between the ® VEV and the weak scale

2
v
v=u, |1— U—g) sin®fy + O (v, /vA)| - (3.32)
A

3.2.3 7' mass and couplings

Electrically-neutral gauge bosons also acquire mass terms in the vacuum (3.2):

2

2
v 2 v 2
< (@ Wi = ovB)" + -2 (25, — Wi,)™ (3:33)

It is convenient to diagonalize these in two steps. First, we define some intermediate

fields denoted with hats:
ZAL = Wj, costly — Wy, sinfy
7, = (W3, sin 6y + W, cos b) cos Oy — Bysinfy (3.34)

where the angle 8y, is defined in terms of coupling ratios:

gy
go sin b

(3.35)

tan éW =

The gauge boson orthogonal to Zu and 2L is the photon (A, = Wf’# cos O sin By, +
B, cos éw), already in the physical eigenstate. The measured electromagnetic coupling,

e = V4ra ~ 0.313, is related to the original gauge couplings through
gy cosby =e¢ . (3.36)

The mass-squared matrix for Z ., and 7 . takes the form

v B v tan 0y
2 cos20yy cos Oy
M2 = % sin®0, . (3.37)
v tan g 4o

_ : + 2 tan?6,
cos Oy sin?260,  *
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In the second step, we rotate Zu and ZL by an angle ez, given by

v3 sin 26, sin®6, cos Oy

tan 2e; = - - : (3.38)
v} cos?Oy + v} sin*f, (cosQHW — Cot290>
in order to obtain the mass eigenstate Z and Z’ bosons:
Z, = ZAM cos€y + ZL siney
Z, = —Zysineg + 7, cosey . (3.39)

The masses of the heavy neutral spin-1 particles are

go vi o . o 1 ) 2 tan 6 12
My, =2~ | —=— 4+ v:sin0 ( — + tan“6, IF—A)} . (3.40
“4 2v/2 |:C05200 ¢ ‘ cos20y, ’ sin 2e; cos Oy ( )

The tree-level results (3.33)-(3.40) have been obtained without approximations. Ex-

panding now in v}/v3, we find

. 9 U2
My = Q2U¢SH} 0 [1_ ¢2 sin490+O(U$/U4A)] : (3.41)
2 cos Oy 20,
My 9208 [y Y g Ve (ot Y + 08 /03) (3.42)
) = —F5 S1n = — S1n V,/U . .
2" 9 cos b, 203 0 8UA \ cos20y ’ e

The original five parameters from the gauge sector (g1, g2, gy, V¢, va) can be traded for
three observables (e.g., e, sy, My) and two parameters that can be measured once the
W’ or Z' boson is discovered (My, tan ), using Egs. (3.27), (3.29), (3.30), (3.36) and
. v?
sw =sinfy |[1— % sin®fy cos’0p + O (v /vp) | - (3.43)
Egs. (3.41) and (3.42), combined with the above equation, show that the tree-level
relation Mycyw = My, where cy = cos Oy, is satisfied only up to corrections of order

vi /v4. Furthermore, the Z couplings to fermions are modified at order vi JvA compared

to the SM. Thus, the current agreement between electroweak measurements and the SM
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imposes an upper limit on v; /vA, or equivalently, a lower limit on the W’ mass for a
fixed tan #. The lower limit at the 95% CL given by the global fit performed in Ref. [75]
increases from My, 2 600 GeV for tanf = 0.2, to My = 2 TeV for tanf = 1 (i.e.,
sequential W’).

The relative mass splitting between W’ and Z’ is very small:

Mz 32W 2 My ! 6 6
—1=—"-tan“d | —— O(My, /M 3.44
— soa tan’0 (T2 ) 4+ O (M /M) (3.44)

which is less than 6 x 1076 for My > 1 TeV and tan@ < 1. This implies that the W’
mass and tan @ will be constrained by both Z’ and W' searches. The Z' interacts with
the left-handed fermion doublets, with a coupling given by gtan® T plus corrections
of order v}/v} that are different for quarks and leptons. The Z’ couplings to SU(2)w

singlets are suppressed by v /v3 .

3.3 W' and Z' decays

The new gauge bosons interact with SM fermions and gauge bosons, as well as with
the Higgs particles. Usually, resonance searches for new gauge bosons rely on sizable
branching fractions of the W’ and Z’ decays into SM fermions. However, if the scalars are
lighter than the vector bosons than the decays into SM fermions may be suppressed. In
our model, the left-handed fermion doublets transform under SU(2);, while all fermions
are singlets under SU(2),. Thus, the W’ and Z’ couplings to fermions are induced
through mixing with the W and Z, so that for small tanf decays to heavy scalars
become important.

Neglecting corrections of O(v}/v3), the W' and Z’ coupling to fermion doublets is
given by g tan 6. The partial widths for decays to leptons (without summing over flavors)

T(W' — (v) ~ 2T(Z' — (H07) ~ Giz tan®0 My, | (3.1)
Sw
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are suppressed for 0.2 < tanf < 1. By contrast, the W’ and Z’ couplings to pairs of
odd Higgs particles are enhanced by 1/tan 6:

Gw'HE A0 = §Zz/H0A0 = — )
sin 26

g
tan 26

IW'HEHO = 97/ H+H- = (3.2)

where we ignored corrections of order v;/v%. These couplings lead to the following

partial widths:

(W' — H*A%) =~ T(Z'— H°A°) ~

aMyy (1 B 2M§++Mio n (Mfﬁ _Mfw)2>3/2

1252, sin?26 M2, M,
My M2 N2
T(W — HEHOY ~T(Z — HYH ) o — W' (20 . 3.3
( ) ( ) 122, tan220 M‘%V, (3.3)

The W’ can also decay into WZ and WA final states, but these partial widths are
suppressed by v} /va.

Figure 3.1 shows the branching fractions of the W’ and Z’ as a function of tan @ for
the dominant channels. As a benchmark point, we have used My, = 3 TeV, Mg+ = 300
GeV and M4 = 200 GeV (as shown in Section II, My, = My and My+ = Mpyo to
a good accuracy). For tan@ < 0.4, the W’ decays dominantly to pairs of odd Higgs
particles. It is important to investigate collider signatures of these decays.

The heavier odd scalars decay into the LOP (taken to be AY) and an electroweak
boson, so that W’ and Z’ can each undergo two cascade decays: W'— HtA? — W AYA°,
W'— HTH® — W+AZA® (see Figure 2), and Z'— H°A® — Z AA° 7' HYH~ —
WHAY W= A°,

If the Zy symmetry discussed in Section 3.2 is exact, then A° is a component of
dark matter. We will not explore here the constraints on the parameter space from the
upper limit on relic density, nor from direct detection experiments (nuclear scattering
would occur through Higgs exchange and gauge boson loops); these constraints can be
in any case relaxed by allowing a tiny Z, violation in the scalar potential. While an

in-depth exploration of this model as an explanation for dark matter is left for future
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Figure 3.1 W’ and Z’ branching fractions as a function of mixing angle, for My = 3

TeV, My+ = 300 GeV, M4 = 200 GeV.

work, we note that it shares many features with inert doublet [78] and minimal dark
matter scenarios [77].
The possibility that the Zs symmetry is violated by terms in the scalar potential of

the type
Tr(ATA) | ®TATAD | Tr(ATAATA) | Tr(ATA)Tr (ATA) (3.4)

is also worth considering. The weak-triplet scalar (H*, H°) as well as the singlet A°
would mix with the ® doublet, allowing direct two-body decays of A%, H? and H* to
SM particles. Furthermore, the three CP-even neutral scalars (H°, h, H') would then
mix, so that W’ and Z’ decays involving the SM-like Higgs boson are possible. These
include W’ — HThY with H* — tb (this channel is analyzed in [79]), as well as W' —
H*R® — W+ ARY and Z' — h°A° with A° — bb (or h°Z or tf if kinematically allowed).
There are, however, various constraints on deviations from the SM Higgs couplings,
implying that the Z, violating mixing is small, so that we expect that the above final
states have relatively small branching fractions.

It is also interesting to consider the intermediate case, where the violation of Z, is
very small, i.e., the coefficients of the operators (3.4) are much less than one. In that

case all W’ and Z’ cascade decays through the odd Higgs particles proceed as before,
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Figure 3.2 W’ production and cascade decays through odd Higgs particles.

but the A° would decay to a pair of heaviest fermions of mass below M,/2. This leads
to a variety of noteworthy final states: W/— WZ + 4b, Z'— Z + 4b, or W'— W Ztttt,
Z'— Ztttt, etc. For a range of parameters, the decays of Ay may be displaced but still
within the detector, leading to potentially confusing events. In what follows we will

consider only the case where A° is stable enough to escape the detector.

3.4 LHC signatures with stable A"

At the LHC, the W’ boson would be mainly produced in the s channel from quark-
antiquark initial state, even for small tan@. In the narrow width approximation, the

leading-order cross section for W’ production followed by decay into H*A° or H+ HY is

2
o(pp — W' — HTA°, HTH") ~ Zia]; O (M2, /s, 1) BOV' — H* A%, HHH)  (3.1)
SWS
where
: s [1dx - [z z
w(z, ) = > (VK| / = lui @ d; (Zon) ) ds (Zon)] - 632)

ij=1
The functions u;(x, 1) and d;(z, u) are the proton parton distribution functions for up-
and down-type quarks of the i¢th generation at factorization scale p. Although QCD
corrections to W’ production are usually significant [80], in our case they are somewhat
reduced due to the smaller ay at the large values of My that are relevant here. The
effect of higher-order contributions can be approximated by the inclusion of a K-factor

of approximately 1.3, with some scale dependence [20, 81].
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Figure 3.3 Leading-order cross sections times branching fractions for the processes
pp — W'— HYA°, HTH® and pp — Z' — H°A°, HYH~ at /s = 8 TeV and 14 TeV.
We have chosen tanf = 1/4, My+ = 300 GeV and M, = 200 GeV.

Figure 3.3 shows the total cross section for the pp — W' — HTA® and pp —
W' — H*H° processes at /s = 8 and 14 TeV, with tanf = 0.25. To compute these
cross sections, we used FeynRules [83] for generating vertices from our Lagrangian, and
input these into MadGraph 5 [82] (with parton distribution functions CTEQ6L1 [84]),
which includes interference between the W’ and W contributions. We used the default
MadGraph 5 prescription for dynamically setting the factorization and renormalization
scales (typically p ~ My). We have set Mg+ = 300 GeV, M4 = 200 GeV; the cross
sections are only weakly sensitive to the scalar masses as long as W’ is much heavier.
Figure 3.3 also shows the cross sections for pp — 2’ — H°A® and pp — 2 — HYH~,
for the same parameters.

We assume that the Z, symmetry discussed in Section 3.2 is sufficiently preserved
so that the LOP escapes the detector. As noted there, A° is most likely the LOP, so
that each of the above processes includes two A° in the final state, which appear as
missing transverse energy (£r) in the detector. If My > Mpy+, then the W or Z boson
emmited in the cascade decays W/ — HTA? — W+ A°A® and 7/ — H°AY — ZA°A°

is highly boosted, carrying energy roughly equal of My, /4. This implies that hadronic
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Figure 3.4 Transverse momentum distribution of the W produced in

pp — W' — HTA® - WAA" when My, = 2 TeV (solid blue line) and My, = 3
TeV (dashed red line), for /s = 8 TeV, My+ = 300 GeV and M, = 200 GeV. For com-
parison, the W pr distribution (dotted black line) is included for pp — Wxx through a
qY.q X" x contact interaction (for m, = 100 GeV).

decays of the W or Z boson lead to an interesting signature with the two jets collimated
into a single wide jet with substructure, plus 7.

The ATLAS collaboration [85] has searched for this type of signature in the case of
DM particles pair produced through a contact interaction to quarks [86, 87]. Compared
to our model, the processes pp — Wxx and pp — Zyx give rise to a smaller transverse
momentum for the electroweak boson, which is radiated from an initial state quark. In
Figure 3.4 we show the pp distributions for the W arising from W’ — H+ A% — W+AYA°,
as well as from initial state radiation in the case of a ¢v,gxy*x contact interaction (for
a Dirac fermion x of mass m, = 100 GeV). It is clear that the efficiency for a stringent
pr(W) cut is much higher for our W’ decays than in the case of contact interactions.

The cascade decays W/ — HTH® — WA ZA® and Z' — HYH- — WA W~ A°
lead to two highly boosted electroweak bosons plus £. Hadronic decays of these W and
Z bosons allow the use of substructure techniques [88] to reduce the QCD background.
Both cascade decays would then give the same signal: two fat jets (each due to the two

collimated jets produced by one of the bosons) plus missing transverse energy.
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The boosted W and Z “jets” plus K1 channel have the largest branching fractions.
Nonetheless, leptonic decays of the boosted W and Z are also promising due to small
backgrounds. These lead to final states with one, two or three leptons, plus Fr.

The mono-lepton signature has been studied theoretically [89] and searched for at
the LHC [90] in the case of contact interactions. Again, in our case the W producing
the lepton is generically more boosted. Unlike W’ decays directly to a lepton-neutrino
pair, there will be no Jacobian peak in the missing transverse energy distribution, as the
A"’s carry away a substantial fraction of the energy of the W’. In fact, the distribution
will be peaked at low-pp. Furthermore, if the masses of the A° and H™T are similar,
the transverse momenta of the two final-state A° particles will have similar magnitudes
but opposite directions, so their contribution to the Fr of the event is reduced. In this
case, the missing energy distribution could look like a SM W decay. This problem is
mitigated if the A° is substantially lighter than the Higgs triplet states, in which case
the Fr distribution will have a longer tail.

We simulate W’ signals using Madgraph 5 [82], including showering and hadroniza-
tion with Pythia 6.4 [91], and PGS detector simulation [92]; then we analyze the events
with the MadAnalysis package [93]. Figure 3.5 (left panel) shows missing transverse en-
ergy distributions for Myo = 300 GeV and Mpyo = 1 TeV, leaving the other parameters
fixed at My =3 TeV, M40 = 200 GeV, tanf = 1/4. The transverse mass distribution,
which is used in LHC W’ searches, is also peaked at small Mp. Moreover, the distribu-
tion does not change substantially for different values of the Higgs masses, as shown in
Figure 3.5 (right panel). Therefore, the transverse mass is not the best observable for a
W' decaying through odd Higgs particles.

A better observable for the single-lepton process W' — HTA? — W+ Fr is the
separation in azimuthal angle between the missing transverse energy and the lepton
transverse momentum, A¢pz~T e When a W or W decays directly to a lepton-neutrino
pair, the decay products are nearly back-to-back; for both the W’ and dark matter

mono-lepton analyses, CMS requires that AgzﬁpeT pr > 0.8 [20]. However, the kinematics
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Figure 3.5  [7 distribution (left) and transverse mass (right) distributions for
Mpo = 300 GeV and Mpgo = 1 TeV, all other parameters fixed (My» = 3 TeV,
M0 =200 GeV, tanf = 1/4).

for the decay W' — AYA°ly are substantially different, with the A(bpzT g, distribution
peaked at moderate-to-small values of AgzﬁpeT py; see Figure 3.6. In the rest frame of the
W' ph = — 35" pmiss but in the lab frame, the W’ transverse momentum is distributed
among the four decay products and the correlation in azimuthal angle is lost.

There are also two processes leading to £7¢~ + Fr. One of them is the Z/ — H°A? —
ZAYA® cascade decay, with Z — £*/~; the related process in the case of contact inter-
actions has been discussed in [94]. The other one is Z'— HTH~— WA W~ A° with
leptonic W decays; a similar final state, but without s-channel resonance, arises from
chargino pair production Ref. [95].

The limits on our model set by current LHC results are already stronger than those
from electroweak fits mentioned in Section 3.2. The searches in the W’ — (v channel,
although affected by suppressed branching fraction for small tan 6, set relevant bounds.
In Figure 3.7, we reinterpret the 95% CL limit set by the CMS Collaboration [20] on
Oexel./Ossmw as a limit on tan 6.

Existing LHC searches for other processes set less stringent limits. For W' —
HTAY — WTAYA® — ¢ + Fr, we use Figure 4 of [90] to estimate the number of

background events with 1 < AgzﬁpeT g < 1.5 in the muon channel, then set an upper limit



60

s ]

]
—_
]
——
1

005! |

(0.1 rad/o) do/dAg

0.007\”"\HH\HH\“H\“H\HH\‘
00 0.5 1.0 1.5 20 2.5 3.0

A¢ (rad)

Figure 3.6 A¢p§,ET distribution, for Mg+ = 300 GeV, M4 = 200 GeV, and tan § = 0.25.

on W' — u+ Er events in the same region assuming no excess is observed. This limit
is at most My > 1.05 TeV for any tanf < 1.

For the process W/ — HTH? — WTA'ZA® — (T0T(~ + Fr, we use results from
leptonic searches for charginos and neutralinos in [96]. We consider the search for a same-
flavor, opposite sign electron or muon pair on the Z peak (75 GeV < My < 105 GeV),
plus an additional electron or muon. We sum over My bins, then we use a Poisson
likelihood function multiplied over Fr bins to set an upper bound on the number of
events. The upper limits on the number of W’ events in each channel are then translated
to a limit on tan @ as a function of My, . This limit is rather weak: for My, = 1 TeV,
only values of tanf > 3.5 are excluded.

We see that the search for direct decays to lepton plus Fr final states still provides
the most stringent constraint on our model. The reason is that the 3-lepton rate is
suppressed by both the W — (v and Z — (¢*{~ branching fractions. Furthermore,
for the mono-lepton search, the selection cuts that optimize signal over background for
W — fv cut out a substantial portion of the H*A° events. A new analysis focusing on
the small AgbpeT pr reglon, using both the electron and muon channels, would provide a

stronger limit.
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Figure 3.7 Exclusion limit in the My, — tan @ plane, derived from the CMS W’ — (v
search [20], for My = 300 GeV and M4 = 200 GeV.

Given the mass degeneracy between W’ and Z’, limits set by searches for Z" — £/~
can also be plotted in the My, —tan 6 plane. However, they are weaker than those from
W' — (v because both the production cross section and the leptonic branching fraction

are smaller for Z’ than for W'.

3.5 Summary of W' Analysis

The SU(2); x SU(2)2 x U(1)y model with a bidoublet and a doublet complex scalars
is a simple renormalizable model that can serve as a benchmark for various LHC searches.
It includes a meta-sequential W’ boson whose s-channel production interferes construc-
tively with the W contribution, and depends on only two parameters: My and the
overall coupling normalization, tan . It also includes a Z’ boson (degenerate in mass
with W) which couples, to a good approximation, only to left-handed fermions.

The potential for the bidoublet (A) and doublet (®) scalars is chosen to be invariant
under a Zo transformation that interchanges the bidoublet and its charge conjugate. The
physical scalar spectrum then consists of four odd Higgs particles (a mass-degenerate

weak-triplet HT, H°, H~, and a CP-odd singlet A°), the recently discovered Higgs boson
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(h?), and a heavier scalar (H') whose couplings to SM fields are the same as those of h°
except for an universal suppression. The A° is naturally the LOP because a global U(1)
symmetry becomes exact in the M4 — 0 limit.

The phenomenology of the scalars is worth exploring whether or not the W’ and
Z' bosons are light enough to be produced at the LHC. Electroweak production of the
triplet scalars, for example, would lead to final states involving one or two weak bosons
and two LOPs.

The range of parameters where A° is a viable dark matter particle remains to be
studied. For the present work we focused on the case where A° is sufficiently long-lived
to escape the detector, but we also mentioned possible signatures in the case where A°
decays (promptly or with a displaced vertex) into fermion pairs.

This model illustrates nicely the possibility that the W’ and Z’ bosons may decay
predominantly (with branching fraction as large as 96%) into the scalars responsible for
breaking the extended gauge symmetry. Generically, the high-energy behavior of any W’
boson requires it to be associated with a non-Abelian gauge symmetry (or else it must
be a bound state with the compositeness scale not much higher than its mass), which in
turn implies a larger Higgs sector. The non-Abelian gauge coupling can be significantly
larger than the Higgs quartic couplings, implying vector bosons much heavier than the
scalars.

In our model, the W’ and Z’ couplings to the odd Higgs particles are enhanced
for tanf < 1 by 1/tand. Consequently, the usual ud — W’ — fv or tb channels
currently used in searches at the LHC are suppressed both in production and in braching
fractions, the combined effect being of order tan®0. The mass limits on a sequential W',
currently around 3.8 TeV, are relaxed for tan = 0.2 (the lower perturbativity bound)
to My > 1 TeV. At the same time, the cascade decays through odd Higgs particles,
W' — HTA" - WTAYA°, W' — HYH? - WA ZAY 7' — H°A° — ZA°A® and
7' HTH-— WA W~ A" allow interesting searches at the LHC, with boosted W and

Z bosons decaying either hadronically or leptonically.
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Chapter 4

Measuring the 2HDM scalar potential

4.1 Introduction

Particle physics is at a crossroads. The discovery of the 125.5 GeV Higgs boson at
the LHC [97, 98] validates the fundamental theoretical tenet that the electroweak gauge
symmetry is spontaneously broken. The LHC measurements of the Higgs couplings
to weak bosons, photons, gluons and fermions are all consistent with their Standard
Model (SM) predicted values [99, 100, 101]. This is satisfying, to a degree, but it is also
mystifying that the SM should work so well. The Higgs mass is not predicted in the SM,
and the large hierarchy of the electroweak and Planck scales is unexplained by the SM.
The commonly expected explanation for the hierarchy — physics beyond the SM at the
TeV scale — has not been borne out thus far by the LHC experiments at 7 and 8 TeV cm
energy. The LHC upgrade to 14 TeV (LHC14), with 10 times the present luminosity,
may change this situation by the discovery of new particles. Regardless, the properties
of the Higgs boson will be central in the search for new physics (for a recent overview,
see [102]). The Higgs potential itself has so far not been subject to experimental scrutiny,
since this requires the more challenging measurements of triple and quartic Higgs self-
interactions via pair production of Higgs bosons. However, this important avenue of

pursuit should soon be possible with data from the upcoming LHC14 run.
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The Two Higgs Doublet Model (2HDM) (see e.g. [103, 18, 104]) provides a conve-
nient general framework in which to explore extensions of the SM and to character-
ize deviations of the Higgs couplings from their SM values in analyses of experimen-
tal data. For the case of a CP-conserving Higgs potential, the three physical neutral
Higgs states consist of 2 CP-even states, h and H, and a CP-odd state A. The pair-
production of these Higgs bosons is the means by which the Higgs potential can be
experimentally determined and signs of new physics may be found [105, 106, 107, 108].
The goal of our study to is assess in which final states the Higgs pair production pro-
cesses, especially hh and hH, can be measured within a specific class of 2HDMs, the
Type-II 2HDM (see e.g. [109, 110, 111, 112, 113]), for which one of the Higgs doublets
has tree-level couplings only to up-type quarks and the other has tree-level couplings
only to down-type quarks and leptons (and thus it includes the minimal supersym-
metric standard model as a special case). Beyond this, a determination of the Higgs
self-couplings can be made to some degree [108, 114, 115]. Implicit in this strategy
is that the generalization of the Higgs sector is the only modification of new physics
signals of relevance to Higgs pair production and decay; we will not consider scenar-
ios where new physics in other sectors affects the production of Higgs pairs, as found
in [116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131].

The layout of our study is as follows. In Section 4.2, we briefly describe the 2HDM,
discuss the present constraints relevant for our study, and introduce three benchmark
points to help elucidate discovery prospects. In Section 4.4, we review and present the
analytic formulae for the pair production of the Higgs bosons in gluon-gluon fusion,
which is the dominant sub-process in pp collisions at the LHC. There are two classes
of contributing Feynman diagrams: s-channel Higgs boson exchange and a box diagram
with a top-quark loop, as shown in Fig. 4.1. Representative Higgs pair production cross-
sections are provided in this section. In Section 4.5, we describe our simulation of the hh
subprocess and subsequent i decays. We then proceed with a systematic consideration

of the possible decay channels of the hh along with their backgrounds from the relevant
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SM processes. We then describe the Multi-Variate Analysis (MVA) methodology that is
the basis of our extraction of the signal from the background. The MVA methodology
distinguishes signal from background by kinematics, and takes multiple variables into
account simultaneously.

In Section 4.6, we turn to a study of associated hH production, which we find to
be complementary to the resonant H — hh production. In the hH process, both the
triangle and box diagrams in Fig. 4.1 contribute, with contributions of both A* and
H* in the s-channel. The triangle diagrams provide sensitivity to the products of the
top-Yukawa and the A" tri-scalar couplings. Depending on its mass, the heavy scalar,
H, has several available decay channels that can potential provide identifiable signals,
including bb, WW*, ZZ*, and tt. The decay branching fractions of H to these channels
are dependent on the mass and Higgs mixing parameters. We perform simulations of
these channels and their SM backgrounds to assess the discovery prospects. We find
that the following channels all lead to a possible discovery: hH — bby~y, bbb, Z Zbb, bbtt
and bbbby~y, allowing for a rich variety of measurements. Finally, in Section 4.7, we
summarize our results. In our evaluation of the reach of LHC14, we assume throughout

an integrated luminosity of 3 ab™!.

Figure 4.1 Representative Feynman diagrams which contribute to Higgs boson pair
production.

4.2 The Two Higgs Doublet Model

In this section, we will provide a very brief overview of the 2HDM and the theoretical

constraints on the potential (for more comprehensive discussions, see e.g. [103, 18, 104]).
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The model consists of two Higgs doublets, which we express as the opposite-hypercharge
Higgs doublets @, 5 as follows:

0 __ 720 +
o [@rn-mvE) o1 .

—1 (69 +v2 + 1)/ V2
in which the vacuum expectation values (vevs) vy o satisfy the relation v = \/m =
246 GeV. We follow standard practice and assume for simplicity both that CP is con-
served (i.e., is not explicitly or spontaneously broken), and that the theory obeys a
softly broken Z; symmetry that eliminates quartic terms that are odd in either of the
doublets, but allows a quadratic term that mixes ®; and ®, (this is consistent with our
eventual specialization to the Type I 2HDM; see e.g. [18] for a detailed discussion of

these issues). With these assumptions, the scalar potential takes the following form:

1 - ~ A A
Vo= mlele, + miold, — 5M2 sin 26(D1 0y + BLd,) + ?1|c1>§c1>1|2+72|q>;<1>2|2

. A 5 5
Nl @B Do+ X| 2] By B[+ [(@{%)2 +(@he,)?], (4.2)

in which
P = igyd*. (4.3)
After incorporating the minimization conditions, the scalar potential parameters can
be replaced by physical masses and mixing angles. There are two mixing angles: the
angle 8 = tan"! vy /vy, and the angle a, which is the mixing angle of the CP-even Higgs
sector. The quantity cos(8 —«) is of particular interest in that when cos(f —«a) — 0, the
lightest neutral CP-even Higgs boson h behaves like the Higgs boson of the SM, and the
additional Higgs bosons decouple (for a comprehensive analysis of the CP-conserving
2HDM in the decoupling limit, see [104]).
Returning to the replacement of the A; by the physical masses and mixing angles, it

is convenient to parametrize them in terms of v, the Zy-breaking potential parameter
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M, the Higgs masses My, My, M+, M4, and the angles «, and [, as follows:

—M?tan? 8 + M2sin® asec? 8 + M% cos? asec? 3

N = 7 , (4.4)
—M?cot? B+ M2 cos? avesc? B+ MZ sin® acsc? B

Ay = 02 ) (45)

N — —M? + (M} — M}) sin 2accse 2 + 2ME . , (4.6)

v

M? + M3 — 2M;

N = ;‘2 o= (4.7)
M? — M?

In our analysis, we require for simplicity that the heavy physical mass scales are all
equivalent, i.e. My = M4 = Mpy+, which serves to ease any tension that would exist
with electroweak precision data that prefers a small mass splitting. We see from the
above expressions that A3+ X4+ A5, which is what appears in the trilinear scalar couplings

of h and H (see e.g. [18] for details), is

M? + (M3% — M?) csc 283 sin 2a

2 Y

)\3 + )\4 + )\5 = (49)

v

and thus is unaffected by the assumption that the heavier Higgs particles are mass-
degenerate.

We now impose the conditions that the potential maintains perturbative unitarity
and is not unbounded from below. As demonstrated in [132] (and discussed in detail
in [18]), the conditions to be satisfied for perturbative unitarity are that the following

quantities are < 8:

3 1

a4 = 5()\1 + )\2) + 5\/9()\1 — )\2)2 + (2)\3 + )\4)2 (410)
1

be = 3 (Al ot \/(A1 — )24 4A3> (4.11)
1

J+ = M +2M0 43X, fo=X+ X5 fi=fo= A3+ Ay, (4.13)

e1 = Ag+2X\ =35, e2=2 53— X5, p1=2A3—N\y), (4.14)
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The necessary and sufficient conditions for the potential to remain unbounded from

below are [133]:

M>0, M>0 ., A> VA, (4.15)
A+ —s| > =V (4.16)

In Fig. 4.2, we show the constraints arising from the requirement of perturbative unitarity
in the tan 8 v. My and tan 3 v. cos(8 — «) planes for M/Mpy = 0.8. We see that the

tan 3 — cos(5 — «v) plane is particularly instructive for inspecting Higgs couplings. Heavy

state masses up to 1 TeV may be possible near tan § = 1.
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Figure 4.2 Regions that violate perturbative unitarity are shaded in the colors corre-
sponding to the listed values of cos( — «). The decoupling of the heavy Higgs sector
for cos(f — a) — 0 can allow for a rather large value of M.

In Fig. 4.3, we demonstrate how both constraints combine to limit the available
ranges of tan f and My, for selected values of cos(f — «) and M/Mpy. For M/My =1,
the bounded potential constraint severely limits the available parameter space, while the

perturbative unitarity condition is substantially relaxed. For lower values of M /My, the
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Figure 4.3 Regions that violate perturbative unitarity (gray) and do not have a bounded
potential (pink) are shaded for selected values of cos( — «) and M/My.
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potential constraint is not as severe. For the remainder of this work, we fix M /My = 0.8

for illustrative purposes.

4.2.1 Yukawa couplings

| 2HDM-II 1 “~~..2HDM-II e
S EN e
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Figure 4.4 Contours of the heavy Higgs Yukawa coupling to ¢ and b-quarks in the plane
of tan § and My for selected values of cos(f — ).

For concreteness, we adopt the Yukawa sector of the Type-I1 2HDM (the 2HDM-II),
which takes the form (see e.g. [109, 110, 111, 112, 113, 104]):

— Lyvux = Yadr®1Qr, — yuir®2Qr + ylp®P1 Ly (4.17)

In Fig. 4.4, we show the Yukawa couplings of the heavy Higgs boson to ¢ and b quarks
in this scenario as contours in the tan 5 v. cos(8 — «) plane.

Within the 2HDM-II, measurements of the h boson couplings with LHC Run-I data
constrain the available ranges of cos(f — «) and tan 5. A number of recent studies have
found that the range of cos(8 — a) to be no more than 0.1 at 95% C.L in light of these
data [134, 135, 136, 137, 138]. However, some additional freedom can be given in other
versions of the 2HDM, such as the Type-1I [139] or Lepton specific models [140, 141, 142].
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A generic Yukawa aligned model with suppressed tree-level FCNCs is also consistent with
the LHC data [143, 144, 145, 146].

Complementarity of the gauge couplings forces a limit on the value of cos(f8 — «)
from the vector boson couplings of h alone. We find that the combined ATLAS and
CMS Run-I data [99] from vector boson coupling measurements provides a lower limit

of ky = sin(f — ) > 0.89 at the 95% C.L., which translates to an upper limit of
|cos(fB — )| < 0.45. (4.18)

In the 2HDM illustrations provided, these facts should be kept in mind for the larger
values of cos(f — «). For the h state, for simplicity, we assume branching fractions

consistent with the SM Higgs boson.

4.2.2 Scalar couplings

The triscalar coupling, A" in the SM takes the value

3M?
Aenh — v2h' (4.19)

Recent analyses of measuring this coupling at the LHC via the hh continuum have shown
that it may be possible to measure it with an uncertainty of order 30-50% [147, 148].
Substantial deviations away from the SM value allow a better determination due to
interference effects [148].

In the 2HDM, this coupling is altered to

2 2

M M
p - 32—vh csc2(cos(3a — ) + 3cos(a+ ) — °

csc 23 cos®(f — a) cos(a + AK.20)

Expanding in the decoupling limit parameter cos(f — «) — 0, the deviation of this

coupling from its SM value is a second order effect. It can be cast into the form

302 OM?2 — 12M? 3 2M°
)\hhh ~ h + COSQ(/B o a)h— ~ )\hhh |:1 + COSQ(B o Oé) (_ — —):| ,(4.21)
’U2 2'U SM 2 Mf%

in which higher order terms in cos( — a)) have been dropped.
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Figure 4.5 Contours of M** in the plane of tan 3 and My (in GeV) for selected values
of the decoupling parameter cos(8 — «). Included are the unitarity (gray) and vacuum
stability (pink) constraints assuming M = 0.8Mpy, the direct search exclusion limits
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151].
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AH is the most relevant for the process of interest. The possible

The combination 1
values it may take are shown in Fig. 4.5 for selected values of cos(f —«) = 0.02,0.05,0.1
and 0.2. We also show the excluded regions from the direct search of H at the LHC [21]
via vector boson decays, and from the search for a resonance in the hh — bbyy final
state [149, 150, 151].

The scalar couplings involving the heavy CP-even neutral Higgs that are important

for additional search channels are given by

\hh cos(8 — a) (Mz(sin 26 — 3sin2a) + (2M} + MF) sin 20‘) o (4.22)

sin 23 v
- sin(8 — a) [ M?*(sin2f + 3sin2a) — (M}? + 2M%) sin 2«
NHE - T o (4.23)
sin 23 v

As previously discussed, these couplings have no My and Mpy+ dependence (as they
depend on the combination A3+ A4+ A5), and hence our assumption of heavy Higgs mass
degeneracy does not affect these couplings. In the decoupling limit, these expressions
take the form

4M?* — 2ME — M%

MNP~ cos(B — @) , (4.24)
v
—2M? + M? + 2M? 2(—3M? + M? + 2M%) cot 2
NEH M ¥ My + cos(f — «) ( = M+ 2My) co 5,(4.25)
v v

neglecting terms of O(cos(3 — «)?). Hence, near the decoupling limit the hhH coupling
is suppressed while the hH H coupling persists (see e.g. [104, 152] for discussions). This
is shown in Fig. 4.6, which gives the contours of BF(H — hh); additional details of the
H decay modes are discussed in Appendix 4.3. The window of 2m;, < My < 2m, in
which the BF(H — hh) is quite large and in some cases already ruled out for low tan f.
In Section 4.5.1, we will see that the discovery potential roughly follows this region, but

with a few caveats.

hhh YhhH hHH
Ak )\ A

By extracting the and couplings to some degree of precision, the
self-consistency of the scalar model may be tested. More precisely, by measuring the
physical masses M}, and My and the heavy Higgs coupling to vector bosons, it is possible

to determine whether the expressions given in Eqgs. 4.21, 4.22 and 4.23 are self-consistent.
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Figure 4.6 Contours of BF(H — hh) in the plane of tan  and My for selected values of

cos(f —a). Additional experimental and theoretical constraints are shown as in Fig. 4.5.
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In the subsequent analyses, we will refer to three benchmark points that help eluci-
date the discovery potential of each channel. The points are summarized in Table 4.1.
Benchmark point A will illustrate the viability of the H — hh — bby~y channel, point B
the hh/hH — bbyy and bbbb channels, and point C the hH — ttbb channel.

4.3 Heavy Higgs Branching Fractions

We calculate the branching fractions of the Heavy Higgs via the expected SM-like
partial widths

Tyovy = cos(B—a)’THN v, (4.26)
Uy = (yfl/y?SM)2rjsﬁfl\ibB> (4.27)
Cruoi = (W /™) T, (4.28)
Phsrir = (yr Jyr) T e (4.29)

where M indicates the SM-like partial width with Mj,,, = Mp. For these calculations,
we neglect the partial decays to vy and gg and light quarks as they’re negligible for the
cases we consider. We calculate the SM-like Higgs partial widths with the HDECAY
package [179]. The heavy Higgs partial width to the SM-like Higgs boson at m;, = 125

(/\hhH ) 2 4m?
r = 1— —2, 4.
H—hh 327TMH M[Q{ ( 30)

The total Higgs boson width is calculated according to the sum of the respective

GeV is given by

partial widths
Py =Tusvv +Thp + Uaasi + Uasrtr— + D, (4.31)

leading to the branching fractions that are calculated in the usual way

Upoxx
Iy

BF(H - XX) = : (4.32)
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Figure 4.7 Contours of BF(H — bb) in the plane of tan 3 and My for selected values of

cos(f —a). Additional experimental and theoretical constraints are shown as in Fig. 4.5.

4.8, and 4.9 the contours of

Y

,7t7~ and hh. We list in Figs. 4.7

V'V, bb,tt

where XX

branching fractions in the selected parameter planes for bb, tt and V'V, respectively. The

branching fraction to hh is shown in Fig. 4.6 in Section 4.2.2.
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4.4 Higgs Pair Production Cross Section

Pairs of neutral Higgs bosons can be generated through two different loop processes
(depicted in Fig. 4.1): (7) the triangle diagram where an s-channel Higgs boson decays

into two Higgs bosons and (i) the box diagram where annihilation of two gluons through
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The exact expressions for these one-loop

a square loop produces a Higgs boson pair.

diagrams with generic internal /external Higgs bosons (as well as generic heavy quarks)
were first computed in Ref. [153]. We have independently confirmed the expressions for
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the loop diagrams and we present them here just for completeness. Readers interested
in the finer details are referred to Sections 3 and 4 of Ref. [153].

First, let us introduce some notation. Denoting the intial-state gluon momenta as
Pap and the final-state Higgs boson momenta as p;x, the Mandelstam invariants are
given by:

§=(patp); t=Pa—p;)?; 0= (pa—pi)°

It is also useful to define the quantities

Szé/mé : T:f/mé : U:ﬁ/mé,

p; =M : pp=M;; 1q=4/S,

T1:T—pj, U1:U—pj,T2:T—pk, UQZU_pk

In the discussion to follow, we will reduce all tensor integrals to scalar ones. The perti-

nent three- and four-point scalar integrals can be written as

d'k 1
Com = / (2m)* (k2 —m) ((k+pe)* — my) ((k+pe + pm)? —mp)

D _ / d*k 1
fmn (2m)* (k2 —md) ((k+pe)? — md) ((k+pe+ pm)? —m) ((k+ pe + pm + pn)? —md)

in which ¢, m,n label momenta entering the loop.
The matrix element of the triangle diagram can be written in terms of a “coupling”

Ca and a form factor Fa as:

GFOé$§
Mp = CAFAAL ele)dap 4.33
8= Jon (ot et u (4.33)
in which the tensor structure A{" is:
PaPh
A = gt et (4.34)

(Pa - Db)
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The coupling factor can be expressed as:
Ca= > Ch, (4.35)
i=h,H
with:

AT HiHijg_MEIi _|_Z~MiI‘\HiniQQ’

(4.36)

in which ypy,oo denotes the heavy quark Yukawa coupling to H;. The form factor Fa

can be computed in closed form, and is given by

2
Fa = 5 [2+ (4= S)ymHCi] =7 [L+ (1 —1q) f(7q)] , (4.37)
in which
2 1
fre) arcsin N ) T > 1 (@.38)
Q) = e .
_411 1ogu—z’7r T < 1.
1-y/1-7¢

The matrix element for the box diagrams can be written in terms of a coupling factor

Ch and two gauge-invariant form factors F and G as:

Gpozs§

- 227

where A, ,,, is given in Eq. (4.34) and the other tensor structure takes the form

MD CD (FDALMV + GDAQ,#V) GZGZ(Sab 3 (439)

2V pt 20pp - p )PP 2(pa - pi)PEPE 2pMpY
AR g (pjpapb _ (p? P;)Pap; B (p( Pi)pyp; + pjzpﬂ 7 (4.40)
PrPa-Ds)  PrPaDb) PrPa " Pb) pr
with
p%:2(pa'pj)(pb'pj) 2. (4.41)

(pa ' pb)
The advantage of writing the amplitude in terms of A‘f’; is that it greatly simplifies the

calculation of the matrix-element-squared, since

Al'AQIO and Al'AleQ'AQIQ. (442)
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The coupling for the box diagrams is just the product of the two Yukawa couplings
of the heavy quark to the two Higgs bosons

while the form factors F and G are given by

1
FD = §{4S + SSméCab — QSmé (S + Pj + Pk — 8) (Dabj + Dbaj + Dajb)

+ (pj + pr — 8)mgy [T1Cuj 4 UrChj + UsCar + ToCro — m (TU — pjpr) Daj@.}m)

and

1 2 /2 2
Go = S(TU——p]pk){mQ (T + pipr — 8T> [SOab + TlCaj + T5Chy, — STmQDbaj]

+m2Q (U2 + pipr — 8U) [SCab + Ulej + UsCyup — SUméDabj]
—mg (T? + U? — 2p;p1) (T + U — 8) C

—Qmé (T'+ U =8) (T'U = p;jpr) (Davj + Deaj + Dajb)} : (4.45)

The differential cross section (averaging/summing over initial /final state spins and col-
ors) then takes the following form:

2

+ CDG[]

do — H.H G%a?
U(gg J k?) . Fas |: (CAFA+CDF[I)

dt 256(2m)3 ] ’ (4.46)

To obtain the total parton-level cross section, this expression is integrated over the
scattering angle of one of the Higgs bosons. Finally, to convert the parton-level cross
section to the proton-proton cross section, we convolute the former with the PDFs for

two gluons and integrate over the momentum fraction of the gluons. For the parton

distributions, we use CTEQ 6L1.

4.5 Light Higgs pair production simulation

The leading order (LO) matrix elements of the hh subprocesses in Fig. 4.1 are known

[153, 154, 155, 156, 157]. We generate signal events by incorporating the loop amplitudes
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directly into MADGRAPH [82], and we include the NNLO K-factor of 2.27 for 14
TeV [158, 159, 18, 160, 161, 162, 163]. We note that in principle, the resonant production
can shift the overall K-factor as the ratio oynro/0Lo can be /s dependent. However,
since the K-factor has not been given for this process, we adopt the SM value and assume
any shift induced by the H resonance is small. We show the cross section contours of
pp — hh with the H — hh resonance in Fig. 4.10.

The pp — hh cross section can be shifted dramatically away from its SM value by the
presence of an extended Higgs sector [164, 165, 166, 167, 168]. The relative competition
of the diagrams in Fig. 4.1 strongly impacts the kinematic distributions with the most
apparent coming from the resonant gg — H — hh diagram. Here, if My > 2my, the
resonance can become prominent, overwhelming the continuum from the gg — hh box
and gg — h* — hh diagrams, seen as the large cross section in the 250 — 350 GeV range,
above which, the H — tt branching fraction dominates.

We note that the sign of the combination yZ \"*# determines the shape of the distri-
bution due to the interference with the continuum diagrams. In principle, measuring the
H — hh lineshape can determine the sign of y \**further constraining the model. A
simple counting of events above and below resonance will provide a handle on the sign
of the coupling combination, while more sophisticated fits including the matrix elements
are possible, as has been done in the continuum case [148]. For sufficiently heavy H,
the lower energy M, distribution converges to the SM expectation. We explore model
independent resonant production of hh in more detail in Ref. [164].

Each final state Higgs boson in these events is decayed in the narrow width approx-
imation to SM Higgs decay modes. There are a number of potential final states for the
Higgs pair, but most suffer suppression due to small SM branching fractions [128]. As
noted in Ref. [148], the bbr 7~ channel is swamped by the reducible background of bbjj
where both light flavored jets fake a 7. While the fake rate is in the range of 1 — 3%, the
total cross section of bbjj is at the ub level. Moreover, we neglect the bbW W~ channel
due to a small SM significance [169]. The bbbb channel also suffers from a large QCD
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Figure 4.10 Contours of o(pp — hh) in the plane of tan  and My for selected values of
cos(f —a). Additional experimental and theoretical constraints are shown as in Fig. 4.5.
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background, and would only be viable with the use of jet substructure techniques [170].
Therefore, we concentrate on the analysis of the bbyy channel for the resonant produc-
tion of hh. Ref. [171], exploring the same channel, appeared while this work was in

preparation.

4.5.1 The hh — bbyy channel

We simulate the pertinent backgrounds for the bbyy channel. The irreducible back-
ground includes the following production modes:
pp — bbyy, (4.47)

pp — Z+h—bb+y, (4.48)
while the reducible backgrounds include

pp — tt+h — bTU bTD 4y (£ missed), (4.49)
pp — bb+jj — bb+yy (— 7). (4.50)

We assume a photon tagging rate of 85% and a jet to photon fake rate of €, =
1.2 x 107* [172]. We have determined the additional reducible backgrounds of jjy~y and
ccyy are subdominant, therefore they are not included in this analysis.

To account for b jet tagging efficiencies, we assume a b-tagging rate of 70% for b-
quarks with pr > 30 GeV and |n,|< 2.4 consistent with multivariate tagging suggested
for the LHC luminosity upgrade [173]. We also apply a mistagging rate for charm-quarks
as

€esp = 10% for pr(c) > 50GeV, (4.51)
while the mistagging rate for a light quark is:
€ud,s,g—b = 2% for pT(j) > 250GeV (452)

Cudisgy =0.67%  for pr(j) < 100GeV. (4.53)

Over the range 100 GeV < pr(j) < 250 GeV, we linearly interpolate the fake rates given
above [174]. With pile-up the rejection rate is expected to worsen by up to 20% [173].
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Finally, we model detector resolution effects by smearing the final state energy according

to
oF a
— = —00b, 4.54
E VB (54

where we take a = 50% and b = 3% for jets and a = 10% and b = 0.7% for photons.
We apply a multi-variate analysis (MVA) which relies on relevant kinematic vari-
ables. We begin with low level cuts, requiring two b-tags and two 7-tags and no

tagged charged leptons, with separation of AR, ARy, ARy, > 0.4. The value ARy, =

Y

V(@0 — &1)2 + (1o — mp)? is the separation of two objects in the 1 — ¢ plane. We further
require pr(b,y) > 30 GeV and |n,|< 2.4.
We define a window within which the MVA will analyze events. This window has

the Higgs boson reconstructed in the bb and vy channels according to:

|My; — M| < 20 GeV, (4.55)
| My, — M| < 10 GeV. (4.56)
We extend our analysis to include multiple variables simultaneously. This allows

one to in essence blend cuts together rather than perform a hard cut on a kinematic

distribution. We form a discriminant based on a set of observables which include:
0= {MbB'yfyv MbBa Mww pT<bE)a pT('Y'Y)a ARbEv AR’wa AT/'W: A%B} : (457)

The discriminant is then constructed by the ratio

_ S(0)
~ 5(0)+ A B(O)’

(4.58)

in which S(O) and B(O) are the normalized differential cross sections in the observable
space . These differential cross sections are estimated via event generation. The
discriminator is evaluated for an event sample, yielding a value close to 1 for signal-like
events and close to 0 for background-like events. For the particular choice of A = Ng/Nyg,
the discriminant gives the probability of an event being signal [175]. A cut may be

placed on the value of D, thereby selecting a relatively high signal event sample. Such a
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multivariate discriminator can offer similar sensitivity that the matrix-element, or neural
network methods allow [176].

In practice, we apply a simplified version of the discriminant in which we ignore the
correlations among the variables. With limited statistics, this allows a more efficient

construction of the discriminator, defined as

__ S{od
- S{O;} + B{O:}’

where {O;} is the combinatorial subset of observables O that go into the multivariate

(4.59)

discriminant. In the MVA results that follow, further optimization may be done by
including the correlations between observables, but we adopt this uncorrelated approach

for simplicity. We define the level of statistical significance, S, according to [177]
S=2 <\/5 +B - \/E) , (4.60)

in which S and B are the number of signal and background events surviving cuts. We
maximize & by varying the cut on the discriminator, D.y,, which minimizes the choice
of Ain Eq. 4.58.

In Fig. 4.11, we show the luminosity required to obtain 50 discovery at the LHC.
We find that generally these contours follow the shape of the hh — bb + ¥~y resonance
excluded region (shaded in purple) with Run-I data. The contour with /s = 14 TeV
and 30 b~ ! of integrated luminosity is a close match with the 7+8 TeV exclusion region,
with small fluctuations likely caused by different analyses and statistical fluctuations in
the data.

The statistical significance expected with 3 ab™! of integrated luminosity at the LHC
is shown in Fig. 4.12. A bulk of the parameter space above My > 2m,;, can be excluded

at the 95% C.L., even near the decoupling limit.

4.6 Associated hH production

Associated production of a light-heavy Higgs boson pair is a valuable complement

to H — hh resonant production for measuring components of the scalar potential, see
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Figure 4.12 Contours of the statistical significance with 3 ab™! of integrated luminosity
and theoretical constraints are shown as in Fig. 4.5.
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Table 4.2. This process, by virtue of the scalar coupling, \*#

, is not suppressed in the
decoupling limit as seen in Eq. 4.25.

Both the box and triangle diagrams shown in Fig. 4.1 can contribute to hH pro-
duction. For the triangle diagram, we can have either h or H in the s-channel. Unless
My > 2my; and tan § is small, the width of the heavy Higgs is narrow, so there is usu-
ally no enhancement for the H diagram by being slightly off-shell. Therefore, all three

diagrams are relevant.

As noted in Table 4.2, the triangle diagram involving H is the only Higgs pair

process that probes A" as its amplitude is proportional to the combination yZ \N*HH
Furthermore, the contribution from the h* triangle diagram depends on the coupling

combination yf \PhH

, providing sensitivity to A" even in regions where BEF(H — hh)
is small. The sensitivity is best for small tan 5, due to the effect of the top Yukawa
coupling to H on the production cross section. More precisely, the magnitude of y/7 is

largest at small tan 3, as

yi' —a
=gy — 4.61
ythSM s tan [3. ( )

The production cross section for the pp — hH process is shown in Fig. 4.13.

The hH process can proceed to a number of final states. As above, we let the light
Higgs decay to either vy or bb. The preferred final state for H depends strongly on My,
and to a lesser extent cos(f — «) and tan 5. For My < 2m;,, H decays predominantly
into bb or WW®) /Z 7™ bb is strongest for small cos(8 — «) and large tan 3, while
WW® /7 Z*) is most important for large cos(3—a), as is demonstrated by the branching
fraction contours shown in Fig. 4.7 and 4.9 in Appendix 4.3, respectively. For the
H — bb channel, we find that both the 4b and bb~~y channels are viable. We also explore
H — Z7Z — 40 decays. We choose ZZ — 4l despite its small branching ratio because
it has small backgrounds and allows for straightforward event reconstruction. However,

this limits us to choosing h — bb in order to have a detectable number of events at the

LHC.
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Above 2m;, H decays primarily to t-quarks, with a branching fraction that surpasses
90% for small tan 5 (see Fig. 4.8 in Appendix 4.3). The most viable channel in this
region is tf bb, with at least one of the tops decaying leptonically to reject background.
Between 2my, and 2my, the hH — hhh — 4b~y~ is important, as we would expect from
the results of the resonant H production analysis. The H — bb and H — ZZ channels
are weaker but are possibly still viable in this region as well.

We simulate the pp — hH signal using MADGRAPH as described in Section 4.5
and compute the expected LHC reach for 3 ab™! at 14 TeV. In Fig. 4.14, we show the
expected 95% CL and 50 contours for the bby~y, 4b, ZZbb 4by~y, ttbb (1 lepton), and ttbb
(2 lepton) final states. As the coupling A*## is not suppressed in the decoupling limit,
we find that our sensitivity is actually best for small cos(8 — a). Indeed, for the smallest
values of cos( — ), we find that LHC will be able to probe essentially all of the allowed
parameter space at the 95% CL. Even for larger values of cos(f — «), the LHC will be
sensitive to up to tan § ~ 2 over a wide range of My.

In the following sections, we describe our background simulations and selection cuts
for each channel. Throughout the analysis, we use the efficiencies and fake rates de-
scribed in Section 4.5.1. We also include a lepton to photon fake rate of €., = 6.2%
[178]. Additionally, we apply the baseline cuts on AR and pr from the resonant bbyy
analysis to all five channels, and add the following cuts for leptons: AR, > 0.2,
pr(€) > 20 GeV, and |n,|< 2.4.

4.6.1 The hH — bbyy channel

The low-mass region is probed by the H — bb channel. First let us consider the
case where h — 7. The h — 7~ branching fraction is extremely small (2.3 x 1073),

but requiring photons in the final state also reduces the background significantly. The
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irreducible backgrounds include

pp — bbyy (4.62)
pp — bbh — bbyy (4.63)
pp — Zh — bbyy, (4.64)

while the reducible backgrounds are

pp — bbete” (e —7) (4.65)
pp — bbjy (=) (4.66)
pp — bbjj (4.67)
pp = Jivy (4.68)
pp — 37+~ (4.69)
pp — 4j (negligible). (4.70)

We require exactly two photons and two jets, with both jets b-tagged. Then we apply a

multivariate analysis after incorporating the following basic cuts:
| M., —my|< 5 GeV, My > 100 GeV. (4.71)

The first of these cuts isolates the light Higgs resonance, while the second rejects Z/v* —
bb, as well as a significant portion of the continuum background.
From here, the procedure is exactly as it was in the resonant case discussed in Section

4.5. Specifically, we form over a discriminant
0= {Mb@yw Mva M’WapT(bl;%pT(’Y’Y)a ARbEa AR’w} : (472)

The expected LHC significance for £ = 3 ab™' is shown in blue in Fig. 4.14. The reach
is extremely good for My < 400 GeV, especially for small cos(f — «), where we achieve
95% C.L. significance beyond tan 8 ~ 5. The cross section falls of rather quickly with
cos( — ) due to the cos(f — a) and tan 5 dependence of the bottom Yukawa coupling
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to H, which is
H

Y
yhbSM =Cgat /1l —ch_,tanfs (4.73)
b

Hence, yi! is enhanced for large tan 3, and this effect is strongest for small cos(8 — ).

4.6.2 The hH — 4b channel

We also consider the case where H — bb, but the light Higgs decays to bb instead
of ¥y. The signal is much larger than in the bbyy case, but the QCD background is
large as well. With appropriate cuts, we find that the two channels are comparable in

significance. The irreducible backgrounds in this case are given by

pp — 4b (4.74)

pp — bbh — 4b. (4.75)

The main reducible background is pp — bbjj, with the jets faking b quarks. We also
considered the 47, ttbb, and Zh, and W h backgrounds, but found them to be negligible.

We use a cut-based analysis. We require exactly four jets, all b-tagged. While the
b-tagging efficiency is low, we find that all four b-tags are necessary to sufficiently reduce
the light jet backgrounds. Since we have more than two b quarks in the final state, care
must be taken in reconstructing the parent Higgs bosons. We identify the decay products
of the light Higgs by minimizing | My, s, — ms| over all possible pairs b;, b;; we label the
resulting pair as b and b%. The remaining two b quarks are taken to reconstruct the
heavy Higgs, and are labeled b and b%. After identifying the b quarks, we apply the

following cuts:

MY > 100 GeV (4.76)
|M(SYY) —my| < 12.5 GeV (4.77)
AR VY < 1 (4.78)
ARMI VY < 1.5 (4.79)
|M (VY — My| < 15 GeV. (4.80)
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The AR cuts help isolate the signal from background. The light Higgs recoils against the
heavy Higgs, so the two tend to have large pr and be well-separated in the ¢ — 7 plane.
Since My > my > my, the Higgs decay products tend to be cluster, especially for the
light Higgs. Therefore the AR distributions will be peaked at small values. Furthermore,
the AR cuts also improve the reconstruction of My by ensuring the b quarks have been
correctly paired. In Fig. 4.15, we show the normalized AR distributions for both pair of
b quarks for My = 300 GeV, tan 8 = 2, and cos(5 — «) = 0.1 before cuts. In Fig. 4.16,
we show the invariant mass distribution for the reconstructed heavy Higgs after the AR
cuts for the same benchmark point.

The expected LHC significance for £ = 3 ab™' is shown in purple in Fig. 4.14. The
4b channel is slightly stronger than the bbyy channel. As in the bby~y channel, the reach
at large tan 3 is good due to the high BF(H — bb) in that region.

4.6.3 The hH — ZZbb channel

A complementary channel in the low-mass region is H — ZZ — 4¢, h — bb. The
only significant background is

pp — ttZ, (4.81)

with the tops decaying leptonically. The potential ZZh, ZZjj and WW Z backgrounds
are negligible. There are also contributions to the signal from h — ZZ*, H — bb, but
they are subdominant except for a small region with My < 200GeV, cos(f — «) < 0.02
and tan 8 2 5. Furthermore, the resonant peaks in M,; and My, are well-separated
between the two cases, so there is little interference.

We require four leptons and two b-tags in our final state, then use the MVA to isolate

the signal from the background. Our MVA variables are
O = { My, Myp, pr(bb), ARy, Br} . (4.82)

The missing transverse energy variable is particularly important in this case, since ttZ

has the same visible particle content as ZZbb, but with missing energy from the W — (v
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Figure 4.15 The normalized AR distributions for the reconstructed light Higgs bb pair
(solid curves) and heavy Higgs bb pair (dashed curves) are shown. The signal distribu-
tions for Benchmark 1 (Mg = 300 GeV, tan 5 = 2, and cos(f — «) = 0.1) are shown
in red, while the background is shown in blue. The signal events tend towards smaller
values of AR, indicating that the Higgs bosons (especially the h) are boosted.
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Figure 4.16 The invariant mass of the heavier bb pair in the 4b channel after the cuts
on My and AR is shown. Signal (red) is shown for Benchmark 1 (Mg = 300 GeV,

tan § = 2, and cos(f — «) = 0.1). The background distribution (blue) drops off quickly
with M (bb), which leaves the resonance at My clearly discernible.
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decays. This channel is promising for moderate values of My, especially for larger

cos( — ). The LHC 3 ab™! significance is shown in brown in Fig. 4.14.

4.6.4 The hH — hhh — 4byy channel

The 4by~y backgrounds are fairly small. The relevant backgrounds are

pp — 4byy (4.83)
pp —  bbjjivy. (4.84)

Backgrounds with higher light jet multiplicities are negligible due to the small j —
and j — b fake rates.
Our initial selection requires exactly four b-tagged jets and two photons. The dipho-

ton invariant mass must satisfy
|M,, —mu|< 5 GeV. (4.85)

This cut is sufficient to optimize the cut-based significance, reducing the background
to only ~ 2 events for 3 ab~!. However, we can better reconstruct the heavy Higgs
mass with an additional cut. First we pair the b quarks by minimizing |Mj,,, — M|
over all possible pairs b;,b;, as in the 4b final state. We denote the three reconstructed
light Higgs bosons as (h., hp1, hie), where | M (hyy ) — My |< | M (hye) — My,|. If we compute
AR(h;, h;) for each of the reconstructed light Higgs bosons, we find that the distribution
is peaked at low AR and near AR ~ w. This corresponds to two light Higgs bosons
from the H decay being clustered together and the other A recoiling against the H — hh

system. We therefore require that exactly one pair (h;, h;) satisfy

and use that pair to reconstruct the heavy Higgs.
The expected LHC significance for £ = 3 ab™' is shown in green in Fig. 4.14. Un-
surprisingly, the significance contours run parallel those found for the H — hh resonant

case.
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4.6.5 The hH — bbit channel

To explore the My > 2m, region, we consider the bbtt final state. The irreducible

backgrounds include:

pp — bbtt (4.87)
pp — htt — bbtt (4.88)
pp — Ztt — bbtt. (4.89)

We also include the reducible background pp — jjtt.

We require four b-tags in our final state. At least one of the top quarks must decay
via t — bW — blv. We allow the other top to decay to bjj or blr. Thus our final state
must include either 45+ 20 +Fr or 65+ (+Fr. As above, we reconstruct the light Higgs

by minimizing |My, 5, — my| and requiring that this pair of b quarks satisfies
| M (bIVY) — my|< 12.5 GeV (4.90)

and

AR(MDS) < 1.0. (4.91)

The other two b quarks are assumed to come from top decays. The AR(b"}) is very
peaked in this channel, since H must be heavy to allow for tf decays. This leads to
a more boosted light Higgs than in the previous channels, and therefore more closely
clustered b quarks.

In the one-lepton channel, we apply additional cuts. We can reconstruct the tops by
minimizing |M (b;jj) — m.| over the remaining two b quarks. Let M(t,) = M (bjj) and
Myp(t;)) = Mp(blEr). Then we require

| M (tn,) — mi|< 20 GeV (4.92)

and

MT<tl> < My. (493)
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Figure 4.17 The transverse mass of the top quark pair in the ¢tbb with one lepton
channel. The signal (red) is shown for Benchmark 3 (cos(f — «) = 0.02, tan 5 = 1, and
My = 500 GeV). The signal drops off sharply above My, while the background (blue)
decreases more gradually.

Finally, we define a signal region that varies with My:
My —200GeV < MT(thtl) < My — 10GeV. (494)

In Fig. 4.17, we show the transverse mass of the top quark pair after cuts for cos(f—a) =
0.02, tan 8 = 1, and My = 500 GeV. The one-lepton channel is stronger than the two-
lepton channel due to the relatively small branching fraction for W — fv. The expected
LHC significances for £ = 3 ab™! are shown in red and orange in Fig. 4.14. The reach
decreases slowly with My, and it should be possible to probe above My = 1 TeV for
tan f < 2 at the LHC.

4.7 Summary of 2HDM Analysis

We have investigated two types of Higgs pair production within the CP-conserving
Type-I1 2HDM: the resonant production of an hh pair, and the associated production of

an hH pair. We included theoretical constraints from requiring perturbative unitarity
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and a bounded scalar potential, as well as LHC constraints from the direct heavy Higgs
search and the X — hh search. We have made the simplifying assumptions that My =
Mygy = My ;,and M = 0.8 My and have presented our results in terms of the remaining
free parameters: My, tan 3, and cos(f — «).

For the resonant case of pp — H — hh, the reach in the bbyy channel for 30 fb~!
at LHC14 is comparable to the current limits on X — hh, as expected. With 3 ab™!,
the coverage extends to tan § ~ 2 and My ~ 350 GeV near the decoupling limit. For
large tan 3, the reach improves so that a majority of the theoretically allowed region
above My = 2mj, may be probed. This is because the H — hh rate is governed by the
MRH - coupling, which behaves as cos( — a) to leading order and is suppressed in the
decoupling limit.

The associated production case, pp — hH, offers a variety of interesting channels
to explore. Near the decoupling limit, the LHC14 reach is excellent due to the non-

decoupling nature of the A"

scalar coupling. Due to the potentially large mass dif-
ference between light and heavy Higgs states, the h is often boosted when My > my,
resulting in decay products which have small separation. This is contrary to the common
backgrounds, which contain more dispersed jets and leptons, resulting in a quite clean dif-
ferentiation between signal from background. In the low mass region, My < 2m;, ~ 250
GeV, the H — bb,h — bb/y7y channels cover the entire allowed range of tan 3. The
Hh — ttbb channels cover the high mass region, My > 2m; ~ 350 GeV. For larger
values of cos(f — «), the sensitivity in these channels decreases due to the increased
BF(H — WW/ZZ), when kinematically allowed. However, H — ZZ and H — hh
improve the reach in this region.

In our analysis, we selected three benchmark points that illustrate the discovery
potential for different channels, which were presented in Table 4.1. Point A, for which
My = 300 GeV, tanf = 2, and cos(f — «) = 0.1, demonstrated the viability of the
H — hh — bbyy channel due to the large BF(H — hh). A secondary channel that

is viable is the Hh — bbbb mode. Point B, for which My = 300 GeV, tanf = 1,
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and cos(f — ) = 0.02, highlighted the hh/hH — bbyy and bbbb channels. The large
BF(H — bb) provides a sizable rate to the bbyy and bbbb final states. The hh — bbyy
channel has high significance due to the large production cross section of pp — hh.
Point C, for which My = 500 GeV, tan 8 = 1, and cos(f — a) = 0.02, highlighted the
hH — ttbb channel. In this case, BF(H — tf) is large, allowing a sizable rate for the
final state. We present the statistical significance for these points at LHC14 with 3 ab™!
of integrated luminosity in Table 4.3.

Ultimately, the results of our analysis demonstrate that there is a large region of
the CP-conserving Type-I1 2HDM parameter space that is currently unconstrained, but
should be testable by the LHC 14 TeV run. Resonant production of hh pairs and
associated production of hH pairs are orthogonal probes of the 2HDM scalar potential.
By considering both production modes, along with the continuum production of hh

pairs, the LHC should be able to measure the three triscalar couplings (A" ~\hhH

AMIHY) " These coupling measurements can then be checked for consistency with a given

model in order to illuminate the structure of the underlying scalar sector.
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A: B: C:

My =300 GeV, My =300 GeV, My =500 GeV,

tg = 2, Ch—a = 0.1 tﬁ = 17 Ch—a = 0.02 tg == 1, Ch—a = 0.02

Ahhh / \hhh 0.946 0.998 0.992
APhH (GeV) 40.8 8.87 29.2
AHHH (GeV) 310 327 795

yl —0.40 —0.98 —0.98
o(pp — hh) (fb) 340 810 37
o(pp — hH) (fb) 7.7 44 26
BF(H — hh) 18% 7.6% 0.1%

BF(H — tt) 0.0% 0.0% 99%

BF(H — bb) 34% 74% 0.2%
BF(H — ZZ +WW) 49% 18% 0.2%

Table 4.1 Benchmark points of relevant couplings, production cross sections at LHC14
and branching fractions for the channels of interest.

Process N \hH \HH
pp — hh (continuum) v X X
pp — H — hh v v X
pp — h*/H* — hH v v v
Decoupling dependence | My (14 O(c3_,)) O(cs_a) (2M7 —2M? + M) /v + O(cs_a)

Table 4.2 The Higgs pair production processes that are sensitive to the couplings among
the CP-even states. For each scalar coupling, the leading term in the expansion in the
decoupling parameter, cz_, = cos(f — ), is also shown.
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A:
My = 300 GeV,

lf/g = 2, Ch—a = 0.1

B:
My = 300 GeV,
lf/g = 1, Ch—a = 0.02

C:
My =500 GeV,
tg = 1, Ch—a = 0.02

Nk [ \llh 0.946 0.998 0.992

A (GeV) 40.8 8.87 29.2
MNHH (GeV) 310 327 795
yl —0.40 —0.98 —0.98

o(pp — hh) (fb) 340 810 37

o(pp — hH) (fb) 7.7 44 26
BF(H — hh) 18% 7.6% 0.1%
BF(H — tt) 0.0% 0.0% 99%
BF(H — bb) 34% 74% 0.2%
BF(H — ZZ + WW) 49% 18% 0.2%
S(H — hh) 22 55 2.4
S(Hh — 3h — bbbby7) 0.38 1.2 0.0
S(Hh — bbyy) 2.5 14 0.0
S(Hh — bbbb) 8.2 68 0.0
S(Hh — tyt,bb) 0.0 0.0 16
S(Hh — tt,bb) 0.0 0.0 5.6
S(Hh — ZZbb) 0.62 0.48 0.0

Table 4.3 The three benchmark points chosen to help elucidate the most viable channels
as in Table 4.1, but with the expected statistical significance for LHC14 with 3 ab™! of

integrated luminosity.
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