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Abstract

Particle physics is confronted by deep questions at the weak scale and the LHC can shed light on
them. In this work we propose strategies to understand from its data if electroweak symmetry
breaking is natural. We describe a search performed with the CMS detector in a yet unexplored
area of natural LHC parameter space and we propose measurements in the Higgs boson sector
that can discriminate between natural and unnatural theories.
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Notation and acronyms

This section contains the conventions, notational choices and acronyms used in this work. Letters
from the middle of the greek alphabet (u, v, p,o,...) represent four-vector indexes. We define the
covariant position and momentum of a particle as

= (t,%), p*=(ED)
and we take for the Minkowski metric the convention
N = diag (1,—1,—1,—1)

that implies p? = p#p, = m? for an on-shell particle of mass m.
Spinor indexes are labelled by greek letters from the beginning of the alphabet («, £, ...) and we
distinguish between the two types of indexes with a dot (o = 1,2 and & = 1, 2). In our convention

a generic Dirac spinor reads
§a

We conclude this short summary of conventions by reminding the reader that we always use
natural units (¢ = A = 1). We do so also in the chapters containing the experimental part of this
work.

In this section we also collect acronyms used throughout the text. A more detailed definition
of each of them can be found the first time that they are used in the main body of the thesis. The
list is purposefully incomplete. Here we have included only those acronyms that appear multiple
times across different chapters, often far removed from their original definition. We have omitted
those that are used only in a few contiguous sections that would have made the list too long to
be helpful for the reader.

ATLAS. A Toroidal LHC apparatus. One of the four major experiments at the LHC (see below
for the definition of LHC).

BSM. Beyond the Standard Model. It refers to particle physics models extending the current
reference theory for particle interactions.

CMS. Compact Muon Solenoid. One of the four major experiments at the LHC (see below for
the definition of LHC). The CMS detector was used to collect the data needed for the original
experimental part of this work.
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CSV. Combined Secondary Vertex. A CMS algorithm used to identify jets originating from the
fragmentation of b-quarks.

EW. ElectroWeak. It refers to two of the fundamental forces of nature (electromagnetic and
weak) that in the SM (see below) have a unified description.

HLT. High Level Trigger. The last step of the CMS trigger. It is software based and capable of
reconstructing physics objects extremely close to their offline counterparts (including quantities
requiring tracking).

JES. Jet Energy Scale. It is used in the text referring to the uncertainties associated to its deter-
mination with the CMS detector.

LEP. Large Electron Positron Collider. Built at CERN in the 27 km circular tunnel now occupied
by the LHC (see below) is the highest energy lepton collider ever constructed. It allowed to realize
precision measurements at the Z resonance that are still of great importance for BSM physics.
LHC. Large Hadron Collider. Proton-proton (pp), proton-ion and ion-ion collider built at CERN
with a design center of mass energy of /s = 14 TeV for pp collisions. It was operated from 2010
to 2012 at energies /s = 7,8 TeV. A more complete description can be found in chapter .
LSP. Lightest SuperPartner. The lightest supersymmetric particle in a given spectrum, excluding
SM (see below) particles.

MC. Monte Carlo. It refers to a class of computational algorithms that rely on repeated random
sampling to obtain numerical results. This technique is used at the LHC to generate simulated
event samples.

MVA. MultiVariate Analysis. Based on the principle of multivariate statistics [I], in LHC exper-
iments it is used to optimize searches across multiple dimensions while taking into account the
effects of all variables on the response to a certain signal.

PF. Particle Flow. Reconstruction algorithm used by CMS for almost all physics objects, de-
scribed at the end of chapter [4]

PU. Pile-Up. In a pp collision selected by the experiments at the LHC, other than the vertex
where the hard scattering took place several softer interactions occur (an average of 20 in 2012
running conditions). The contributions to the event from this additional interactions are generi-
cally denoted as pile-up.

PV. Primary Vertex.The reconstructed vertex in a pp collision where the hard scattering process
took place. The identification techniques used by CMS are described in chapter

QCD. Quantum CromoDynamics. The theory of strong interactions, describing one of the fun-
damental forces of the SM (see below).

QED. Quantum ElectroDynamics. The theory of electromagnetic interactions.

RPYV. R-Parity Violation (Violating). It refers to supersymmetric theories in which a discrete
symmetry know as R-parity is broken. More details can be found in chapter [3]

SM. Standard Model. The reference theory of particle physics, now established up to energies of
a few hundred GeVs. It is described in chapter [I}

SUSY. Supersymmetry (but also supersymmetric). The most generic space-time symmetry of
the S matrix consistent with local quantum field theory (see chapter [3)).

UV. UltraViolet. It refers to high energy completions of effective low energy theories or more in
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general to high energy regimes.



Introduction

Since the Large Hadron Collider (LHC) [2] started its operations, particle physics has entered a
new data-driven era. Today we are offered the unique opportunity to answer questions that have
been the object of speculation for decades. In this work we address the one that we consider the
deepest confronting us at the new energy frontier: Is electroweak symmetry breaking natural?

The gauge symmetry describing electromagnetic and weak interactions must be spontaneously
broken to be consistent with experimental observations. The most widely adopted mechanism
realizing the breaking (strongly favored by recent LHC findings [3, 4] and indirectly also by LEP
precision measurements [5]) introduces in the theory a mass parameter quadratically sensitive to
quantum corrections. Current data point to a value for this parameter close to the Fermi scale.
Therefore if new physics is present only at much higher energies we have to rely on an accidental
cancellation to explain its smallness.

Particle physics is at a fork in the road, confronted by the choice between two paradigms. We
could take the side of naturalness and imagine that new particles and possibly a new dynamics are
lurking just around the corner, ready to make electroweak symmetry breaking natural. However
it is equally legitimate to adopt the opposite point of view and accept the fine-tuning of the
new mass parameter as a consequence of an analogue of Weinberg’s anthropic argument for the
smallness of the cosmological constant [6].

Neither of the two choices leads automatically to sharp predictions for the phenomenology of
the TeV scale. The goal of this work is precisely to identify measurements that can distinguish
between natural and unnatural theories, confirming or excluding whole classes of models. We
follow two complementary approaches documented in the second and third part of the thesis. We
design and perform a search for new physics on LHC data based on generic features of natural
theories (in particular natural supersymmetric theories). Furthermore we study the couplings to
known particles of the new state recently discovered by the two largest LHC experiments [3, 4]
that is likely to have a key role in electroweak symmetry breaking.

The thesis is divided into three parts. The first part is introductory. It covers the theoretical
aspects of particle physics needed to understand the original contributions contained in the second
and third parts. In chapter |1 we discuss the reference theory of the field, known as the Standard
Model of particle physics. In chapter [2] we treat in detail the Higgs mechanism for electroweak
symmetry breaking and define the question of naturalness more precisely. We conclude the first
part in chapter [3] with a phenomenological discussion of natural supersymmetric theories.
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In the second part of the thesis we describe a search for new physics performed with the
Compact Muon Solenoid (CMS) detector [7] on 2012 LHC data. We begin in chapter [4| by
describing the experimental apparatus, we then discuss jet reconstruction and b-jet tagging with
CMS in chapter . The last chapter of this second part is devoted to the search for new physics
itself that targets a previously unexplored area of parameter space.

The third and last part of the thesis contains original theoretical work previously published
in [8, 19, [10]. Always focussing on the question of naturalness we adopt a complementary approach
with respect to the direct search discussed in the second part. We assume that the new state
discovered at the LHC plays the role of the Higgs boson in electroweak symmetry breaking and
study its couplings. In chapter [7] we give a detailed account of the deviations with respect to the
Standard Model that we expect in natural supersymmetric models, showing that sharp predictions
can be formulated and tested against the data. In chapter |8| we present measurements that can
rule out vast classes of unnatural theories. We conclude by summarizing our findings and the
status of naturalness after almost three years of LHC data-taking.
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In the beginning
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Chapter 1

The Standard Model of Particle Physics

Let us raise a standard to which
the wise and honest can repair;
the rest is in the hands of God.

George Washington

The reference theory of particle interactions has been extensively tested from atomic frequencies
to the TeV scale, the highest energies that we can currently probe. Its continuos predictive
successes have made of what is now called the Standard Model (SM) of particle physics the
unavoidable starting point of any experimental or theoretical investigation of higher energies. In
this chapter we outline the main features of the theory together with its open problems. In several
sections of this chapter we follow [I1], 12].

1.1 Matter and Forces

The SM describes three interactions (strong, electromagnetic and weak) between twelve fermionic
fields. As we will see in the following, twelve bosonic fields mediate the interactions. In our current
understanding these are the relevant degrees of freedom of particle physics in the few hundreds of
GeV range.

The fermions can be divided into two subsets of six particles each: quarks and leptons. The
division has been made in view of the fact that quarks feel the strong force while leptons do
not. Each of the two groups can be organized into three families as shown in figure In
particle physics jargon the different families are said to have different flavors. The upper and
lower components of each family have the same quantum numbers, so we can further subdivide
the matter fields into up-quarks, down-quarks, charged leptons and neutrinos. Ordinary matter is
composed only of u and d quarks, that form protons and neutrons, and of electrons. Here we do
not discuss in detail the properties of each particle, however in section we give their complete
quantum numbers that are sufficient to fully deduce their phenomenology.

12
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Three generations
of matter (fermions)

mass _|2.4 MeV/c? 1.27 GeV/c? 171.2 GeV/c?
charge | %3 3 vE)
spin - %5 u Ya C Ya t
name - up charm top
4.8 MeV/c? 104 MeV/c? 4.2 GeV/c?
Nz d Y S —1/3b
= |% s s
8} down strange bottom

0
+Ve

electron
neutrino

0 V
v ¥ H
muon
neutrino

0
4 V1

tau
neutrino

1.777 GeV/c?

0.511 MeV/c?
., e
P

electron

105.7 MeV/c?

-1
At

muon

Gauge bosons

Leptons

Figure 1.1: The particle content of the Standard Model, including matter and force carriers. Mass,
electromagnetic charge and spin are included in the table.

We can now turn to the forces described by the SM. The three interactions mentioned above
do not have all the same intensity, as their names suggest. At energies close to the W mass
electromagnetic and weak interactions are comparable while the intensity of the strong interaction
is roughly larger by a factor of 3. The situation changes dramatically at lower energies were the
strong interaction is confining and the mass of the heavy mediators of the weak force suppress its
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effect. For instance in the few MeV range

strong ~ 100 electromagnetic
electromagnetic - ’ weak

~ 107. (1.1.1)

To complete this introductory picture of fields and interactions we just need to list the spin-1
bosonic degrees of freedom of the SM. Those mediating the strong force are called gluons, the
photon carries the electromagnetic interactions, while the W and Z bosons are responsible for the
weak ones, figure [1.1] contains a summary table.
So far we have neglected gravity. The reason is that at the energies we can currently probe its
effects are not measurable
2

M
gravity ~ I~ 107, My ~ 100 GeV,  Mp ~ 10" GeV. (1.1.2)
P

Several attempts have been made to formulate a quantum theory of gravitation and all of them are
confronting serious conceptual difficulties. In addition to that they are clearly still far to obtain
any experimental confirmation.

Before writing down the SM Lagrangian in sections and [L.5], we need to introduce Yang-
Mills theories in the next section. We then describe briefly the concept of effective field theory to
put the SM in a more modern perspective.

1.2 Yang-Mills theories

When Yang and Mills wrote their seminal paper on Isotopic spin [I3] it was already known that the
electromagnetic interaction could be thought of as stemming from the invariance of the Lagrangian
under local phase transformations (see for instance [14] and references therein)

V(@) = Dp(a) = L(P(x) = L(W(2)) - (1.2.1)

Said invariance can be obtained introducing the photon field A, and adding the new interaction
Yy, A* to the kinetic Lagrangian,

Y (id —m) = ¢ (i —m — ey, A") 4. (1.2.2)
The right hand side of is invariant provided that A, transforms as
1
A=A~ Eaﬂa(x) (1.2.3)

that is nothing more than the gauge transformation of the vector potential under which classical
Maxwell equations are invariant.
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Yang and Mills enlarged this picture to more general internal [] symmetries. Today the dy-
namics generating all known forces is derived from local gauge invariance principles. However this
mathematical picture of Lagrangian invariance hides some simple physical arguments. At the end
of the section we briefly comment on how this complexity arises from some redundancy. First it
is good to introduce a more general form of local invariance, following the original Yang and Mills
proposal.

We can start by imagining to have a Lagrangian which is a polynomial in fields and their
derivatives

= £(0,6.9) (1.2.4)

and that is invariant under a global Lie group transformation that does not act on space-time
coordinates

L(0ud.0) = L((0u0),¢), (1.2.5)

gi(x) = Uyla)g;(z) = (), ¢(x), (1.2.6)

(Oud(@)); = Us(a)(0ud());, (1.2.7)
U € G,

where A\ are the generators of the group G, satisfying
(A4 N] =dfeexe, Tr[AX] = 0™, ¢>0. (1.2.8)

The last identity, corresponding to the normalization of the generators with respect to the Cartan
inner product, is valid only for compact Lie algebras. Even though there are many examples
of non-compact Lie groups in physics, as the Lorentz group, we will restrict in the following to
compact and simple groups without losing any of the internal symmetries of the SM. Note that the
chosen normalization makes the structure constants of the group f®¢ completely antisymmetric
in the three indices.

At this point we would like to generalize the global invariance of the Lagrangian to a local
(gauge) invariance, that is, we are searching for a new Lagrangian invariant under

gi(x) = Uy(a(@)g;(x) = Uy(2)g;(x) = (") 0;(2), (1.2.9)

(0u0(2)); = Uy(@)(0uo(2)); + (0.U(2))i05(2). (1.2.10)

The only difficulty is due to the gradients of the fields. If they transformed as the field themselves,
local invariance would be automatically ensured by global invariance. So we would like to cancel

the last term of the previous equation, adding a non-trivial part to the derivative. If we include
a new component that transforms according to the adjoint representation of the group

Dy =0,+iG,, G,=)» G\ (1.2.11)

'That leave the space-time coordinates untouched.
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we have
(Du¢(x))" = U(x)(Dug(x)), (1.2.12)

provided that G, transforms as
G, =UGU" +i(0,U)U". (1.2.13)

This can be easily proven by exploiting the continuity properties of simple, compact Lie groups
that allow us to consider only transformations that differ infinitesimally from the identity:

(0u0)i(x) = (0u0(2))i + (0,0 (2)A")i50;() - (1.2.14)

A complete proof can be found in any elementary field theory textbook (see for instance [15]).
In conclusion if £(d,¢, ¢) is invariant under the global symmetry,

L(Duo, 9) (1.2.15)

will be invariant under the gauge symmetry. Choosing the appropriate gauge groups, &Duzﬂ can
contain all SM fermion interactions. In section we specify the form of D, and introduce the
kinetic part of the Lagrangian for the gauge bosons G/,.

As promised at the beginning of this section, before introducing the SM gauge groups, we want
to make the physics of gauge invariance slightly more transparent. The truth behind the symmetry
is that the form of the interactions above is unavoidable once Lorentz invariance is required. The
gauge symmetry itself is just a consequence of the redundancy of the four component notation.
We can take electromagnetism as an example to make this point more clear. It is well known that
the photon (read a massless spin-1 field) has only two polarizations, so the field A,, with four
components, can not be unique. In this sense the gauge transformation A, = A, — %@a is not
truly a symmetry linking two physical states, but rather it tells us that the two gauge potentials
are physically equivalent. This is the consequence of having adopted a four component notation
for a two component object.

1.3 Effective field theories

The SM is an effective field theory, valid only up to some yet unknown energy scale. Before intro-
ducing its particle content and gauge structure it is appropriate to review the modern definition
of effective theory that will be useful also while discussing spontaneous symmetry breaking and
the generation of particle masses in the SM. In this section we partially follow [16].

1.3.1 The basics

The idea of an effective theory is implicit in the human description of reality that brings order
by neglecting effects that are far removed from our perception. In this case by neglecting what is
"far” in energy.
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The common intuition that the dynamics at low energies does not depend on the details of the
theory at high energies (small distances) can be turned into a quantitative statement. To this end
we can consider the example of the Hydrogen atom. We can calculate its energy levels to a certain
degree of accuracy through the Schrodinger equation, knowing just the mass and the charge of the
proton and the electron. If we want to refine our analysis, including the hyperfine splitting, we
need additional information, such as their spins and magnetic moments. Moving towards higher
precision demands the knowledge of QCD and the underlying structure of the proton.

To better quantify this progression and the level of accuracy achieved at each step, it is
necessary to introduce the typical momentum scale of the problem. Through the Bohr radius
ro = 1/mec, where oo & 1/137 is the structure constant, it is easy to give an estimate

Po R — = M. (1.3.1)

The Hydrogen atom has actually two separate scales since the typical energy scale is the Rydberg
~ mea?. Ignoring this detail we can estimate the error involved in neglecting an interaction at
p ~ A. It is obvious that this error can be expressed in powers of m.a/A. As an example the
energy levels can be computed to an accuracy of (mea/ ]\4W)2 while ignoring the weak interactions
(the value of My, can be found in figure [L.1)).

Now we have an intuitive picture of the the effective field theory approach, but we still need
to render our initial statement more precisely. Ignoring the high energy dynamics means that its
only effects are symmetry constraints on the low-energy theory and modifications of the low-energy
coupling constants. For instance o depends crucially on the top quark mass

d 1 1

‘dm,a 3

(1.3.2)

and the same is true for the proton mass

m, o m2/*" (1.3.3)
However in the Schrédinger picture we can still treat them as free parameters whose value will be
obtained fitting experimental results. In this sense m; is irrelevant as far as atomic properties are
concerned, but in the higher energy theory it relates two parameters that are free in the effective
one.

Turning to the symmetry constraints, a beautiful example is the spin-statistics theorem. In
non-relativistic quantum mechanics the quantization of integer and non-integer spin degrees of
freedom can proceed in exactly the same way without undermining the consistency of the theory.
Nonetheless the full relativistic theory demands the respect of causality, which enforces the Fermi
and Bose pictures also in low-energy observables.

In summary we can always find low-energy degrees of freedom that describe physics to a finite,
but calculable precision. The only effect of the high-energy dynamics is to impose symmetry
relations between them. In the process we do not need to know anything about the ultraviolet
(UV) theory, but we loose some predictive power, in the sense that some parameters that are
calculable in the complete theory might be free in our low-energy description.
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1.3.2 Renormalization and Scaling

The main ideas behind effective field theories are now in place, however to actually construct an
effective Lagrangian we need first a brief digression on the renormalization group equations. For
the sake of simplicity we study the ¢* theory which allows to introduce all the relevant information
without wasting precious time on technical details.

The free theory in D dimensions is described by the action

1 1
S = /de [ﬁ(auqb(x))z — §m2¢2(93) : (1.3.4)
We are interested to study the low-momentum behavior of the correlation functions,

Gn(z1, ...xn) = (P(x1)...0(x0)) s, (1.3.5)

to this end we operate the change of variables

= sz, ¢(x)=s2D2¢ (), (1.3.6)
that recasts the action into
1 1
S = /dDa: {5(0;@(95))2 — 532m2¢2(az) . (1.3.7)

where, for brevity we have renamed 2’. This operation makes manifest the scaling behavior of
Green functions

(p(s21)...0(520)) s = " FDV2(H (21)...0 () (1.3.8)

At low energies i.e. s — oo the mass term dominates the action, for this reason ¢? is called a
relevant operator. If we perform the same scaling on an interacting theory (suppressing the primes
for brevity) we obtain

5= [ s [%(MW S () — 6t w) — D) (1.3.9)
In this case ¢* is a marginal operator whereas ¢% an irrelevant operator, whose contribution
vanishes in the limit s — oo. Nonetheless we are interested in the low-energy behavior of the
theory and not to its zero-energy form, hence, depending on their matrix elements, irrelevant
operators can play an important role through corrections that might be not so small.

All previous considerations arise from dimensional analysis, operators of dimension d scale as s
and to retain all corrections up to order 1/s" we should keep all operators of dimension < D + 7.
Until now it seems overly simple to construct an effective theory to an arbitrary degree of accuracy,
we just need to keep operators up to a given dimension. However we have not yet taken into
account the regularization and renormalization procedures of the interactions that in general can
change the dimension of an operator.

D—d
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In the presence of a cutoff A the relation between correlation functions becomes
Gn(sz;m?, N\ Ag; A) = 3"(2_D)/2Gn(x; s*m? X\, 572 \g; As) (1.3.10)

and to obtain the infrared behavior of the left-hand side, we need to replace As on the right-hand
side with A. To this end we exploit the standard renormalization group equations

0 0

Here we have denoted with ¢; the couplings of the interacting theory, with 3; the corresponding
B-functions and with 4 the anomalous dimensionﬂ of the field ¢. The latter two quantities depend
on the couplings. The solution of (|1.3.11)) is well known [17, [18], [19]

AT (8) = Bile(A)) (1.3.12)
and for the Green functions it means
Go(; ci(Ar); Ay) = e IR Wl (A A), (1.3.13)
which leads us to
Gu(sz;ci(A);A) =" I5s e(M)dlog N on(=D)/2 (- s%ic; (A )s); A), (1.3.14)

where d; is the dimension of the coupling ¢;. To illustrate the effect of renormalization on operators
dimensions we take the simple case of an infrared stable fixed point

Blg")=0 g—g" as pu—0, (1.3.15)

where p is the energy scale at which we are renormalizing the couplings. In this situation the
renormalization group scaling for s — oo is dominated by g ~ ¢g*, hence

9 \
M@Ci = ")/Z](g )Cj, (1316)
Yo(k) = Ye(9") (1.3.17)

Without loss of generality we can ignore operators mixing v;; = 7;0;; and adopt the more compact
notation v;(¢*) = v/, 74(¢*) = 7*. The solution of the renormalization group equations will then

read .
. Vi
ci(p2) 2

2The correction to the operator dimension arising from quantum effects.
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e Jua e dlog s _ [&1 h (1.3.19)
H2 ’
so that (|1.3.14]) becomes
Go(sz;ci(A); A) = s"CDI2gm" G (2 5% (A )5); ). (1.3.20)

This equation shows that scale invariance is recovered at an infrared stable fixed point. However
operators now have dimensions D — d; + «/, their coefficients have dimensions d; — 7; and scalar
fields have dimensions (D — 2)/2 — ~v*.

In weakly coupled theories anomalous dimensions can be computed in perturbation theory and
are small. Therefore their effect is at most to turn marginal operators into relevant or irrelevant
ones. The situation is completely different for strongly coupled theories. For instance in walking
Technicolor it is believed that the operator 11, with classical dimension 3, behaves at the quantum
level as a dimension 1 scalar field, thus having an anomalous dimension of —2. The results obtained
so far can be summarized as follows:

1. Select a set of variables that well describe the dynamics.
2. Write the effective Lagrangian as a sum of operators ), ¢;O;.

3. The scaling is ¢; — 5% i¢;. Where d; is the naive dimension and ; the anomalous dimension
of the operator. The most important operators are those of lowest dimension.

4. To compute a physics observable with an accuracy of order 1/s” we must include all operators
with dimensions < D + r.

1.3.3 Aside on the predictive power of effective theories

It is often argued in elementary field theory textbooks that a theory must be renormalizable to
exhibit any predictive power. A non-renormalizable theory, it is said, would contain an infinite
number of operators and, hence, of free parameters, that would make the physicist powerless in
the description of nature. Nonetheless this statement is not completely correct, in a way that
appears obvious after the previous discussion. If we consider a generic effective Lagrangian

L= Lren+ Lrsr+ Liso+ ... (1.3.21)

while it is clear that a computation to an arbitrary degree of accuracy is possible only in the limit
s — 00, in which
L="Lren, (1.3.22)

it is almost as obvious that we can compute any physical quantity to the desired (finite) accuracy
retaining the correct number of operators in the effective theory.

As long as one is satisfied with a finite accuracy a non-renormalizable theory is as good as
a renormalizable one. This is always the case, since, even though exact computations are nice,
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no one knows the correct theory to arbitrary high energies. The only realistic results are always
obtained in a, sometimes implicit, effective field theory framework. So in the next section we do
not consider only dimension < 4 operators for the sake of renormalizability, but in view of the
fact that our description holds at sufficiently low energies.

1.4 The Standard Model gauge groups

We are now ready to discuss the application of the ideas treated in the previous sections to physical
reality.
The full gauge group of the SM is

The first factor describes strong interactions (or Quantum CromoDynamics, QCD), while the
latter two electroweak ones. In the following we briefly account for the experimental and group
theoretic reasons that lead to this structure of gauge symmetries.

1.4.1 Strong interactions

The selection of the SU(3) gauge group is unique, in view of [20]

(a) The group must admit complex representations to account for both quarks and anti-quarks
and distinguish them. There are mesons which can be conveniently described as ¢g bound
states, but not any ¢g bound state.

(b) There must be a color singlet completely antisymmetric representation made up of ggq in
order to solve the statistics puzzle of the low-lying baryons of spin 1/2 and 3/2.

(¢) Given the number of quark flavors, the number of colors’| must be in agreement with the
data on the total eTe™ hadronic cross section and the m° — v~ decay rate.

Within simple groups, (a) restricts the choice to SU(N) with N > 3, SO(4N + 2) with N > 1
(SO(6) is homomorphic to SU(4)) and E(6). The remaining prescriptions lead unambiguously to
SU(3) with each flavor of quarks in a fundamental representation.

The kinetic Lagrangian of the six quarks is already invariant under a global SU(3) (enlarged
to SU(3)r x SU(3)g if my is independent of the flavor):

6
Lp= Zﬁf (i, —my) qy. (1.4.2)
f=1

3As the SU(3) quantum number is denoted.



22 CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

Gauging the global SU(3), under which each quark carries an additional color index ¢, we obtain
the complete QCD Lagrangian

6
['QCD = ZG Z’)/'uD mf f——ZGa G/W
f=

8
Dquf = <8ﬂ +ig52)\an> Qf,

a=1

Gy, = 0.Gy —3,G5, — g, [ GG, (1.4.3)

where we accounted for the fact that the generators of SU(N) are N? — 1 and we have included
an additional term which is allowed by the symmetry. This is nothing but the kinetic term of
the gluons, mediating the strong interactions. If we had omitted the last term in the first line,
resumming quark loops would have made it reappear.

The symmetry insures that the constant g, is unique for all flavors of quarks and all additional
boson fields described by Gj;. As can be seen by direct inspection of gs is the coupling
constant of the theory. This Lagrangian, as it is very well known, describes a dynamics of confined
quarks and gluons, reproducing at high-energies the asymptotic freedom required by experimental
evidence. Accounting for its complete phenomenology is beyond the scope of this very brief
introduction. However it is worth to mention that Lgcp is not the most general Lagrangian
consistent with the gauge symmetry. We have purposefully omitted

049

ECP = le ézl’ = €uvér (G‘”‘)a s Qg = g—s (144)

47

Even if this term can be rewritten as a total derivative, in a non-Abelian gauge theory it can
contribute to the action with boundary terms. The reason we could omit it is that direct mea-
surements limit |§] < 10719 [21]. The operator, in fact, is not CP invariant and induces a non-zero
electric dipole moment for the neutron. The smallness of € is known as the "strong CP prob-
lem”. A possible solution would be to introduce a global U(1)pg spontaneously broken at high
energies [22].

After this aside on the strong sector, we can turn to the electroweak sector, that is the real
protagonist of the rest of this work.

1.4.2 Electroweak interactions

If we had to describe only the electromagnetic interactions, the task would be exceedingly simple.
The first and only step is to notice that different fields interact with the photon with different
strengths, according to their charge. The only possible choice for Quantum ElctroDynamics
(QED) is then an abelian group. Otherwise the coupling would be universal as in QCD. Without
practically any effort we could then rebuild QED from the free Dirac Lagrangian in analogy
with QCD. This discussion implies that even if we were to describe electromagnetic and weak
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interactions as two aspects of a unified force we would still need an abelian factor in the full gauge
group. To see how this is realized in practice we need to build the weak part of the picture,
that first emerged consistently in [23] 24]. We adopt a more modern and concise perspective,
following [I1].

The Fermi theory for S-decay is known to describe well weak interactions at nuclear energies

Lp= G—\/g cos Oc [py"(1 — ays)n] ey, (1 — vs)ve) - (1.4.5)

Here p,n,e and v, are the fields of the proton, neutron, electron and neutrino, respectively. The
factor cosf¢ is close to one and is due to the lack of alignment between quark mass eigenstates
and the states feeling the electroweak interaction. To our trained eyes this appears as the low
energy limit of a gauge theory, where the gauge degrees of freedom have been integrated out. The
interaction part of the theory would be written as

g _
where G )
F g
— = . 1.4.7
V2 o 8miy ( )

The W boson of mass my, plays the role interpreted in QCD by the gluon fields. Therefore if
we are able to find the currents that reproduce the Fermi theory for p* < m¥,, where p is the
relevant momentum of the process, we will reconstruct the symmetry group through their algebra.
We begin by introducing the doublets

QL:<1—’)/5)<Z), LL:(1—75)<”6) (1.4.8)

e

Here u and d are the quark fields making up neutrons and protons. If we assume that the factor
a in ([1.4.5]) is due to the composite nature of the nucleons, we can immediately write

+ +

— 0 - 0
Jf = QL’Y;A?QL + LL'VM7LL (1.4.9)
and from the commutation relations of the Pauli matrices
+ - 3 3+ +
AN LA AR (1.4.10)
27 2 2 272 2

we can deduce that the group we were searching for is SU(2) . It is clear that a unified description
of the electroweak interactions requires a larger group. Even if we assumed that electromagnetic
charges were the same for all the SM fields, we would still have problems with SU(2) as can be

seen by taking for example,
Lo 0 0 0
AT = R A= 01 ) (1.4.11)
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In this case J| 3 reproduces the electromagnetic current, but the algebra of the generators does not
close to give a Lie group.

However a first, easy guess, that satisfies all our needs is SU(2); x U(1)y where Q = T3+ Y and
T3 is the eigenvalue of o3 (1 —5) /2. This turns out to be the correct choice and gives us the

gauge bosons Lagrangian
1

4
where WW and B, are the, so called, field strengths

1

Lpw = —~ W, W — BB, (1.4.12)

3
W, = Z W, T', T'= Generator of SU(2) in the adjoint representation (1.4.13)
a=1

B, = 0,B,—09,B,. (1.4.14)

1%

The gauge bosons interact with the weak currents,
-1 R - :
quﬁ (L=s) T, YW Y YueBY, i=1,..3, (1.4.15)
(] ¥

as in (1.4.9). Each fermion enters differently in the current, according to its hypercharge Y, and
its SU(2), representation Ry,. In the next section we specify the quantum numbers of all SM
fermions.

In the spirit of section [I.3] in the discussion above we have included only operators of dimension
< 4, confident that at sufficiently low energy our description holds. What "sufficiently” means for
the SM is a deep question, discussed in detail in the following chapters.

1.5 The Standard Model gauge Lagrangian

The symmetry groups described above are not enough to define a complete theory. In order to
write the SM Lagrangian we need to specify its particle content. As discussed in section we
have twelve fermions, organized in three families of leptons and quarks. It is convenient to define
a vector W, that contains all SM fermions

U = (Qr(3,2)1/6, Lr(1,2)_1/2,u(3,1)_2/3,d°(3,1)1/3,€°(1, 1)1, N(1,1)o) . (1.5.1)

The first number in brackets indicates the transformation properties under the color SU(3) group,
the second number those pertaining to SU(2);, and the subscript shows the hypercharge Y. With
1 we have denoted, as usual, the left-handed spinor 1/ . We have included also the neutral field
N, that plays the role of the right-handed neutrino. Its presence can explain the smallness of
light-neutrino masses through a see-saw mechanism and allow flavor mixing in the lepton sector.

The theory depicted so far contains the three gauge couplings of SU(3)c x SU(2), x U(1)y.
As mentioned above, only the couplings arising from a non-abelian symmetry are universal. The
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values of the hypercharges, on the contrary, are arbitrary and have been fixed experimentally to
reproduce the observed electric charges.
At this point we can write the SM gauge Lagrangian,

1. 1 1 —
Lomg = = WuW" = 7B B" — 2 G G" + 109" D, ¥, (1.5.2)
where
8
G = Z G, A%, A" = Generators of SU(3)¢ in the adjoint representation. (1.5.3)
a=1

The Lagrangian above contains only renormalizable interactions and describes massless fields.
This is true both for the matter fields and the gauge bosons. Including by hand gauge boson
masses or fermion masses would spoil gauge invariance, making the theory inconsistent. It is
appropriate to point out, though, that while the gauge boson masses are forbidden by the local
nature of the symmetry itself, the fermion masses are ruled out by the chiral nature of the weak
interactions (in Lgop we had included the quark masses). A mass term would read

m = m(Yptr + U ¥r) (1.5.4)

and it would be manifestly invariant if left-handed and right-handed components transformed in
the same way, since any representation of a compact and simple Lie group is equivalent to a finite
dimensional unitary representation.

1.6 Completing the picture

The Lagrangian in does not describe nature. The first obvious problem with it is the
masslessness of all fields mentioned in the previous section. This is in contrast both with direct
measurements of the elementary particle masses and with the observed range of the weak force
that semiclasically should scale as ~ e~ /r. Besides, as a consequence of the reducibility of
¥ under the gauge symmetry, the fermions enjoy a large SU(3)® x U(1)* global symmetry whose
selection rules are not observed experimentally.

These problems can not be solved by breaking explicitly the gauge symmetry, otherwise we
would run into inconsistencies in perturbation theory. An elegant solution is provided by the
Higgs mechanism [25] 26], 27, 28]. The first step consists in introducing the scalar doublet

([ P11+ i
) won

with transformation properties under the gauge group given by

¢ = (1,2)12. (1.6.2)
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The idea of doing without any extra fields, although interesting, can be immediately excluded.
The only term we would be able to add without renouncing gauge invariance, would be a mass
for the right-handed neutrinos

1
*CMN = —§NZMUN] + h.C., (163)

which does not influence the other degrees of freedom in any way, unless we add at least the scalar
doublet ¢. In this case, in fact, we have new possible interaction terms that change dramatically
the SM picture. First and foremost we are able to write a Yukawa-like Lagrangian

Ly = =6 (Q (V) s + L (V) ;) = 61 (Qu (Va)yy 5 + Ti (Vo) ) + e (1.6.4)

Furthermore we have to describe the dynamics of the new field. The most general invariant
Lagrangian for a complex scalar field with operators of dimension < 4 is

Ly = |Dug® — 1i2dle — A (¢19)”. (1.6.5)

Adding Ly and Ly to the minimal Lagrangian (1.5.2)) has important phenomenological conse-
quences. We consider first the Yukawa sector. Its introduction has reduced the global symmetries
of the system. To notice this we first have to eliminate the redundancy in the Y matrices through

appropriate field redefinitions
Y, = (UH' Y, U8 (1.6.6)

This rotation does not affect the other terms in the full Lagrangian because of its global invariance
properties. The Yukawa sector, instead, becomes

Ly = —¢ (QVY,Pu+ LUY,PN) — ¢' (QY,”d° + LY,”¢) + h.c. . (1.6.7)

The matrices Y are in diagonal form and we have defined
v o= upup) (1.6.8)
U = Urust. (1.6.9)

It is manifest now that the overall baryon and lepton numbers are conserved. If we neglect right-
handed neutrinos also the individual lepton numbers L., L,, L, are conserved. However we have
clearly lost the large flavor symmetry. This can be easily seen with the further redefinition

ur, — ur V7, (1.6.10)
which brings the current coupled to the W boson in the form

J/; :aLV’YudL' (1611)

This vertex is the source of the successful predictions of the SM in flavor physics and one of the
element of the matrix V' is precisely cos f¢ introduced in the Fermi Lagrangian.
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1.6.1 Mass generation

If the parameter ;i is positive the potential (note the conventional change of sign with respect to
(1.6.5))

2
V() = —*d'o + A (67¢) (1.6.12)

has a circle of minimums corresponding to
o=ve, v=-L_| gel02n] (1.6.13)

NN

To construct a perturbative expansion we have to make a single choice for the vacuum state.
Because of the symmetry, the physics will be completely equivalent regardless of the choice. So
without loss of generality, we can fix it to the value

(¢) = ( X ) : (1.6.14)

(Y

We have just found a way to break the gauge symmetry and hence generating masses, without

spoiling the invariance of the vertexes of the theory. In fact, the dynamics is still completely

symmetric, but there are generators 7% a = 1,..,7 of the ElectroWeak (EW) gauge group, that

do not leave the vacuum invariant 7%(¢) # 0, the broken generators. The remaining 7" that

annihilate the vacuum, T%(¢) = 0 are unbroken and still associated with massless gauge bosons.
To examine the consequences of the breaking we parametrize the field ¢ non-linearly

o(x) = e @T/Y (% + v> : (1.6.15)

This is particularly convenient, since, with a gauge transformation we get

d(x) — (% + v) . (1.6.16)

Once ¢ acquires a vacuum expectation value it is easy to introduce the gauge bosons masses.

Using (1.6.16)) we have

2 2
1Dyugl? = UZ [gQ ST W)+ (—gWE+g'B)Y| + ... (1.6.17)

=1

where g is the SU(2),, coupling while ¢’ the U(1)y coupling. Rotating to the mass eigenstates
basis we are left with a massive charged vector,

1 2
i:WuiWu _gv

p 5 (1.6.18)
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a neutral massive boson

/
Z, = cos QWW;:’ —sinfwB,, 6w = arctan g_. (1.6.19)
g

of mass

Z \/5 ( )
and a neutral massless degree of freedom (the photon),
A, =sin QWW;:’ + cosOw B,,. (1.6.21)

The Yukawa Lagrangian (1.6.4) provides masses to fermions, in the usual myi1) form, once the
vacuum expectation value of ¢ is plugged in. The fermion masses are free parameters of the theory,
that are fixed once the Yukawa couplings are measured,

m; = (YuD)mU’ mf = (YdD)n‘U7 m; = (YeD)z‘z‘U‘ (1.6.22)

Here we have redefined the left-handed components of the u quarks as in and neglected
light-neutrino masses.

Before mentioning some general aspects of spontaneous symmetry breaking and discussing the
open problems of the SM, it is useful to notice an approximate accidental symmetry. There is a
tree-level relation between the masses of the W and Z bosons

2
My

W =1. 1.6.23

m? cos 03, P ( )
In particular they become degenerate when ¢’ — 0 or cosfy, — 1. This is not a consequence of
the gauge symmetry, but rather of the SO(4) invariance of the potential of the scalar field ¢. If
we rewrite the scalar doublet as 2 X 2 matrix

H = (i090*, b) (1.6.24)

the action of SO(4) becomes o -
H = e W17 23R /2 (1.6.25)

where wy, p are the parameters of two independent SU(2) transformation, one of which is the
gauged SU(2)r. Hence the group under which is left invariant is SU(2), x SU(2)g
isomorphic to SO(4). Furthermore the vacuum expectation value of the scalar doublet (H) = Ioyov
is left invariant only by SU(2).+r. This explains the degeneracy of the two masses in the limit
g — 0, that is the leading coupling breaking this symmetry.

SU(2) x SU(2)g is often called custodial symmetry. It is not only broken by ¢, but also by
the Yukawa interactions described in the previous section. So p at one-loop receives a correction
proportional to m? that allowed to predict the top mass within a few GeV of the currently measured
value using LEP precision measurements.
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1.6.2 Spontaneous symmetry breaking

The Higgs mechanism described in the previous sections is just an application of the more general
concept of spontaneous symmetry breaking first introduced by Anderson in 1962 [29]. Spontaneous
symmetry breaking is a fascinating topic in quantum field theory and here we have just scratched
the tip of the iceberg. However it is worth to spend some more words on a few aspects of the
mechanism described above.

First of all spontaneous symmetry breaking is possible only with infinitely many degrees of
freedom, as in quantum field theory. In quantum mechanics we encounter all the time Hamiltonians
with multiple vacua linked by a symmetry transformation. The true vacuum however is unique
and determined by one of their superpositions. This is due to the finite probability of tunneling
between these states that scales as e ¢V, with ¢ a positive constant and V' the spatial volume of the
system. Only as V' — oo the Hamiltonian has no off-diagonal elements connecting the different
vacua, that become all degenerate. It is also easy to show that in this limit a small perturbation
that breaks the symmetry can only select a ground state among the degenerate vacua, but not
mix them [30].

Second and not less important, when the potential has a flat direction, as in this case, we would
expect the presence of massless fields in the physical spectrum due to the Goldstone theorem. The
fields 7%(x) have the right quantum numbers to play this role, however they have been eliminated
by a gauge transformation. Nonetheless the overall number of degrees of freedom must not have
changed. In fact, they now constitute the longitudinal polarizations of the massive gauge bosons.
If we consider, for a moment, a generic gauge group with generators A*, the covariant derivative
of the field ¢ can be formally written as

D, = 8, +ig\“ A’ (1.6.26)

When ¢ acquires a vacuum expectation value, its covariant kinetic term gives rise to the mass
matrix of the gauge bosons, in the form

I AL A 2y = ()N (0))e (1.6.27

So only the bosons associated to broken generators acquire a mass and eat up the corresponding
Goldstone boson.

Another aspect, that is worth noticing, is the fact that we have chosen a scalar field. Imagine
we had picked a vector field to acquire a vacuum expectation value, in this case we would have
had

(0]A,(0)|0) #0 (1.6.28)

but under a Lorentz transformation
<O\A;(O)\O> = AZ(O]A,,(O)|O>. (1.6.29)

Lorentz invariance would then be lost. The same would have occurred for any non-trivial repre-
sentation of the Lorentz group. In principle this is not a problem. There are many examples in the
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literature of deformed or broken Lorentz symmetry at the Planck scale, due to quantum gravity
effects (space-time foams, space time discretization, space time non-commutativity,...). However,
the scale of the electroweak symmetry breaking is set by the Fermi constant, through equation
(11.6.18]),

—1/2
v = (GF2\/§> ~ 246 GeV (1.6.30)

This value would be largely incompatible with experimental data if this was the scale at which
the breaking of the Lorentz symmetry occurred.

1.6.3 Rise and fall

The predictive successes of the SM are endless, span many aspects of particle physics and phenom-
ena taking place at very different energies. An incomplete list includes gauge coupling universal-
ity, precision flavor physics, atomic parity violation and precision tests of electroweak observables
(see [31), 5] for reviews). Here we refrain from discussing even a small subset of them, contenting
ourselves with the statement that the Lagrangian derived in this chapter is by now established
up to energies of about one hundred GeVs. The only exception is its EW symmetry breaking
sector. We will see in the next chapter how adding the Higgs scalar doublet has several theoreti-
cal advantages, but that we are still awaiting a complete experimental confirmation of the above
picture. Recent LHC results seem to avail it, but even with a full proof, we would know that the
SM Lagrangian is certainly not the whole story.

First and foremost, at some scale, possibly Mp ~ 10 GeV, gravitational effects have to be
taken into account. Probably this implies abandoning quantum field theory altogether. Second
and not less important the SM does not have a dark matter candidate and, as it is, can account
only for 5% of the observed universe. Furthermore CP violation in the theory is not sufficient
to account for the observed baryon asymmetry [32]. Another conceptual issue of this kind is the
observed equality between the electron and the proton charges (currently a part in 10%° [31]). In
the SM they are unsatisfactorily fixed by hand, but said equality could be justified in a grand
unified picture implying a larger gauge group at higher energies. These facts are unavoidable,
but are not linked unambiguously to an energy scale, they might be explained at scales we can
not even start imagining to probe. Equivalently they could imply the existence of new particles
extremely hard to detect with tiny observable effects in all other sectors of the theory.

There is only one hint for physics Beyond the SM (BSM) that is inextricably linked to the
weak scale. It is related to the instability under quantum corrections of the mass mj of the
fourth component of the Higgs doublet. If there is a new neutral boson and it is light, in the SM
only an accidental cancellation could push the cut-off of the theory much above m,, itself. An
accidental cancellation of several orders of magnitude is not exactly the best explanation for a
natural phenomenon, but it is appropriate to stress that the theory would be perfectly consistent
also if it took place.

In the next chapter we introduce explicitly the interactions of the fourth neutral component of
the doublet, discuss its theoretical relevance and current experimental results of its searches. This
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will allow us to state the fine-tuning problem more precisely and eventually propose solutions to
it.



Chapter 2

The Higgs boson

Manifest plainness,
Embrace simplicity,
Reduce selfishness,
Have few desires.

Lao Tzu

The Higgs doublet introduced in the previous chapter contains three degrees of freedom that
become the longitudinal polarizations of the W and the Z bosons. The fourth component is
a neutral field whose existence might just have been proved by the LHC. In this chapter we
show that its presence is not indispensable to have a phenomenologically viable EW symmetry
breaking mechanism, but that introducing it allows to extrapolate the SM to arbitrarily high
energies and to obtain a good agreement with LEP precision EW measurements. We then describe
its phenomenology at hadron colliders and summarize the experimental results of the LHC. In
several sections we follow [T, [12].

2.1 Introduction
Throughout the previous chapter we have ignored the effect of the gauge fixing procedure

¢ — (%Jrv) (2.1.1)

on the last degree of freedom of the scalar doublet. While the three Goldstone bosons are eaten
up by the W and the Z, a fourth neutral boson remains. We denote it by h(x). Its kinetic term
comes from the covariant derivative |D,¢[*, while its mass and self-interactions arise from the

potential in ((1.6.12]),

v:u2(0,v+h)(worh)+A’(0,v+h>(vih>

32

2

(2.1.2)
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This gives for the complete Lagrangian,

1 2 \/X s 1 5 5 Ay
S —4/Z _Z _Z 21.
Ly, 5 (Ouh) 2mhh thh h”, (2.1.3)

with

my = 2V v = V2. (2.1.4)

In the same way we can derive the Higgs boson coupling to vectors
Lyy = — m2W+(W—)“+1M2Z A 1+L 2 (2.1.5)
\% w' 2 Z ’U\/§ c

and fermions "
Ly = — 1+ —. 2.1.6
hf Ef mfwfwf ( v\/§> ( )

By inspecting the Lagrangians above it is clear that all the physics of this neutral field can be
expressed in terms of a single unknown parameter: my,. We see this in more detail in section [2.6]
while discussing its phenomenology at hadron colliders. However first it is appropriate to review
its role in EW symmetry breaking.

2.2 A life without Higgs

The Higgs doublet has a key role in the SM. It allows to account for the masses of gauge bosons and
fermions without renouncing gauge invariance and it solves brilliantly the problem of unitarity
of the weak bosons scattering, as we will see in the next section. Furthermore its existence is
in agreement with LEP ElectroWeak Precision Tests (EWPTs) and recent LHC results seem to
confirm its existence. However it is worth to point out that, at least theoretically, the full doublet
is not needed for electroweak symmetry breaking and a viable phenomenological Lagrangian can
be written introducing only the EW Goldstone bosons.

To see this we can begin with the chiral SU(2);, x SU(2)g symmetry of the SM Higgs potential.
In the familiar notation of the SM this symmetry manifest itself as an SO(4) rotational invariance

To simplify the chiral description it is convenient to reparametrize the Higgs doublet as

in%a®

H= <g+v) U U=e = . (2.2.1)

Equation (2.2.1)) allows us to ignore the Higgs boson altogether. The symmetry group now acts
uniquely on U,
U'=g.Ugk, gLk € SUQ)Lr (2.2.2)
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which contains the Goldstone bosons 7¢. To construct gauge invariant functions of U we first
introduce some fundamental building blocks:

T = UosU' (2.2.3)
vV, = (DU (2.2.4)
W = Wio"/2=WLT", (2.2.5)

among them we can recognize the usual field strengths WW and a vector V), involving the covariant
derivative

DU = (8, = iB,) U +iUW,, W, =gT"We, B, =gT°B, (2.2.6)
All these fields denoted collectively by I' transform under SU(2)y, as
' = g.Tgl. (2.2.7)

The question is now to find a guiding principle to construct the Lagrangian. In this picture,
in fact, the operator dimension counting criterion fails, due to the fact that U is dimensionless.
However if we accept the framework of effective field theories it is natural to adopt an expansion
in momenta. Hence the electroweak chiral Lagrangian up to O(p?) is

1t 1 2 2
Lwe = —5Tr W] = SBu B + -Tr [DUDAU)] + ag" (T [TV, (228)

The last term of Lgyw . is responsible for a redefinition of the gauge boson masses and it is often
not included exploiting custodial invariance. It is obvious that this Lagrangian describes massive
W and Z together with a massless photon. The coefficient aq is arbitrary as are arbitrary all the
coefficients of the ten terms that appear at the next order in the momentum expansion. If we
adopt the point of view of considering Lz as a low-energy effective theory of which the SM with
the Higgs boson is the UV completion, all these coefficients can be uniquely determined in terms
of mp.

We could also introduce fermion masses in the theory, using just the fields in U. For quarks
we would have

Lye=—0Q; (Ya),; Uu§ —Q; (Ya),; U'dS + hoc. (2.2.9)

We have just shown that we can construct the SM also without introducing the field h. However
this description breaks down at A ~ 47v, where the one-loop contribution to 7m — 7w becomes
comparable to the tree-level amplitude. Adding h is the most economical extension of the EW
chiral Lagrangian that can be extrapolated to arbitrarily high energies.

2.3 Perturbative unitarity

The interactions of the longitudinal components of the massive gauge bosons grow with their
momenta. This can be seen by considering the polarization of the EW gauge bosons in their rest
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frame
et =(0,1,0,0), ¢ =(0,0,1,0), € =(0,0,0,1). (2.3.1)

A boost along the z direction leaves the two transverse components untouched, whereas, for the
longitudinal polarization, it gives

e’z—(lﬁl 00—>—>p—“ E > my. (2.3.2)
mys my my

This polarization is proportional to the gauge bosons momentum and it dominates the scattering
at high energies. Processes involving W and Z; have cross sections that grow with the energies
and that, at some stage violate unitarity. We consider as an example the scattering process
WHW~- — WTW~, if we do not include h exchange, at tree-level, in the high energy limit
s> m¥,, we have [33]

AM”W’—HWWV)—y%b+ﬂ, (2.3.3)

where s and ¢ are the usual Mandestalm variables. It is clear that the corresponding cross section
grows with s, finally violating its unitarity bounds. To see this explicitly, we follow [34] and
expand the amplitude into partial waves of definite angular momentum [

A =167 (21 + 1)Pj(cos b)ay, (2.3.4)
1=0
where P, are the Legendre polynomials and @ is the scattering angle. Since the cross section for a
2 — 2 process is given by
do  |A]?
dQ)  64m2s’
we can immediately write, using the orthogonality of Legendre polynomials,

(2.3.5)

1
o = ZZ 2"+ 1)(21 + )al/al/ dcosOPy(cos@)P,(cosl) = (2.3.6)

=0 1=0 -1

1
= % (20 + 1)|ay|?. (2.3.7)

=0

To impose the unitarity condition on o, we invoke the optical theorem, which tells us that the
cross section must be proportional to the imaginary part of the forward scattering amplitude,

a_émwﬂe_my (2.3.8)
This implies
> = Im(a;)) = [Re(a)]” + [Im()]* = Im(a)) (2.3.9)

N mwmf+hm@—1}=1 (2.3.10)
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which is the equation of a circle of radius 1/2 and center (0,1/2). Therefore the real part lies in
the interval

1
|IRe(a;)| < 7 (2.3.11)
The strongest bound comes from the [ = 0 partial wave
s
N —— 2.3.12
05 T (2:3.12)
and with the condition |Re(ao)| < 3, one has
Vs < 1.7 TeV. (2.3.13)

This means that at the TeV scale, if the Higgs boson is not present in the theory, either
1. Some new physics appears to cut-off the growth, or

2. The unitarity breakdown is canceled by higher-order terms whose importance signals the
loss of perturbativity in the SM.

If on the contrary we include h exchange, the growth is cut-off by my,, giving

1 0 m? m? m? S
=—— [ dt|A]=——"- |2 b — —tlog (14+— )] . 2.3.14
9= T6ms . A om? | 5= m; s st m? ( )
In the limit s > m3
m

o 2.3.15
o 8mv? ( )

So the unitarity condition (2.3.10)), favors a relatively light Higgs boson
my, S 870 GeV. (2.3.16)

This argument was carried out at tree-level, but for large Higgs boson masses, its quartic coupling
becomes strong, leading to non-negligible radiative corrections. Thus to apply the previous anal-
ysis to set a bound on my, one has to assume that the SM remains perturbative. Nonetheless we
are just interested in showing that the addition of a lightish A can cure the high energy behav-
ior of gauge boson scattering. For this same reason we have ignored that the scattering channel
considered so far can be coupled to other neutral channels and that also charged channels such
as W;"H — W H contribute to set a more stringent bound on my. For a complete treatment we
should consider the eigenvalues of the matrix mixing

(W*W LZLZL iH’H Zi H, W H, W*ZL) : (2.3.17)

L L \/5 9 \/i ) I L I L

This is not the only advantage of adding h to the SM. It also brings it back in agreement with
the LEP precision measurements that we discuss in the next section.
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2.4 Electroweak precision tests

Some of the parameters entering the EW gauge Lagrangian are known to sufficient accuracy to
probe SM loop corrections. The three observables measured with the greatest precision are [35]

2 2 2
R R
Grp = (1.166378 £ 0.000050) 10~° GeV 2,
a(my) = 0.0077550 = 0.0000029,
mz = 91.1875+0.0021 GeV . (2.4.1)

Rather than directly computing the one-loop corrections to these quantities, we first recast the
problem in a more theoretically convenient way [30], [37, B8]. The measurements above constrain
significantly only gauge bosons two-point functions. Therefore we start by considering

1 1
Ly = —§(W3)“H33(QZ)W3 - §B#Hoo(q2)3“ — Wlso(¢*) B — Wi Tlww (¢*) (W), (2.4.2)

We neglect longitudinal terms, proportional to (g,A,)?, since they are irrelevant for physical
amplitudes with external fermion lines. Even with the high accuracy achieved experimentally we
can not hope to reconstruct the full functional form of II(¢?). Besides we are only interested in
studying the contributions from the Higgs boson to see if they are in agreement with experiment
and the leading ones affect only the first orders in the momentum expansion

II(¢*) =11(0) + II' (0) ¢* + 11" (0) ¢* + ..., (2.4.3)

namely IT(0) and I (0) are the only terms sensitive to logmy,. There is no quadratic dependence
on my, due to the custodial symmetry of the Higgs potential. SU(2)g x SU(2)y, insures that m3
corrections appear only at two-loops, being completely negligible for m;, < 1 TeV.

To see the effect of h we should first notice that some of these two-point functions are already
fixed by gauge couplings or other parameters of the theory. We can start with the I1'(0)s. Two of
them can be traded for g and ¢’, the remaining two can be compared to the data

a 9 2 / !
S = TMap(0), U = THi(0) = Moy (0). (2.4.4)

Turning to the II(0)s, the masslessness of the photon gives two conditions II,,(0) = IL,2(0) = 0
and the knowledge of v can be used to fix I1;7(0). Therefore we end up with a single prediction

35(0) — ILyw (0)
mi, '

T= (2.4.5)

The form of T and U is such that they are zero in the limit of exact SU(2)z x SU(2) 1. So the main
contributions we expect in the SM are proportional to its largest breaking spurions y; and ¢’. The
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Figure 2.1: Contours of 68%, 95% and 99% experimental confidence level in the S — T plane. The
gray band corresponds to varying my taking into account the current experimental uncertainty on
my. The black line is result in the SM assuming that the new boson discovered at the LHC is the

4sWS T — T

Higgs. Note that the axes are scaled with respect to our definition in the text S = —2=, =

y? corrections to T' are well known and allowed to predict the top mass with good accuracy before
its discovery at the Tevatron. Here we are mainly interested in the Higgs boson contribution and
we ignore them in what follows.

The effect of adding the Higgs boson to the EW chiral Lagrangian is

0

C4or?

As mentioned above these terms grow with m; making manifest the effect of decoupling the Higgs
boson from the theory. In figure we can see that precision measurements favor a light h and
that already mj, ~ 500 GeV is out31de of the 20 ellipse. Taking it out from the theory requires
the introduction of new degrees of freedom cutting off the growth of S and 7', in order to fall back
inside the experimentally allowed contour.

log mp, . (2.4.6)
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We have seen that the Higgs boson, albeit not needed for EW symmetry breaking, cures the
high energy behavior of gauge boson scattering and at the same time puts the SM in agree-
ment with electroweak precision measurements. In principle the SM + h can be extrapolated to
arbitrarily high energies.

Eliminating h altogether requires the addition of new fields to solve these same problems.
Typically the ensuing theories are much more involved and succeed in delaying the loss of per-
turbativity only up to a few TeV or tens of TeV at most. There are nonetheless possibilities of
extending the SM while keeping the Higgs boson in the theory. The reason why such theories have
been thought of at all is discussed in the next section.

2.5 Naturalness

We have seen that EW precision observables favor the presence of a light Higgs boson, that would
also regulate the high-energy behavior of V'V scattering amplitudes. However the Higgs mass is
quadratically sensitive to the cut-off of the theory. At one-loop we have

2

= ) +

(mj + 2m3y, + my — 4mj), (2.5.1)

where m{ is the bare mass and we have taken into account only the main contributions (self-
interactions, vector bosons and top quark). Without accidental cancellations it is reasonable to
define a naturalness scale of the SMIT], Ay, at which the dominant of these contributions exceeds
the physical Higgs boson mass by the amount v/A. For an Higgs boson mass well below 350
GeV, favored also by the LHC results that we examine in the next sections, the top contribution
dominates and leads to

2
" /A ~ 430 GeV—"0 /A (2.5.2)

A .
NS B, 125 GeV

1/A is the percentage of cancellation that can occur between the top contribution and any other
term in the complete expression for m?. The larger is A the more we are relying on accidental
cancellations to explain the lightness of the Higgs boson. This is known as the hierarchy problemf]
and has unquestionably been the main driving motivation for extensions of the SM in the past
few decades. The question is why the Higgs boson is so light if new physics is present only at the
Planck scale or at the GUT scale (Agpr ~ 10'® GeV). In a new theory, differing from the SM
only at such high energies, the calculation of the Higgs boson mass would require a huge amount
of fine tuning if my, falls in a range compatible with the EW precision observables.

This might be taken as an indication that new physics is lurking just around the corner, ready
to make the SM natural. However in the past decades a vast array of precision measurements

"Here we follow [11].
2 The first works pointing out the problem were [39], 40, 411, 42 [43].
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has been performed and they all gave null results for new physics. This can be interpreted as
the sign that BSM physics has an highly non-trivial structure, appearing at a low scale, but not
contributing significantly to observables that we have measured precisely. Then the null results
give themselves some guidance to model builders. Alternatively we can be agnostic about the
characteristics of the physics stabilizing the Higgs mass. In this case there is a tension between
A needed to to eliminate fine tuning and Axp, the scale at which new operators extending the
SM Lagrangian are generated. This is known as the little hierarchy problem [44].

We can illustrate this point with two concrete examples: EW precision observables and meson
mixing. In the first case, we can imagine adding to the SM Lagrangian the two operators

Ows = g9 W2 (Hig"H)W?,B",

v
c 2
Oy = gg'ATH{HTDMm (2.5.3)
NP
(2.5.4)
that correct S and T
2
A m
S = 4 WCW37
AXp
2
- m
T = —2—Y ¢y, (2.5.5)
ng?VP

Provided that we assume cy g ~ cyg ~ 1, living inside the 20 ellipse in figure requires Ayp 2
5 TeV that for my around 100 GeV would imply a 1% fine tuning.

The situation is way more dramatic if we consider precision flavor observables. In this sector of
the SM there would be a large number of measurements relevant for this discussion and in general
crucial to build realistic models. We consider a single operator, just to illustrate the point

OKK = f\IQ(_K (QL’YMQL)2 . (256)
NP

Ok i contributes to the mixing between K° and K?°. This is not the only operator we could write,
but we have chosen the same already generated in the SM by integrating out the W. This choice
avoids enhanced contributions in the matrix element that would make the bound on A yp stronger.
From the measurement of the K — K mass difference Amg and that of CP violation in the mixing
€x we can set a bound on the real and imaginary parts of the contribution from Ok [45]

Re: Ayp > 10° TeV, Im:Ayxp > 10* TeV, (2.5.7)

where we have taken cx i to be unity.

As stated above it is possible to model build around the little hierarchy problem and these
arguments do not suggest that we should live with the fine tuning of the SM. An obvious con-
sideration to relax the tension is to consider new physics that contributes only at loop level to
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the operators above, this for a weak coupling ~ g would reduce by a factor of more than 10 the
bounds on Ayp. Another possibility would be to extend some of the approximate symmetries
of the SM to the new physics. Assuming for instance that the new dynamics respects the cus-
todial SU(2), x SU(2)g or that some of the large flavor invariance of the SM gauge Lagrangian
SU(3)5 x U(1)* is preserved. In summary we can take the hierarchy problem as an indication
that new physics can appear around the TeV scale to mitigate the SM fine tuning and the little
hierarchy problem as an hint to the structure of this new physics. Completely different attitudes
are also present in the particle physics community accepting the fine-tuning as a fact of nature
explained by arguments similar to Weinberg’s anthropic treatment of the cosmological constant
problem.

2.6 Production and decays at Hadron Colliders

In recent years the Higgs boson has been searched for at LEP, the Tevatron and the LHC. The
experimental settings and conditions were different in the three cases and different phenomenolog-
ical aspects were relevant. In this section we focus on the most important production and decay
modes at the LHC, that are more closely related to this work. Most of the discussion applies also
to a general hadron collider, with the largest differences determined by the parton distribution
functions of the colliding particles.

2.6.1 Production modes at the LHC
The most important production modes for a SM Higgs boson at the LHC are

e Gluon Fusion (GF) production : Two gluons annihilate to form an Higgs through a triangle
loop of top quarks. gg — h.

e Vector Boson Fusion (VBF) production : Two initial state quarks emit two EW gauge
bosons that annihilate to the Higgs. qq — hqq.

e Associated Production (AP) : An intermediate EW gauge boson radiates an Higgs in asso-
ciation with another gauge boson V. qq — hV'.

e {th production: The Higgs is produced in association with two top quarks as a result of a
double gluon splitting. gg — tth.

The relevant diagrams are schematically depicted in figure[2.2| while the values of the cross sections
for different Higgs masses and two different center of mass energies are in figure [2.3] The relative
importance of the production mechanisms is reflected by the order in which they are listed above.
For a light Higgs, around 120 GeV at /s = 8 TeV, we have GF/VBF ~ 10, VBF/Wh =~ 2
and Wh/tth ~ 5. However to design a search we must also take into account the very different
backgrounds and fold in the decay we are interested in. So depending on the details of the final
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Figure 2.2: Schematic representation of the Feynman diagrams for the main Higgs production
mechanisms at the LHC.

state, VBF production or even AP might be more important than GF. We see this in more detail
in the next sections.

The theoretical uncertainties on the cross sections are also shown in figure they became
relevant in view of extracting Higgs couplings and possibly find deviations from the SM predictions.
EW processes do not suffer from large errors, while GF production is known at the 10% level due
to higher order QCD corrections.

2.6.2 Decays

As we have seen at the beginning of this chapter, the SM Higgs boson coupling to a field is
proportional to the field mass. So the Higgs will decay preferentially to the heaviest particle that
is kinematically allowed. For this reason a Higgs boson with a mass below the 2my, threshold
predominantly decays to b quarks, that at m;, ~ 126 GeV, account for ~ 56% of its width. For
higher masses decays to WW and ZZ dominate. However, even in this low mass region, they can
not be neglected giving 27% of the total width and proceeding mainly through a virtual boson:
WW*, ZZ*. Also the decay to 7 leptons is relevant for the LHC, even if they make up only 7%
of the width at m;, ~ 126 GeV. It is the only accessible mode that probes Higgs couplings to
leptons. These considerations are summarized in figure that shows Higgs branching ratios as
a function of its mass.

Next to these three level decays there are two loop-induced widths that are of the utmost
importance for LHC searches. Namely h — gg and h — . The decay to gluons is not observable
at the LHC, due to the overwhelming QCD dijet background, but it is generated by the same
diagram as the GF production process. h — =7, instead, even if it has an almost negligible
branching ratio, is one of the golden search modes due to the relative purity of the final state and
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Figure 2.3: Higgs boson production cross sections at the LHC. Top /s = 7 TeV, Bottom /s = 8
TeV. The bands correspond to the current theoretical uncertainty. We have GF production in
blue, VBF production in red, Wh associated production in green, Zh associated production in
gray and tth production in purple.

the good energy resolution achievable on photons that allows to reconstruct the mass peak. The
only other mode with good enough energy resolution is h — ZZ — 4l. For these reasons we show
here the Higgs widths to gluons and photons that will be useful also in the last part of this work,
while considering modification of Higgs couplings with respect to the SM. The Higgs decay width
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to gluons is [40], 47]

2
2,3
Grazmy,

I'(h— gg) = ETN]

3
1 > Fip ()
q

while for photons we have [48]

Gra*m;
I'(h—yy) = —F+=21) NIQIF + F 2.6.2
(h= )= e ms ; JQ}Faya (wg) + Fy (aw) (2:6.2)
The loop functions are
Fi(z) = — (222432 +32x—1)f(z)) 22,
Fip(x) = 2(z+ (@ - 1f(x))a?,
arcsin® \/r x <1
flx) = —= . \? . (2.6.3)
RY =

These expressions are valid only at leading order, we do not show explicitly the QCD corrections
to the gluon width for which we refer to [34]. In all numerical studies in the following of the thesis
they are taken into account.

In the SM the top quark gives the most important fermion contribution to the two loops with
its y? dependence. This is basically the only relevant term in the gluon width. The photon loop
is dominated by the W contribution that is ~ 5 times larger that the ¢ quark term and has an
opposite sign. These general considerations could also have been derived from the so called Higgs
low energy theorem [49, 50]. It is easy to show that the leading contribution to the Higgs loop
couplings to gluons (photons) is proportional to the particle mass and QCD (QED) S-function.

2.7 Experimental evidence

Each of the two largest LHC experiments (ATLAS and CMS) has collected approximately 5 fb™*
of 7 TeV data during the 2011 run and 20 fb™! of 8 TeV data during last year run. Higgs analyses
have not yet been updated to the full 2012 dataset, but most of them include up to 12 fb™* of 2012
data. A new state has been observed with more than 50 of global significance and its couplings to
fermions and gauge bosons are broadly in agreement with those predicted in the SM for an Higgs
boson [51),52]. In this section we discuss this discovery and its compatibility with the Higgs boson
hypothesis without entering into the finest experimental details.

LHC searches are currently sensitive to the processes listed in table 2.1 The column of the
table approximately correspond to the production mechanisms described in the previous section,
but due to finite experimental precision they are not pure. For instance the untagged category
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Figure 2.4: Higgs boson branching fractions as a function of its mass. The theoretical uncertainty
is represented as a colored band around the central value.

is an admixture of GF and VBF production modes with relative fractions given approximately
by the ratio between cross-sections. Instead the dijet tagged category was designed to isolate
VBF production, but still retains a ~ 20% GF contamination. The last two categories can be
considered as pure and in one-to-one correspondence with the equivalent production mode. The
approximate contaminations quoted are the same for ATLAS and CMS within a few %. Note
that table is good only for illustrative purposes, as for example a Wh — WWW — 3lv search
might be ongoing, but the corresponding one with one hadronic W might not be. So the decay
modes considered do not cover all possible final states, for a complete list of the current searches
we refer to [53] [54] that are kept up to date by the two collaborations.

Combining searches in these channels ATLAS and CMS can separately exclude at 95% C.L. a
broad range of masses for the SM Higgs boson, going from the LEP limit m; 2 114 GeV up to
more than 600 GeV. This is illustrated in figure 2.5 where we show the CMS result. The exclusion
spares a small window around 126 GeV where evidence for a new state was found.

The significance of the discovery is presented in figure separately for the two experiments.
In the same figure it is possible to appreciate the very different mass resolution and sensitivity
of the different channels. These two characteristics single out untagged h — vy and untagged
h — ZZ — 4l analyses as the main source of sensitivity, with a local p-value of up to 4 — 50 each
for both experiments and a mass resolution of O(1 — 2%).



46

CHAPTER 2. THE HIGGS BOSON

Table 2.1: Higgs decay modes to which the LHC is currently sensitive. The columns correspond
to exclusive experimental categories, approximately corresponding to a production mode.

untagged | dijet tagged | Vh | tth
h — vy (4 v v
h—WW 4 v v
h— 727 v v
h— 11 v v v
h — bb vV |V
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Figure 2.5: CMS limit on the Higgs boson production cross section, obtained combining 5 fb™" of
7 TeV data and 12.2 fb™! of 8 TeV data.

Here we are not going to enter into the details of the experimental effort leading to this result
that can be found in [53] [54], where references to the single analyses are listed. However there is at
least one comment that can not be omitted. The spin and CP quantum numbers of this new state
have not yet been measured at the 50 level, even if several attempts are ongoing in the 77 — 4(



47 CHAPTER 2. THE HIGGS BOSON

CMSPreIImlnaryF 7TeVL<51fb F 8TeVL<122fb1

JEN—

—_
o

3
o
TaT
1
~—
ool
[é)]
a

g
~ea
S
LS

~
S
F -
-
.
.
_ .

Local p-value

10° :7 7:60
i ““\-/ 170
10'13 ; —— Combined obs. |*, *:
|—[=== Exp.for SMH | % —
L | — H—bb 180
H=——H-—1t N —
47 [ |—H— * ]
10 L —Heuw _
F = Ho \ \ R . \ .
110 115 120 125 130 135 140 145
m,, (GeV)
0_0105"‘I"' S L B S B
—"%Om fﬁgg\'/%MSS obs. ATLAS Preliminary
10° ”vo MSS obs. Is = 7TeV, [Ldt = 4.6-4.8 fbr
10 -- omtgl?)med w/o MSS exp. 'S = gTeV, JLCH = 131b”
10 16
107
107°
107
10°®
10™M
10-13--wluuuu\..\\\..\.I..\\I.\\
115 120 125 130 135

my [GeV]

Figure 2.6: Local p-value for the background only hypothesis to be compatible with the 126 GeV
excess in the CMS (top) and ATLAS (bottom) Higgs analyses. The combined significance was
obtained assuming an Higgs boson with SM couplings.

channel [55]. Nonetheless the excess was found in analyses that were optimized to the extreme for
a SM Higgs boson signal, often employing neural networks trained on the SM Higgs. In addition
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Figure 2.7: Observed production and decay rates of the new state, relative to their SM Higgs
boson values. Top: CMS, Bottom: ATLAS. The results in the left column have been obtained
combining the 2011 and part of the 2012 dataset, corresponding approximately to 5 fb~! collected
at /s = 7 TeV and 13 fb~! collected at /s = 8 TeV. Most of those on the right column were
produced using the full 2011 and 2012 datasets (an addition of &~ 7 fb~! at 8 TeV) and were made

Signal strength (1)
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public in March 2013 in occasion of the Recontres de Moriond.

to that, measurements of its rates are all in good agreement with the SM, with tensions in single

channels below the 20 level, as can be seen from figure 2.7
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To conclude this section we note that also Tevatron experiments have found evidence for this
new state at the 3o level in the Vh, h — bb channels [56].

While this work was being completed ATLAS and CMS updated most of their Higgs searches
in occasion of the Recontres de Moriond showing results on the full 2012 dataset. The most notable
differences with respect to the results presented in the previous set of publications are the decrease
in the h — 7y rate (now very close to its SM value) reported by the CMS experiment and the
1.50 discrepancy in the mass determination observed by the ATLAS collaboration between the
h — ZZ — 4l and h — 77 channels. The third difference worth to point out is that the ATLAS
h — ZZ — 4l is now slightly more than 1o above the SM prediction while before it was below by
roughly the same amount. For the most recent results we refer again to [53] [54].



Chapter 3

Supersymmetry

It is only slightly overstating the
case to say that physics is the
study of symmetry.

Philip Warren Anderson,
More is Different

Supersymmetry (SUSY) is the most general spaceti me symmetry of the S-matrix consistent
with relativistic quantum field theory [57, [58]. It is one of the most studied topics of the past
decades in theoretical physics.

In this chapter we introduce it from a phenomenological point of view, having necessarily
to leave out some of its most exciting formal developments. We start by discussing the main
phenomenological for TeV scale supersymmetry, the solution of the hierarchy problem. This was
not the historical reason for its development [59] 60, [61), 62, [63] , but it is the natural starting point
for the LHC searches that we discuss in the second part of the thesis and the main drive behind
the theoretical work treated in the third part. We then introduce all the necessary ingredients to
build a supersymmetric model, including a short discussion of supersymmetry breaking, describe
the minimal extension of the SM with supersymmetry and some of its extensions. We also discuss
general features of natural supersymmetric theories that inspired the search for new physics in
chapter [6]

3.1 The hierarchy problem

As we have seen in the previous chapter a fermion coupled to the Higgs boson through the Yukawa
interaction ysH f f, gives a loop correction to the Higgs mass of the form

Ne lysl*
sm? = —TQJ’AM.... (3.1.1)

90
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The ellipses represent terms that grow at most logarithmically with A. In dimensional regulariza-
tion the A? term would be absent, but we would like to interpret A as the physical cut-off of the
theory, in which case m? is quadratically sensitive to it. In general m;, is sensitive to the highest
scale in the theory. Even if the heaviest degree of freedom does not couple directly to h we would
still have a two loop correction that could be sizeable. For instance a fermion with EW quantum
numbers and a large vector-like mass mpFF gives

2
dm3i 9_2 aA? 4 24m7 log A (3.1.2)
h 1672 r m ' o

F

The coefficient a depends on the renormalization scheme adopted, but even in dimensional regu-
larization the m% term can be large requiring additional fine-tuning.

This observation suggests that the fine-tuning problem can not have a trivial solution, based
on the cancellation of one-loop corrections. However thinking about one-loop is a good starting
point towards an elegant symmetry answer. A scalar with coupling ys|H |*|¢|? and mass m, gives
a contribution opposite in sign with respect to a fermion

2 _ Nes rr2
omj, = 23 A%+ ..], (3.1.3)
the two quadratic terms would exactly cancel for y, = |y;|?. If this occurrence was not accidental,
but rather the consequence of a symmetry relating fermions and bosons, the cancellation might
be extended to higher loops, reducing or eliminating the sensitivity of m; on the cut-off of the
theory. Such a symmetry exists and has much deeper consequences than the simple cancellation
above, it is known in particle physics under the name of supersymmetry.

3.2 The supersymmetry algebra

Supersymmetry not only has the potential to solve the fine-tuning problem above, but, in a sense,
it is unavoidable. As anticipated in the introduction it is the most general symmetry of the S-
matrix, realized as a graded Lie algebra, consistent with relativistic quantum field theory. The
generator algebra is

{QS,Q?} = QUZBPM(V‘B, ot = (1,0’) ,
(et} = {ed.a5} ~o.
[Puv Qﬁ} = [PﬂQé} =0
[P,,P) = 0. (3.2.1)

Here the generators (@) have spin 1/2, they transform bosonic states into fermionic states and
vice versa. « and [ are spinorial indexes, while ;1 and v run over the spacetime coordinates
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(P, is the four-momentum generator of spacetime translations). The capital letters refer to an
internal space and go from 1 to some integer N. The N = 1 case is the most relevant for the
phenomenology of the TeV scale and is known as the supersymmetry algebra tout court. The
algebra above is invariant under an U(N)g rotation of the Q4, that for N = 1 reduces to a phase
transformation.

In order to construct a supersymmetric theory we first need to discuss the representations of the
algebra. The first key observation is that particles in a supersymmetric multiplet (supermultiplet)
have the same mass. This descends from the fact the the @’s and P, commute. Therefore it is
easy, by just inspecting the algebra, to conclude that P,P* is a Casimir operator. This is already
an hint that supersymmetry is indeed a possible solution to the hierarchy problem. Radiative
corrections to fermion masses are known to diverge at most logarithmically in any renormalizable
field theory, so the same must be true for scalar masses, if supersymmetry is unbroken.

A second point that can be easily proven is that supermultiplets contain an equal number of
bosons and fermions. We can show it by introducing the fermion number operator (—1)V* that
has eigenvalue +1 on bosonic states and —1 on fermionic ones. From the definition it is clear that
(=1)MrQ = —Q(—1)Nr. If we then assume to be working with a finite dimensional representation,
for which the trace is well defined, we have

N A AB\| _ AfnAa ABL AB Af~a ABL AB| _
T [(-0)V {Qd Q)| =T [-ei {ei @i af + et et a8 @f] =0, (3.2.2)
where we have used the cyclic property of the trace. Introducing the algebra we find
Te (-1 {Qd Q| = 20t 34T [(-1)¥* B,] (3.2.3)
That for a non-zero momentum P, together with (3.2.2)) implies
Tr [(-1)"7] =0, (3.2.4)

proving our statement about the equal number of bosonic and fermionic states in a supermultiplet.
After these general considerations we can build the representations. We start with massive one-
particle states. Going to the rest frame P, = (—m,0,0,0) we find

{Qa.08} = 20,500

{ei08) = {@tat}-o. (3.2.5)
that after the rescaling
i R
a Jam e
(@) = ——a! (3.2.6)

(3.2.7)
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is isomorphic to the algebra of 2N fermionic creation and annihilation operators, whose represen-
tations can be built from a Clifford vacuum €2 defined by a/'Q = 0 and for which P#P,Q = —m?Q.
The particle states are then constructed applying creation operators

) = % H1 () 0. (3.2.8)

In the case N = 1, if the vacuum has spin 0, we have the states
1

Q, (a)'Q, % (aa) (ap) Q2. (3.2.9)

The first and last have spin-0 and form a complex scalar, while the second one describes a spin-1/2
Majorana fermion. If we had started with a spin-1/2 vacuum the first and last state would cor-
respond to two Majorana fermions, while the intermediate states would have contained a massive
spin-1 vector and a real scalar.

In the massless case it is convenient to go to a light-like reference frame P, = (—E,0,0, £),

obtaining
{ ﬁ,@}f} = 2(25 8)5AB
{esefy = {atas}-o. (3.2.10)

The operators Q4 and Qg‘ are totally anticommuting and hence must be zero. So rescaling just
@1 and Qj
1

A A

a® = —=Q7,

WED

AT L A4
a = —=0Q7, 3.2.11
@) = =0 3211
(3.2.12)

we find a creation and annihilation algebra, consisting of N operators
{CLA’ (aB)T} _ 5B
{ata®} = {()", (@)} =0. (3.2.13)

These operators raise and lower the helicities of states and starting from the one of lowest helicity
Q,, we can construct all other states

IA+n/2) = \/%H(af‘i)*m. (3.2.14)
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For N =1 and A = 0 we have
QO s CLTQO s Q_l/g s GTQ_l/g s (3215)

a massless Weyl fermion and a complex scalar. Note that the extra states with A — —X\ are
required by CPT invariance. Starting from €2, , we have a massless Weyl fermion and a massless
spin-1 vector

Qijp, a'Qp, Q, a'Q. (3.2.16)

This concludes the group-theoretic discussion needed to introduce the phenomenological implica-
tions of supersymmetry at the TeV scale. For a more complete, but still elementary, treatment of
the supersymmetry algebra and of its representations, in particular N > 1, we refer to [64. [65].

3.3 Lagrangians and superpotentials

Now that we have the algebra and its representations we can start building complete theories.
The simplest possible example consists of the free Lagrangian of a massless Weyl fermion and of
a complex scalar

Lign = 0u0° +iw'o" 9y, o' =(-1,0") . (3.3.1)

Under an infinitesimal supersymmetric transformation we have

¢ — ¢+0d¢, 09 =e P,
Vo= Y0, e = —i(0te) 00,0 (3.3.2)

Here € is a spinor with index «, which parametrizes supersymmetric transformations. From the
first line above it must have spin 1/2 and mass dimension —1/2. The choice for d¢ is the simplest
possible and can be verified to respect the algebra. The transformation of v is the only expression
linear in €' and ¢ consistent with dimensional arguments.

The Lagrangian above is invariant under this supersymmetry transformation, going to itself
plus a total derivative. However the algebra closes only on-shell as can be seen by applying a
commutator of two transformations to the fermion field

[0c,, 0] Vo = —i (ela“eg - 620'“61) 00 +
+ i (eme;wam - %eia#aw) . (3.3.4)

!We have left implicit the contraction of spinor indexes: € = e“€,51° with

€ap = < (1) _01 > . (3.3.3)
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The last term of the above equation is zero on the solutions of the equation of motion, but off-
shell it does not vanish. This can be equivalently stated as the reduction of the fermion degrees
of freedom from four to two by the equation of motion, that in the frame p, = (p,0,0,p),

P = ( 8 20p ) ( Z; > , (3.3.5)

projects out two components of the spinor. We can make SUSY invariance manifest by adding an
auxiliary spin-0 field F' and the additional Lagrangian term

Lp=FF*. (3.3.6)

F on-shell is, in general, just a function of the other fields, but if we give it the transformation
properties
OF = —ie'a*0,, OF* =i0,5"e (3.3.7)

and change the fermion transformation to
5o = —i(0"€") 00,0 + €a F (3.3.8)
it closes the algebra off-shell

X = ¢7 ¢*7 w’ ¢T7 F7 F*7
[0, 06,] X = —i (ela“eg - EQUME];) 0,X . (3.3.9)

The new Lagrangian Ly, + L is invariant under SUSY transformations. The introduction of
F, that from the equations above has mass dimension 2, is not only an useful trick for the
free supersymmetric Lagrangian, but also helps in the construction of interacting models. If we
introduce additional generations of supermultiplets, labelled by latin indexes, we can write the
most general interaction Lagrangian in the form

Lot — —%Wﬂ“ (6, 6) bstbe + WY (6, 6%) F + hc. . (3.3.10)

where, if we require renormalizability, W7* is linear in (¢, ¢*) and W7 quadratic at most. We have
omitted a term containing only ¢ and ¢*, because it would have a variation linear in 1 and '
with no F’s or derivatives and thus it could not be cancelled by the variation of L.

Clearly the W functions can not be arbitrary. To see the consequences of SUSY invariance we
can first consider the variation of L;,; with four spinors

1 oWk 1 oWk

0L4y, = T2 00, (€tn) ity — 5 00

(")) o . (3.3.11)

The first term vanishes if and only if W7k /0¢, is totally symmetric in the three indexes, since
Fierz identities imply

(e¥n) ¥k + (€vy) Yty + (k) Ynth; = 0. (3.3.12)
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The second term cancels only if OW7*/0¢? vanishes, so W% must be holomorphic. Before going
to the next part of the Lagrangian variation we find convenient to rewrite W7* as

) O?
Wik = w, 3.3.13
50,001 (33.13)
where, for renormalizable interactions,
1 7k 1 jkn
W= S M6 + gV GO Pn - (3.3.14)

Note that we have omitted the linear term E‘¢p; to avoid a non-zero vacuum energy and the
spontaneous breaking of SUSY. If H|0) # 0, in fact, supersymmetry is broken (i.e. Q,|0) # 0 for
some «). This descends from the anticommutation relations in equation (3.2.1)) that for N = 1,

imply

2
H=p" = i; (@@l +qlQ) . (3.3.15)
We can now turn to the part of the Lagrangian variation containing derivatives
0LY, = —iWik,pppjote’ — iWId, 0" + h.e. =
= —id, (?TZ) Piotel —iWigahiote’ + hec. . (3.3.16)

If we want 6£2, to be a total derivative we obtain

Wi = %, (3.3.17)
J

that makes manifest the reason of the definition in equation . The remaining pieces of
0Ly are linear in F, F™* and vanish if the conditions above are satisfied.

We have found that all renormalizable non-gauge supersymmetric interactions can be written
in terms of W, a single holomorphic function of the scalar fields, known as the superpotential.
Later in this section we comment on non-renormalizable interactions, after briefly introducing the
superfield formalism. For the time being we simply give the expression of L, by solving the
Gaussian path integral for F, F* (their action is quadratic)

Fy=-Wr, Ff=-W,, (3.3.18)

which gives

L = 5 W (6,6 byt + he. +V(6,6) , V(6,0) =WIW; = FIF;. (3319)
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3.3.1 Supersymmetric gauge theories

As we have seen while discussing SUSY representations, a gauge boson Aj is accompanied by
a fermion A® in the multiplet. In a theory where SUSY is unbroken the two must fall in the
same representation of the gauge group. So A* is also in the adjoint representation of the gauge
symmetry. Therefore for a group G with structure constants % we have

(SG/\a — gfabc/\bOéC,

DyX* = 0\ — gf ™AL, (3.3.20)
where a¢ parametrizes the gauge transformations and ¢ is the coupling constant of the gauge
theory. Again the fermion equation of motion projects out two degrees of freedom, but off-shell

we have four degrees of freedom from A%, \*' and only three in Af.. So we perform the same addition
as in the previous section introducing the auxiliary field D* and writing the gauge Lagrangian as

1 ‘yat = a 1 a a
Lo =~ B P i), DX + S D*D", (3.3.21)

where F}, are the usual field strengths, introduced in the first chapter. For completeness we list
the SUSY transformations of all the fields

a 1 — a atl =
0A; = —E [ETO'M)\ a+ A Taue} ,
) 1
N = — ol'o"e)o F, + ——=€, D,
@ = TR T et g
5D = —% (16" D, \* — DAY 5%] | (3.3.22)

more details on their derivation can be found in [64], 65]. To complete the gauge theory we must
introduce the interactions between the gauge fields and the matter fields. Clearly we have the
usual

D,® = 8, +igA®T*®, &= (4,¢), (3.3.23)

entering the kinetic terms, where T% are the group generators in the representation of the matter
fields. In addition to that, the enlarged field content allows the terms

TN, NI T, ¢*T¢D? . (3.3.24)

These interactions are needed to insure gauge and SUSY invariance that fix their coefficients (and
the full Lagrangian) to be

L = |D,¢]>+i'a,D"p + Lo+ Lins —
— V2g (¢ TPA* + XTYIT¢) 4 g¢* T ¢ D? (3.3.25)
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where Lg(int) are defined in equations and (3.3.19)), respectively and L;,; must be generated
by a gauge invariant superpotential. The SUSY transformations of the fields seen above are
easily generalized by replacing derivatives with covariant derivatives. The scalar potential can be
simplified by using the equations of motion for I, in equation , and those for D

D = —g¢*T¢, (3.3.26)
that give for the scalar potential
) 1 . 2
V(6,6%) = FYF' + JD"D* = W;W' + % C s (3.3.27)

If we want the vacuum to preserve SUSY we need (V) = 0 (where (-) represents the vacuum
expectation value) and therefore (F;) = (D*) = 0.

3.3.2 Soft supersymmetry breaking

We have seen how to construct theories invariant under SUSY transformations, but any realis-
tic model incorporating supersymmetry must break it, for the simple reason that we have not
observed any partners of the SM fields. Nonetheless if we want to retain the cancellation of
quadratic divergences that lead us to introduce the supersymmetry algebra, the breaking must
be soft. Meaning that it must proceed only through operators with coefficients of positive mass
dimension. If we included dimensionless SUSY-breaking couplings we would reintroduce into the
theory quadratic divergences of the form

> =3,
_TA + ey (3.3-28)

while soft breaking terms associated to a mass scale mg.r; would give correction that must vanish
in the limit mg — 0 and therefore cause at most logarithmic divergences

2 _
omy, =

+ } . (3.3.29)

2 2
5mh OC Migoy |:10g Meoft
The presence of these logarithmic divergences is the reason why we expect at least top partners,
that give the largest contribution to dm3, ~ y?2, to have masses close to the Fermi scale.

Many explicit models that generate supersymmetry breaking terms dynamically have been
proposedﬂ Here we do not focus on the dynamics generating SUSY breaking, but rather adopt a
low energy perspective and write the general soft supersymmetry breaking Lagrangian

1 1 .. 1.,
‘Csoft = - (§Ma/\a)\a + ga”k@(bjgbk + 5[)2]@51'@5]' + hC> —

— myeio;, (3.3.30)

2See [66] for a review and a detailed bibliography.
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where all the gauginos corresponding to the same group have the same mass M, and a runs over
the different gauge groups. It has been proved that a supersymmetric theory with the breaking
terms in (3.3.30)) is free of quadratic divergences to all orders in perturbation theory [67]. We
have omitted tadpole terms t;¢; and trilinear terms in the form ¢?¢* or ¢*2¢ that can produce
quadratically divergent graphs. Furthermore these terms can be generated only if a gauge singlet
is present in the theory.

In theories with chiral supermultiplets in the adjoint representation of one of the gauge groups
we can write also a supersymmetry breaking Dirac mass term for the gauginos

Loote O —MpAt) + h.c.. (3.3.31)

We report this possibility for completeness, but these terms do not enter the extensions of the SM
treated in this work.

We conclude with the obvious remark that supersymmetry breaking terms are constrained by
gauge invariance. Therefore the a¥* and b% terms have the same restrictions as the y“* and M¥
operators in the superpotential. On the contrary gaugino masses M, and scalar masses m? are
always allowed by gauge invariance.

3.3.3 Supertfields

With the previous section we have exhausted the discussion of the basic ingredients needed to
construct a phenomenologically viable supersymmetric model. Before introducing the minimal
extension of the SM that includes supersymmetry we rederive some of the previous results using
superfield methods.

The superspace notation was introduced for the first time in [68], it is an extremely useful tool
that allowed to prove several theorems perturbatively and in general is convenient to deal with
loop calculations and SUSY breaking. We start with two Grassmanian anticommuting spinors
O, 0

{6a,6:} =0 (3.3.32)
and introduce the notation
1
d*0 = —Zdéo‘cwﬁeag,
_ 1 - -
2 _ 0B
d0 = —Zdﬁdd%e
d'0 = d*0d*9. (3.3.33)

Then we can define the superspace coordinate y* = z# — i#c*d and organize the supermultiplets
into superfields

®(y) = oy) +V20y(y) + °F,
Vi(y) = 06"0A%(y) +i6*0M" (y) — i66° X (y) + %92921)@(3/) : (3.3.34)
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® is often referred to as a chiral superfield and V* as a vector or real superfield. The reason is
that they can be defined as the superfields that satisfy the constraints

)
— & =
00, 0,
Vi = V. (3.3.35)

It is worth to notice that the expression for the real superfield V¢ is valid only in the Wess-Zumino
gauge, for its general form we refer to [64].

The Lagrangians discussed in the previous section can be expressed in a compact form as a in-
tegrals over the Grassman spinors. Keeping in mind the usual integration rules for anticommuting
variables, that in our case give, for example

/ d*06? =1, (3.3.36)
we obtain
/d‘*@cﬁ*cb = Lin+Lr,
/d20W (®)+hec = /d2682W2 +h.c. = Ly,
W (®) = Wy+0W, +0*W,. (3.3.37)
In the last two lines we have used the superpotential W formally written as a function of superfields

and expanded it in the Grassman variable 6. For the gauge invariant kinetic terms of matter fields
we have

/ 9PtV P | (3.3.38)

while we refer to [64] [65] for the complete gauge Lagrangian. Finally we note that, to allow the
most general non-renormalizable SUSY interactions we can write an action of the form

/ d'zd'0K (@1, ®) . (3.3.39)

The function K is known as the Kahler potential.

3.4 The minimal supersymmetric standard model

As the name suggests the Minimal Supersymmetric Standard Model (MSSM) has the minimal
particle content imposed by supersymmetry and experiment, with the notable exception of an



61 CHAPTER 3. SUPERSYMMETRY

extra Higgs doublet. The relevant degrees of freedom are listed in table and the naming
convention can be summarized as follows

quark < squark : top <> stop, bottom <> sbottom, ...,
gauge boson < gaugino : gluon < gluino, W < wino, ...,
Higgs boson < higgsino,

lepton < slepton ,

fermion < sfermion .

Table 3.1: MSSM field content. Ad indicates the adjoint representation of the gauge group.

| | bosons fermions | SUB)¢ | SU2), [ U(D)y |

Qi | (ur,dp);  (ug,dp)s 3 2 %
u ﬂj:zz URi 3 1 —§
de %, dri 3 1 :
L <§ Z’L)l (v, I1), 1 2 L
e o Eri 1 1 1
H, | (HfHY) (HpHY) |1 2 3
Hy ﬁg7ﬁ(1_ (Hg’Hd_) 1 2 _%
G G. G | Ad 1 0
Wl WEWE S WR W 1 Ad 0
B B, B 1 1 0

For each SM fermion we have a chiral supermultiplet containing a scalar partner. SM gauge
bosons fall into vector supermultiplets with the corresponding gauginos. The two Higgs doublet
form a chiral supermultiplet together with higgsinos. The introduction of a second Higgs is
needed to write down-type Yukawa couplings in the superpotential, that would be forbidden by
holomorphy if we had only one hypercharge 1/2 doublet. Its presence also avoids the U(1)3 and
U(l)y x SU(2)% gauge anomalies and the SU(2);, Witten anomaly, by making the number of
fermion doublets even.

We can now write the MSSM superpotential

Wuissm = QH,Yyu® — QHyYad® — LHgY,e" + uH, Hy | (3.4.1)

where flavor indexes have been left implicit. These terms generate the usual Yukawa interactions,
cubic terms for scalars

L cubic N*@gYuﬂLHg* + gi%;YdCﬂleIL[S* + g’é}@ELHS*
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VY dy Ho + di Yy  HE + enY. o H) + hec. (3.4.2)

and masses for higgses and higgsinos
— Ly = p(HH; — HYHY) 4 hee., (3.4.3)
= Ly = | (1H? + [HS P+ [Hg* + [Hy ). (3.4.4)

Also quartic terms for scalars are generated in the form (@ LYuﬂ*R> (@zYJ ﬂR>, but here we do
not list them explicitly for brevity.

These are not the most general interactions we can write given the field content and the
symmetries. We have purposefully omitted the following lepton and baryon number violating
parts of the superpotential

1 .. . _ .
War=1 = éaZ]kLiLjék + B9 LQ;dy, + ' LiH, (3.4.5)

1 ... _
Wap—1 = 5(w’fa,-djdk, (3.4.6)

where family indices ¢ = 1,2,3 have been restored. These superpotentials can generate squark
mediated proton decay with a lifetime given approximately by

512 md
Fp ~ |61 _p’
mz 8
1 1/ ms A4
~ S a~o2x10 M (—’1 ) . 3.4.7
e B2 \1 Tev/ ° (3:4.7)

The current bound of 1032 years on the proton lifetime would impose |3 < 1072°. Even if we did
not have baryon and lepton number violating interactions at the same time we would still have
strong constrains on these couplings from AB = 2 processes, n — n oscillations and dinucleon
decays (see [69] for a comprehensive review).

Rather than fine-tuning the coefficients above we can impose a symmetry that forbids them.
We can use the discrete subgroup of B — L known as matter parity

Py = (—1)3B-D (3.4.8)

or, equivalently, R-parity

R = (—1)3B-D+2s (3.4.9)

where s is the particle spin. The latter choice has the interesting property of acting in the following
way on MSSM fields

SM — SM,
SM partner — — (SM partner) .
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This implies that the lightest superpartner (LSP) is stable and can be a potential dark matter
candidate. It also implies that superpartners are produced in pairs at colliders and decay to
an odd number of LSPs. From now on we include R-parity in the definition of the MSSM,
phenomenologically viable alternatives are discussed at the end of this chapter.

To complete the MSSM we need to introduce SUSY breaking. As anticipated in section [3.3.2]
we include only soft supersymmetry breaking interactions

—_

chssw 2 (M3§§+ M,WW + M,BB + h.c.)

/\[\3

GALOH, —dAqQH, — A, LH, + h.c.>

A2 A Tte2 T v e2 xt ot gt
Q'mgQ — L'mi L —upmiuy —dpm3dy, —epm3eg

—my, HyH, —my HiHy — (bH,Hy +h.c.). (3.4.10)

We further need to assume that the squark and slepton masses squared are positive and large
enough to ensure that their vevs are zero. Color, charge, baryon or lepton number breaking minima
could be generated otherwise. Similarly we can find upper bounds on the trilinear couplings A.
With this move we have added 105 more parameters to the SM, thus reducing considerably the
possibility of unambiguous predictions in the MSSM. However the structure of many of the SUSY
breaking terms is strongly constrained by precision measurements that, for instance, severely
reduce the possible flavor structures of the A-terms and of the squarks and sleptons soft masses.
We elaborate more on this point in section [3.4.2]

3.4.1 Electroweak symmetry breaking

To study electroweak symmetry breaking in the MSSM we need the full Higgs potential. So we
add to the |u|? and breaking terms, shown above, also the gauge D-terms contribution, obtaining

Vo= (P +mf ) (HYP + [H 1) 4+ (Jpl® + mi ) HIP + [Hy|?) +
1
+[b(HH; — H'HY) +h.c]+ §gQ|Hu+H§* +HYH | +

1
+3(0" + ) (HP + [HP = [Ha* = [H ) (3.4.11)

First we have to check for the presence of charge breaking minima. If we fix (H,) = 0 by an
SU(2) gauge transformation, we obtain

oV
OHF

2
— bH7 + %Hg*HgHg* , (3.4.12)

that vanishes only for (H;) = 0. So we can automatically select the correct vacuum by focussing
on the neutral components of the two doublets. After setting H;F = H; = 0 it is easy to check that
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the MSSM does not break spontaneously CP. At the minimum ¢ HY = —Pmy (for real couplings in
the potential), so the two phases can be set to zero by the same U(1)y transformation.

After these preliminary considerations we can start to constrain Lagrangian parameters to
obtain a phenomenologically viable electroweak symmetry breaking sector. For the potential not
to be stable at the origin of the (HY, H?) plane, we require the matrix of second derivatives to
have a negative eigenvalue there. This implies

b* > (|ul> +mi) (Juf* +mi,) - (3.4.13)

We have also an upper bound on b, coming from the flat direction in the quartic potential. For
H? = HY the D-term potential vanishes and we have to impose

2b < 2|u* +m3, +mj, . (3.4.14)

These two conditions leave open only a rather narrow corridor in parameter space where g ~ mgog.
However a priori there is no good reason for p to be roughly equal in magnitude to the soft breaking
parameters b and mpy, ,. This is known as the p problem, typical solutions assume y to vanish at
tree-level and be generated as a consequence of SUSY-breaking [70, [71], [72] [73].
Assuming that the two conditions above are fulfilled we can introduce the vevs
0 0
() =0 (Hy) =g, 0P =02+ 0= (246 GeV)? (3.4.15)

vzt V2

and the parameter tan g

tan f = - (3.4.16)
Vd

that simplifies the expressions for the mass spectrum. Before discussing the mass matrices we
need to impose the two minimum conditions OV/IH?Y = 9V/OH? = 0 that are equivalent to

2
2
u> +my, = bcotﬁ—i—%osﬂ,
2
2
f? +mi, = btanﬁ—%osﬁ (3.4.17)

For simplicity we assume the absence of CP violationﬂ and therefore we can divide the mass
matrix in a CP-odd and a CP-even sector. There are two CP-odd states, one of which becomes
the longitudinal polarization of the Z. Their mass matrix reads

bcot 3 b ImH?
0 0 U
(ImH,), ImHy) ( b btan ) ( Tm HY ) (3.4.18)

3CP violating phases are severely constrained by measurements of the dipole moments of atoms [74, [75],
molecules [76] and the neutron [77, [78]. That restrict them to be O (1072 —107?) over most of the MSSM
parameter space [79, [80, [8T].
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and can be diagonalized with the rotation

™\ sg —cp ImH?
( A0 ) = \/5( o s Al ) (3.4.19)

giving
myo = O,
2b
my = —. (3.4.20)
528

In the CP-even sector we have

2 2 2 2 2 2 0
0 oy [ Masin® B+ mzss  —(m% +my)cssg ReH)
(ReH,, ReHy) ( —(m% +m3)cgsg mFcos® B+ mych ReH) |~ (3-4.21)

that gives the mass eigenstates

he Ca  —Sa ReHg
< H > N \/5( Sa  Ca ) ( ReH)) > ! (3.4.22)

with eigenvalues

1
Mo o = 3 (mi1 +my F \/ (m% — m%)2 + dmim? sin2(25)> : (3.4.23)

For m, — oo, my, reaches its maximum. Thus we obtain the tree-level upper bound
2 2 2
mj, < my cos” 203, (3.4.24)

in contradiction with LEP and LHC searches. Nonetheless there are large loop corrections, in
particular from stops, that can solve the problem. We discuss them in chapter
It is also appropriate to notice that in general o # 3

tan2a  m?% +mj (3.4.25)

tan28  m% —m%

This misalignment between the mass eigenstates and the vevs shifts the couplings of the lightest
CP-even neutral Higgs to the SM particles with respect to the SM Higgs couplings. We recover
an approximately SM light Higgs only in the decoupling limit

a—B—m/2. (3.4.26)

Turning to the charged components we find

beot B+ miyck b+ miycss H
(H“ + Ha ) ( b+ m%,cﬁsﬁ btan 8 + mQWS% H™ ) (3-4.27)
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Here we have the W longitudinal polarization 7" plus one additional massive state

( ;11 ) - ( 'ZZ _SZB > < ;Ig ) ) (3.4.28)

mie = mA +miy . (3.4.29)

with eigenvalue

We have now completed the introductory discussion of the MSSM Higgs sector and we can turn
to the mass spectra of sfermions and partners of the EW gauge bosons (ewkinos).

3.4.2 Sfermions mass spectrum

We start for simplicity by assuming that there is no mixing between different generation of squarks
and leptons. In this case we can use the stops as a prototype

— t;
— (&5 t5) M: ( = ) . (3.4.30)
tr
Their mass matrix reads
2 2, (1 _2.2Y),2
/\/lf (™5 +m; + (2 3sw) m7 cos 2[3 2 2 m;)(;t 2 ' (3.4.31)
my Xy mg + mj + $s,mz cos 23

where X; = A; —pcot 8. Corresponding expressions for down-type sfermions can be obtained from
those above changing the definition of X to X = A — ptan 8 and noting that the contributions
proportional to m% arise from D-terms. Therefore for each sfermion they are given by

6y = (T} — Qysiy) m7 cos 23 (3.4.32)

With the convention we have adopted for the mass matrix, d; enters the upper diagonal element,
while 7 the lower one.

If we introduce mixings between the different generations, through the soft masses or the A-
terms, we will need to consider the full 6 x 6 mass matrices. However arbitrary flavor mixings
can not be accommodated in the MSSM. In the lepton sector we would introduce dangerous
contributions to several well measured observables. For example p — ey receives a correction
from the diagram in figure that gives

2
aw\3 ™m> [ dm?
Tpsey = 852 (—W> L ( L) (3.4.33)

47 mz m,lg

where we have used a mass insertion approximation, assuming the off-diagonal entries of the
sleptons mass matrix (that we have denoted generically with dm ) to be much smaller than those
on the diagonal. Current bounds, at 90% C.L., from the MEG experiment [82] require

2
om? my 2
<1074 (———) . 3.4.34
( mlg > ~ (500 GeV) ( )
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B, W

Figure 3.1: A possible contribution to g — ey in the MSSM with arbitrary slepton mixings.

Gluino exchange in the squark sector is also dangerous phenomenologically, giving a correction
to K — K mixing scaling parametrically with o

2
402 [ dm?
My g~ — ( 2@) (3.4.35)

mg \ Mg

and just requiring it not to exceed the measured value €3> = (2.233 £ 0.015) 103 [31] (not even
considering the small error on the measurement), would give

oM\ < 4y 10T (3.4.36)
me |~ 500 GeV - -

There are several popular solutions to the problem. We can fix the soft SUSY breaking squark and
slepton masses to be proportional to the identity in the same basis where quark and lepton mass
matrices are diagonal, then we have to further require that the A-term matrices be proportional
to the Yukawa matrices and ask for no new nontrivial phases beyond the SM.

A second possibility is to_assume that the only light superpartners are those most directly
affecting naturalness: ¢, tz, bL, Hu, Hd The first two generation squarks, instead, can go up to
20 TeV, suppressing the contributions to the most sensitive flavor observables (such as €x). Note
that also the gluino can not be too heavy, since it feeds into the tuning of the Fermi scale at two
loops (which would give mz < 1.3 TeV for a 10% tuning and a SUSY breaking scale of 10* TeV).
In this scenario approximate U(2) symmetries for the first two generations of squarks considerably
relax bounds on their masses, in some cases improving the agreement of the MSSM with flavor
data [83], 84].
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3.4.3 Charginos and Neutralinos

The mass eigenstates arising from the mixing between W* and H* are called charginos. In the

— -~ \T
notation ¢ = (W*, HY W, HC;) , the part of the Lagrangian relevant to the spectrum is

1
L.= —EwTMéw +h.c., (3.4.37)

with mass matrix

__ (0 M - M,  \2sgmw
Mg = ( Moo ) . M= ( o p : (3.4.38)

The mixing comes from the wino-higgsino-Higgs coupling. Diagonalizing it using singular value
decomposition

- 0
UMV = ( mgli . ) , (3.4.39)
X2
we obtain . .
%i’_ —1 W+ %1_ * W_
L=V =~ , L) =U ~ (3.4.40)
X2 Hu X2 Hd
and

1 :
mle =2 (]M2|2 + |+ 2mE, £ \/(IMZ]2 + |2 + 2m2,)* — 4|uMy — m2, sin 25|2) . (3.4.41)

Higgsinos and winos become approximate mass eigenstates in the limit | My &+ p| > my.
In analogy with the case just discussed, the neutral fermionic superpartners,

Y~ o~ ~ T
P’ = (B, W?, H,), HS) : (3.4.42)
all mix with each other ]
L, = —§¢°TM ~¥°+hee. (3.4.43)
where
M1 0— CgSwimyz SgSwinzg
M = 0 M, Cotwmz  —Sgewmz | (3.4.44)
—CgSwmy cgswimyz 0 —u
cgCwmzg —SgCwmy — 0

The off-diagonal terms come from the wino-higgsino-Higgs and bino-higgsino-Higgs couplings and
in the limit |M; o + p| > myz we have the mass eigenstates B, W3, (Hg + Hg) /+/2 with masses
(’M1’7 ’M2‘> ‘:ula |:u’)

In the following we denote neutralino mass eigenstates as X? for i = 1,...,4, with Myo > Mso
ifi > j.
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3.4.4 Gauge coupling unification

Several phenomenological aspects of the MSSM made it appealing in the past few decades other
than the solution of the hierarchy problem. Among them the improvement of gauge coupling
unification over the SM and the presence of a viable dark matter candidate.

Since the 70’s it was known that that a generation of SM fermions could be embedded in
a 5 and a 10 of SU(5) and that under renormalization group evolution the SM gauge coupling
approximately unified at high scales, suggesting a single Grand Unified gauge group [85]. Exploring
this observation in the MSSM led to the conclusion that the unification of couplings is much more
successful than in the SM [86, [87].

At the scale mz the SM gauge couplings have measured values

ai(mz) = 0.016830 % 0.000007
aw(mz) = 0.03347 £ 0.00003,
as(mz) = 0.1187 40.002, (3.4.45)

where we have rescaled the hypercharge coupling g = \/5/_39’ , that can not have an arbitrary
normalization if embedded in a traceless generator of a non-Abelian group. The choice of the
coefficient for the rescaling is the correct one for SU(5) and larger groups in which the latter can
be embedded.

The one-loop running of the couplings is given by

dffg wo _1617r2 Buga (3.4.46)
with 8 function coefficients
B = (—%, %,7> (3.4.47)
and
Bt = (—?—1,3) , (3.4.48)

in the SM and the MSSM respectively. The difference is due to the fermionic superpartners
(gauginos and higgsinos) and to the extra Higgs. Squarks and sleptons fall into complete SU(5)
multiplets and do not affect the differential running of the couplings. This is the reason why
extensions of the minimal setting such as “Split Supersymmetry” [88, 89, 00], with the scalars
decoupled from the Fermi scale, retain the MSSM success.

In the MSSM the key observation was that for a common threshold m for the superpartners,

3 GeV < i < 100 TeV, (3.4.49)
the couplings unify at two-loops, within the error, around [86, [87]

Ay =~ 2 x 10" GeV . (3.4.50)



70 CHAPTER 3. SUPERSYMMETRY
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Figure 3.2: Running at one-loop of the inverse gauge couplings in the SM (dashed lines) and in the
MSSM (solid lines) [91]. It should be noted that the two-loop MSSM computation does not give
exact unification within the couplings errors, as the one-loop result. However the MSSM retains
a more successful gauge couplings unification than the SM also at two-loops.

In figure [3.2] we can see the difference between the approximate unification in the SM and in
the MSSM at one-loop. Note that gauge coupling unification at two-loops in the MSSM is not
exact within the couplings errors [86l [87] as it is the case at one-loop, but there is still a large
improvement over the SM. For this reason the figure should be considered only for its illustrative
purpose.

3.4.5 Dark matter in the MSSM

In many supersymmetric theories with R-parity, the LSP is a stable neutralino. In principle it
can account for the observed dark matter (DM) in the Universe. Recent Planck observations are
consistent with a relic abundance of DM given by [92]

Qparh? = 0.1196 + 0.0031 (3.4.51)

in agreement with the WMAP determination Qpy/h? = 0.111 + 0.006 [93], but exceeding it
by some amount. If all the observed density is composed of neutralinos arising from thermal
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freeze-out, it was shown that both wino-bino and higgsino-bino admixtures with masses in the
few hundred of GeVs range can account for it [94]. Light higgsinos alone can not reproduce the
observed relic density, but a tiny admixture of bino (that can be as heavy as 103 — 10 TeV),
can solve the problem [95, 96]. Clearly if we assume that non-thermal processes either deplete or
enhance the abundance or that the DM is a multi-component object, theoretical constraints on
the neutralino parameter space can be arbitrarily relaxed.

Currently the most stringent limits on spin-independent and spin-dependent nucleon-DM scat-
tering cross sections, from XENON100 [97] and IceCube [98], do not rule out the possibility of
reproducing the correct relic density in the MSSM. However the next generation of DM experi-
ments, such as XENONIT [99], will probe most of the viable parameter space, with the exception
of some narrow corners [100].

An alternative to neutralino DM in supersymmetry is gravitino dark matter. We know that
gravity exists, therefore if supersymmetry is realized in nature it must be enlarged to include
its effects. To this end supersymmetry can be promoted to a local symmetry with a massless
supermultiplet of spin-3/2, the gravitino, and a spin-2 graviton. The gravitino Yy transforms
inhomogeneously

S = — e + .. (3.4.52)

and it can be considered the gauge particle of local SUSY transformations. Since supersymmetry
must be spontaneously broken to be phenomenologically viable, the gravitino will acquire a mass
eating the goldstone fermion associated to the global breaking. Its mass depends on the scale of
SUSY breaking and on the Planck scale and can vary between a few eVs and some TeVs. If heavier
than about 100 keV, the gravitino LSP is a natural candidate for cold dark matter [I01] and it
can be generated both through thermal production and through late decays of the next-to-LSP
(NLSP).

The MSSM with R-parity has several interesting phenomenological consequences as it can
solve the hierarchy problem, improve gauge coupling unification and provide a viable dark matter
candidate. We can now turn to explore its collider signatures. However as we have seen in the
previous sections there is a huge number of free parameters in the MSSM and its spectrum is
virtually unconstrained by the requirements of gauge coupling unification or DM. Therefore we
first use naturalness as a guiding principle to constrain the spectrum.

3.5 Supersymmetry at colliders

In this section, after introducing the main consequences of naturalness for the MSSM spectrum,
we review the traditional arguments (and their drawbacks) for collider searches in final states with
high M Erp arising from pair production of superpartners. We argue that final states with high
(jets) multiplicities and no M Er cuts are competitive in the search for natural spectra and allow
to probe regions in theory space that the LHC and the Tevatron have left untouched.
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3.5.1 Naturalness

The presence of soft breaking terms reintroduces some of the fine-tuning of the Higgs mass that
exact supersymmetry was intended to cancel. This was proposed as a guidance to constrain the
superpartner spectrum [102) 103]. The sparticles most affected by the minimization of the fine-
tuning are stops, higgsinos and, to a lesser extent, gauginos. It is not surprising that these are
the partners of the SM particles that more strongly contribute to the quantum corrections to the
Higgs mass.

Since the relevant terms are those that determine the curvature of the potential in the direction
of the Higgs vacuum expectation value, we can restrict the discussion of naturalness to the SM
one-dimensional problem of correcting the bare parameters in [104]

V =my|H> + N\H|*. (3.5.1)

In general my is a combination of various masses and mixing angles (« and /3) in the MSSM Higgs
sector.

We would like each contribution to dmyg not to exceed by a large amount my itself. Otherwise
different contributions would have to be fine-tuned to cancel each other. For this reason we
define [104]

26m?
A= 200 (3.5.2)
my,
where we have used the fact that m? = —2m?,, with my, the lightest Higgs mass in the decoupling

limit of the MSSM. This choice of fine-tuning measure can lead to a slight underestimate for
tan 8 < 2 — 3 in the presence of extra light Higgses. However it is sufficient for our intention of
using fine-tuning as a guiding principle.

Requiring A not to exceed a fixed amount, at tree-level we can impose a bound on p and

therefore on higgsino masses
mp, 10%
<300 GeV ( )\~ 3.5.3
o 2 126 Gev/ VA (3:5:3)

The main effect at loop-level are the corrections to my, proportional to the top Yukawa coupling,
that, in the leading logarithmic approximation, are given by

o R
(o) = =zt (3, + i+ 1A 1o (o) - (354)

Here A is the scale at which SUSY breaking effects are communicated to the MSSM. Through
the soft parameters entering in the correction to my, we can obtain an upper bound on the stop

masses
sin 3 3 mp [10%
/m?2 2 < 880 GeV 3.5.5
mtl + mtz ~ © /1 + SU% log (A/TGV) (126 GeV) A-17 ( )
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where z, = A,/ mtg1 + mt%. From these equations we can deduce that naturalness not only

prefers at least one stop to be light, but disfavors also an highly asymmetric spectrum, since A;
quadratically enters the correction to my, and p is bounded at tree-level. Enhancing the stop
mixing A; — pcot S using large cot 5 is not viable if we want to keep the top Yukawa perturbative
up to high scales, which requires tan 5 2 1 [66].

Other radiative corrections pose much weaker bounds, in the range of tens of TeVs. The only
exception is the gluino that at two-loops gives, always at leading log,

~ 2 Qg A
(omi,)" = =597 () Imgl* 10g” (ﬁ) , (3.5.6)

where we have neglected A;my contributions. The corresponding naturalness bound reads

: 3 mp 10%
~ <
mgz S 1.3 TeV Smﬁlog (A/TeV) (126 Ge\/) \/ AT (3.5.7)

The one-loop contribution of other gauginos gives a somewhat less stringent bound, which is almost
irrelevant for the LHC, given the large difference in cross section between gluino pair production
and ewkino pair production. However we show it here for completeness

3 mp 10%
My, My) < (44T 1.3 T . 9.
(M, M) 5 ( eV, 1.3 TeV) log (A/TeV) (126 GeV) V A-1 (3:58)

In conclusion, asking for a moderate fine-tuning, even taking a relatively low SUSY breaking scale
A = 10® TeV, requires stops to be in the few hundred GeVs range (600-700 GeV), the gluino to
be lighter than approximately 1.3 TeV and p not larger than 200 — 300 GeV. A natural spectrum
is schematically depicted in figure [3.3] A first look suggests that natural SUSY is well within the
reach of the LHC. In the next sections we explore in more detail its collider phenomenology.

3.5.2 Collider phenomenology

Naturalness, if adopted to construct the spectrum with a bottom-up approach, has a strong impact
on supersymmetry searches that we explore at the end of this section. First it is useful to review
the consequences of R-parity conservation, that also heavily influences supersymmetric particles
collider signatures. The main effect of R-parity is that superpartners are produced in pairs. We
have both strong

99 — 99, @q;, (3.5.9)
99 — 94, (3.5.10)
99 — 99, @q;, (3.5.11)
9q = 44, (3.5.12)
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natural SUSY

W)

decoupled SUSY

Figure 3.3: Schematic view of a natural SUSY spectrum [105]. All superpartners on the right
(except the winos) can be heavy m > 1 TeV without considerably affecting the fine-tuning of the

Higgs mass.

and electroweak

Q@ — XiX;. XiXys
qq — Z—}_zj_v gfgz

production mechanisms.

ud = Xi X5, du — X; X;, (3.5.13)
ud — ({7, du — (7}, (3.5.14)

Typical production cross sections are shown in ﬁgurefor a+/s =7TeV

LHC. Generic production diagrams involve s-channel exchange of a SM gauge boson and ¢-channel
exchange of a superpartner. The latter is often neglected at the LHC, where the experimental
limits are presented in simplified settings in which only the superpartners directly involved in the
decay chain are light and all the others decoupled. Other effects, such as the mixing between tr
and tp have only recently started to be taken into account, even if it is known that the nature
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Figure 3.4: Production cross sections of supersymmetric particles computed at LO with
Prospino [107] for the LHC at /s = 7 TeV. The figure was taken from [108§].

of the pair produced stops influences the polarization of the decay products and can change by a
factor of two the efficiency of current analyses [106].

These remarks are useful to keep in mind while looking at LHC exclusions. Currently they are
in the ballpark of 1 TeV for strongly pair produced particles (gluinos and degenerate squarks),
around 500-600 GeV for stops and 300 GeV for charginos and neutralinos decaying to gauge
bosons [109, 110]. In figure we show two exclusions in the mother particle-LSP masses plane
for illustrative purposes.

These limits apply only under certain assumptions and heavily rely on the existence of a
stable LSP well separated in mass from the pair produced mother particles, as can be seen also
from figure . Going to mass splittings of O(100) GeV the limits are considerably weakened and
completely vanish for certain final states. This is the case because LHC searches rely on the second
consequence of R-parity conservation: the presence of a stable LSP. This is the only constant
assumption in an otherwise varied analysis framework. Each of the production mechanisms listed
above can give rise to many different decay chains of different length and complexity. Therefore
supersymmetry is currently searched for in a topology-based framework, with the experiments
distinguishing final states by the count of leptons, jets and the possible requirement of high
hadronic activity in the event. These requirements are always accompanied by a M Er cut.
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However this is not necessarily the optimal way to search for natural supersymmetry and has the
drawback of being completely insensitive to less than minimal supersymmetric scenarios (MSSM
with R-parity violation, extra hidden sectors, moderately squeezed spectra). For these reasons we
propose a change of paradigm in supersymmetry searches that we further argue in the next two
subsections and apply to LHC data in the second part of this work.

Natural signatures

In a natural framework (see for instance the spectrum in figure we can restrict the MSSM
phenomenology to a relatively small number of final states [111], that are generically characterized
by high jets and b-jets multiplicities and a reduction of M Er due to the large mass of the top
quark that often appears in the final state.

In this context the most copious process at the LHC will be gluino pair production, followed
by two body decays into third generation squarks [111]

pp = §g;  § — i, bt bb (3.5.15)

and the corresponding conjugate modes with equal branching ratios. Gluino production dominates
due to the color and spin factors in the amplitude that are larger than that of the squarks and
are more important than the phase space suppression in most of the natural parameter space not
yet excluded by direct searches.

In turn gluino decays are followed by the squark decays that are, when allowed by phase space
and charge conservation,

G — qx (3.5.16)
qg— qv (3.5.17)
q—qs (3.5.18)
where 3
G=1t1,t,0; q=tb; X=X, X9, X"3; V=W,Z; S=h,A H*. (3.5.19)

If we want to understand which decay modes dominate we have first to identify the relevant
parameters on which they depend and then find a range for them consistent with naturalness and
flavor measurements. The decay chains listed above, once m; is fixed and thus the production
cross section is known, involve only mj, ,, the angle ¢, that diagonalizes the stops mass matrix,
i and tan 8. We have already discussed naturalness bounds on the stop masses and on p and
also tan 8 can be constrained by phenomenological considerations. AF = 1 transitions involving
b quarks are enhanced at large tan 8. The most stringent limit in this sector is the one arising
from b — s and it points to tan 8 < 10. We can further restrict tan 5 = 1 without excluding any
corner of parameter space interesting for phenomenology (besides in the MSSM and its D-term
extensions tan 5 2 5 would be favored by the tree-level bound on the lightest Higgs mass). In
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this range of tan f and with the neutralinos and charginos being mostly higgsinosﬁ the dominant
decays for the squarks are )

tLQ — t%o, t172 — b%-‘r’ b— t%_, (3520)
thus limiting the full decay chain to the final states

G’ §g—thx; §— by, (3.5.21)
where we have indicated with X° both X? and Y3 and we have neglected b — bY° since it has a
suppressed amplitude, relative to the other ones, by a factor (my;/m;) tan 5.The decays among the
higgsinos of the heavier into the lighter ones via virtual W and Z are not crucial experimentally.
They produce leptons, whose possible detection has been analyzed in [104], but their softness
allows us to ignore them. It is easy to see that in this generic configuration of superpartners

masses the phenomenology is characterized by the production of multitop and multibottom final
states

pp — §§ — tttt + X°X° (3.5.22)
pp — §g — ttEb(#th) + X°X° (3.5.23)
pp — §g — ttbb(Ztbb) + X°X° (3.5.24)
pp — §§ — tibb + X°X° (3.5.25)
and it is governed by a single branching ratio By,
_ o 1 -
By = BR(§—thx )= BR(§ — thx") = 5(1 — BR(§ — ttx")), (3.5.26)
By = BR(§— ttX°) =~ 1 — 2By, (3.5.27)

In the range of parameters that we have chosen By, can go from 25% to 50% reaching its maximum
when t1 2 become heavy enough to kinematically constrain § — #;,t or asymmetric enough to
inhibit #; — tx°. Notice that in this framework the simplified models in which the two experiments
are interpreting their results (gluino pair production followed by § — X} and § — bbx") make up
at most 25% and 4% of the gluino total width as can be seen from figure[3.6] Therefore exclusions
such as the one in figure must be taken with a grain of salt. A similar argument holds for the
lightest stop that in most of the relevant parameter space has 0 < BR(tNl — tX7) < 20%, which
reduces considerably the high mass reach in figure Inclusive analysis would recover part of
the lost sensitivity by combining different channels, but typically for gluino searches a BR(g —
ttx}) = 100% is the most favorable possibility, especially for the one-lepton CMS search [112]
currently reaching almost up to mz = 1.3 TeV. Therefore, in general we expect a decrease in
sensitivity with respect to the results presented in |3.5]

This together with the discussion at the beginning of section [3.5.2] allows us to conclude that
LHC experiments are already sensitive to a large fraction of the relevant parameter space in this
minimal natural scenario, but are still far from excluding natural supersymmetry, even in this
simple realization. Nonetheless at the end of the 14 TeV run the reach on the gluino mass is likely
to be extended to ~ 2 TeV [113], thus covering a spectrum with 5 — 10% fine-tuning.

4If we saturate the naturalness bound on M o
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High multiplicities

The signatures discussed in the previous sections are characterized by high jets and b-jets multi-
plicities, while the M E7 can be low if the top quarks are produced on-shell and Amg_5o is small.
Other than the minimal natural SUSY spectrum, there are several generic scenarios, in the MSSM
and its extensions, in which we expect large signals with many jets, little or no missing energy,
and an occasional lepton, photon, or other relatively rare visible object. Following [114] we can
identify four classes of models with this kind of signatures

e Non standard LSP. If supersymmetry breaking is communicated through low-scale gauge-
mediation, the gravitino is the lightest R-parity-odd particle. The lightest SM superpartner
can decay to it in association with its partner. For instance, a neutralino NLSP can decay
to a gravitino plus a photon, Z or Higgs boson. Many of the other possible choices for the
NLSP often produce jets and/or taus. The next-to-minimal supersymmetric standard model
(NMSSM) can also accommodate a similar scenario. In this case the LSP can be dominantly
a singlino and the NLSP will in general decay to it plus a pair of b-jets or 7’s.

e Cascade decays and/or squeezed spectrum. If the MSSM spectrum is modestly
squeezed or decays to W’s or Z’s carry off energy, the LSP can be left with a relatively
low pr and higher multiplicity final states can be produced.

e Broken global symmetries. In supersymmetry this is the case of R-parity violation,
but similar situations can occur in little Higgs models (T-parity violation) [IT5] or in extra
dimensional models with some amount KK-parity breaking. In supersymmetry R-parity
breaking can lead to two or three-quark decays of the LSP (depending on its nature), with
light or heavy flavors involved. This sends the M Er content of the signal almost to zero
(there could always be neutrinos in the final state) and increases the number of jets.

e Top-rich final states. Supersymmetric models with a "more minimal” spectrum as the
one described previously, that contain light stops and sbottoms, can easily lead to final
states with up to four top quarks. The same can happen in generic strong dynamics frame-
works where the top is often the SM particle that couples more strongly to the composite
sector [1106, [117].

All these classes of models can easily accommodate also an high number of b-jets. In the case of
top-rich signals the reason is apparent.

Independent considerations can point to high b-jet multiplicities also in the case of R-parity
violating models or that of an LSP outside of the usual MSSM particle content. In the latter
scenario an NMSSM-type framework can easily give rise to b-rich decays of the NLSP

3 — SS — Sbb, (3.5.28)

where we have indicated with S the fermionic partner of the extra singlet. In these models it is
common for the mass eigenstate that is mainly singlet to decay to bb when it mixes predominantly
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with Hy. This can happen naturally if, for instance, both S and H, are parametrically heavier
than H,.

In the case of the R-parity violating MSSM, in general is harder to predict the size of all the
new superpotential and Kahler potential couplings that will ultimately determine the b-content
of the signal. However we expect high jet multiplicities and we can identify several models in
which the dominant production and decay modes lead to signals with four or more b-quarks in
the final state. An excellent example can be found in [I18] where the R-parity violating couplings
are determined by the SM Yukawa matrices, following a well motivated Minimal Flavor Violation
(MFV) [119, 120, 121, 122] paradigm. In this model a stop, the sbottom left, a neutralino, a
chargino or a gaugino can all be the LSP and their main decay modes are

t— 5b,

by — 5t

x°, G — sbt,
x" — 5bb. (3.5.29)

There is also the possibility that the stau be the LSP in which case searches for displaced
vertices are more effective. Another supersymmetric model that was developed along completely
different lines, but gives interesting final states from the point of view adopted in this section can
be found in [123], 124].

In the next section we discuss in more detail the RPV scenario anticipated here.

3.6 R-parity violation

R-parity is not necessary, small R-parity violating couplings can be added to the MSSM, chang-
ing dramatically its phenomenology at colliders, without any conflict with current experimental
bounds (see [69] for a review). Furthermore we could still have a gravitino with a sufficiently long
lifetime to account for dark matter, as we will discuss in more detail later in this section.

Nonetheless there are three theoretical considerations that make R-parity attractive. First
it is rather unsatisfactorily to fix all R-parity violating couplings to be small by hand while R-
parity provides a natural solution. Furthermore the MSSM already suffers from a proliferation
of undetermined parameters, without adding to the count also the R-parity violating couplings.
Last but not least R-parity violation accompanied by baryon number violation spoils the MSSM
approximate gauge coupling unification. Nonetheless we can always include additional matter
at higher scales to recover it. The other two arguments against R-parity violation (RPV) are
essentially one of naturalness and one of predictivity.

In this section we show that imposing MFV in the superpotential, automatically generates
RPV couplings of the correct size, solving at the same time the flavor problem discussed briefly
in section . We are effectively replacing two assumptions (R-parity conservation and some
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non-trivial flavor structure in the sfermions soft-terms) with the single MFV requirement. This is
clearly not the only possible solution to accommodate RPV in the MSSM, however we find this
scenario (introduced in [IT8]) particularly compelling from a theoretical point of view and at the
same time interesting for LHC searches.

3.6.1 Minimal flavor violation in the superpotential

The basic assumption of minimal flavor violation is that the Yukawa couplings Y,, Y; and Y, are
the only spurions which break the SU(3)® flavor symmetry of the SM. So we can write flavor
non-singlet terms in the superpotential and in the SUSY breaking part of the Lagrangian, but
they are always accompanied by the appropriate powers of the SM Yukawas. New CP phases can
still appear, since the MFV framework suppresses all new flavor-changing CP violating effects,
but does not address the problem of flavor diagonal sources of CP violation. Here for simplicity
we set these extra phases to zero.

Applying MFV to SUSY we need to assign the Yukawa to a SUSY representation. Since they
appear in the superpotential, the most natural choice is to consider them as the vevs of some
chiral superfields. With this choice the predictivity of the framework is enhanced considerably
due to the constraints imposed by holomorphy. If we further impose the discrete Z3 symmetry

Lowl, e—wle, YooY, w=e™3, (3.6.1)

no lepton number violating terms can be generatedﬂ This assumption is made here only for
simplicity and can be relaxed to allow neutrino mass generation, without any catastrophic phe-
nomenological consequences [I18]. The most notable constraint that applies removing this Z3
symmetry is the one arising from the proton lifetime. In the scenario with no neutrino masses
the proton is effectively stable, since, in the absence of light unflavored fermions, proton decay
requires lepton number violation.

To construct the superpotential we recall that the quark Yukawas have flavor quantum numbers
under SU(3)g X SU(3)y, x SU(3)ay,

Y,=(3,3,1), Y;=(3,1,3), (3.6.2)

while Y, transforms as a (3,3) under SU(3) x SU(3).,. A simple spurion analysis is sufficient
to conclude that only one additional term is generated in the superpotential

Wap=r = 5 (Yaii) (Yad) (Yad) . (3.6.3)
where w is an O(1) coefficient. The Kéhler potential, at the renormalizable level, has the structure
K = Q1+ Fy (vavvav) 4 el @+ al |14 £, (VY] Yav]) + e a+

+ d 1+ F (VY] Yay]) 4 he] d+
+ LTI+ F (YY) +he]L+e [1+F (YY) +he]e, (3.6.4)

SWith the exception of strongly suppressed dimension 8 Kihler AL = 43 interactions.



81 CHAPTER 3. SUPERSYMMETRY

where the functions F' are polynomials of their arguments. The new soft breaking terms are in one-
to-one correspondence with the superpotential term, with additional non-holomorphic corrections
suppressed by the smallness of the Yukawas for which we refer to the appendix of [I1§]

Loote > Yo (14 Y[V + ) @ (Yad) (Yad) +Ya (14 Y]Va+ ) d (Yad) (V) + .. (3.65)

The most interesting phenomenological consequences arise from the superpotential. In the basis
where Y, ~ VTdiag(y., ve, y:) its coefficients have the parametric form

1 T 3 x
Wap=1= 5)\ijkﬂidjdk7 Aijk = wyuiydjydkejkl‘/il ) (3.6.6)

where the antisymmetric tensor e is a consequence of the only possible color contraction e®*u®d®d.
The largest coupling is Ay, ~ A%%”ﬁ’;—’%“ﬂ that even for t3 = tan 8 = 45 is still of O(107%).
As a consequence of MFV the couplings of first generations are the smallest, with \,q, ~ 107'2
(again for tg5 = 45). This gives a feeling of how contributions to the most sensitive precision
observables, from nucleons and light mesons, can be kept under control, while we expect an LHC
phenomenology dominated by decays to third generation quarks. Here we do not discuss indirect
constraints, that can be accommodated as shown in [I18] and just review the LHC phenomenology
of the model. It is only worth to mention that the contributions to n — 7 oscillation can easily be
kept under control. The reason is that the RPV couplings are antisymmetric in the flavor indexes
and the only tree-level diagram inducing the oscillation requires two RPV vertices. Thus to have
the necessary flavor change we have to introduce two off-diagonal mass insertions, proportional
to CKM matrix elements. In view of these considerations, the parametric dependence of the
oscillation amplitude is N
Mo x t?ﬁ% : (3.6.7)
t
where we have shown only the most important contribution coming from ER — JL ~ ypA3. This
leads to an approximate oscillation time of [118]

45 \°
t, ~9-10° , 3.6.8
5 (tan,@) ( )

already for first and second generation squarks at mz ~ 100 GeV and mgz ~ 100 GeV. We have
further assumed the hadronic matrix element to be ~ 250 MeV. This value is safely above the
current lower bound 7,5 > 2.44 - 10% s [125].

3.6.2 LHC phenomenology

Not surprisingly the detailed LHC phenomenology of MFV RPV supersymmetry depends on its
spectrum. So we are led to consider several possible scenarios depending on the nature of the LSP
that we do not require to be charge and color neutral.

SWhere A ~ 0.2 is the Cabibbo angle.
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The the spectrum is not completely random, being constrained by MFV. In the up-squarks
sector the mass matrix reads

2 i T)
\e ( m2 (14 @YY + ag¥ay]) +9, XY, ) . (369)

Xyt m2 (1+ B,Y,)Y,) + 0z

where we have omitted higher orders in Y, and Yy, «, and [, are non-holomorphic parameters
coming from the soft masses, the §’s are the usual D-term contributions and the X,’s are combi-
nations of holomorphic parameters describing left-right mixing. The structure of the mass matrix
is the same for down squarks and sleptons.

If we do not want to introduce additional fine-tuning all dimensionless parameters should be
O(1). So the hierarchy between SM Yukawas strongly influences the spectrum. We can easily
have a light stop, but all other up-squarks are nearly degenerate. The same is true for one of the
sbottoms and the other down-squarks. In the sleptons and sneutrinos sector, on the contrary, the
degeneracy is extended to all three generations unless tan /3 is large enough to make g, corrections
sizeable.

It is therefore natural to have a stop or sbottom LSP. In the first case we would have decays
to two down quarks governed by the superpotential coupling A

Given the sizes of the A in the previous section we have a 90% branching fraction to bs and an
8% one to bd.The lifetime is short enough not to produce displaced verticesﬂ except for very small
values of tan 8 or a very light stop

10 \* /300 GeV 1
~ 2 2 . .6.11
Ti pm (tanﬁ) < my ) (2 sin® 9;) (36 )

The situation is similar for the sbottom that goes 99% of the time to ts or td (I’ ~ |[Apx|?), the
main difference being the lifetime of the sbottom left, that has decay widths suppressed by the
insertion of a left-right mixing, giving

10 \°¢
T5, z41,um( 0 ) (M) . (3.6.12)

tan 3 my,
At low tan 8 we can have displaced vertices. The other candidates for the role of LSP are neutrali-
nos, gluinos, charginos and sleptons. Each having a very different phenomenology. The decays of
the former three are listed in equation (3.5.29). They all give rise to final states with high jets and

"The typical position resolution of ATLAS and CMS experiments on the primary vertex is 20—100 ym depending
on the number of tracks associated to it (for this estimate: Nipacks > 4) and their momentum.
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b-jets multiplicities and can also produce displaced vertices. For instance the neutralino width
and lifetime scale as

My 2
Po ~ fogpalhml
20 \* /300 GeV
0 =~ 12 . 6.1
T30 pm (tanﬂ) ( . ) (3.6.13)

Therefore we expect the main signature at the LHC to be pair production of the LSP followed by
the decays discussed above. For the sake of completeness we include also the case in which the
stau is the LSP, that would give the four body decays 7 — 7tsb or 7 — v,bbs with

m~
Iy ~ ———|\u|”
T 202875 el
4 4
o~ 44/un( > ) (500 Gev). (3.6.14)
tan 3 M0

The lifetime is long enough to give displaced vertices in almost all the relevant parameter space.
The signatures are again characterized by high jets multiplicities a large number of b-quarks and
leptons in the final state.

As we have seen RPV couplings are small, therefore superpartner production proceeds mainly
through R-parity conserving couplings and was already discussed in section [3.5.2] The constraints
imposed by naturalness on the spectrum do not change and we can imagine scenarios with neu-
tralino, chargino, stop or gluino LSPs. It is also appropriate to point out that traditional analyses
retain some sensitivity for the displacements discussed here, since the lifetime distribution is ex-
ponential and a large fraction of long lived LSPs decays before the first layer of pixels.

3.6.3 Gravitino dark matter

Introducing R-parity violating couplings closes the possibility of having neutralino dark matter. In
[126] it was found that the leading decay of a gravitino, too light to decay through RPV couplings,
is G — v with the width

1 m%
F~~—|U,]?-—&. 3.6.15

U, is the photino-neutrino mixing due to the small vev that the sneutrino acquires if we introduce
neutrino masses following [I18]. In this case the mixing is related to a spurion bounded by the
proton lifetime and the limit leads to [118]

1 3 8 4
o> 4% 109y ( GeV) (tanﬁ) (500 GeV) 7 (3.6.16)

mea 10 mg

where mg is a common first-second generation squarks mass scale. This lifetime is large enough
to make of the gravitino a potential dark matter candidate. However a gravitino heavier than ~ 1
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GeV can also decay through A.s with a lifetime of order [I1§]

4 4 3
1 |
75~ 2 % 102 yr (500 Gev) ( 0 > ( 00 Gev) . (3.6.17)

mg tan 3 meg

Also in this case the lifetime is larger than that of the universe and the gravitino makes a viable
candidate. We do not elaborate further on the point leaving a more detailed study of relic abun-
dance and detection cross section to future work. We only find appropriate to remark that if the
gravitino is lighter than the LSP, we could have for instance t — tG, but if we assume that the
gravitino mass saturates the lower bound [11§]

300 GeV\” [t !
mg 2 300 KeV ( © ) ( anﬁ) (3.6.18)
myg 10
coming from p — Ktv searches (that are sensitive also to p — K +é), we have
F?*)té —-10 my 8 10 .
S a7 1070 ( ) . 3.6.19
Tray 300 Gev/ \ tan g (3:6.19)

So the decays to gravitino are typically negligible, but strongly depend on tan g and the NLSP
mass.

3.7 Conclusion

In this chapter we have given a brief review of the main phenomenological aspects of supersymme-
try at the TeV scale. The discussion does not have any pretence of completeness and it is meant
as an introduction to the LHC search described in the second part of the thesis and to a more
detailed treatment of Higgs couplings and supersymmetry in the third part.

We have tried to give an account of some of the most phenomenologically appealing aspects of
the MSSM, such as the solution to the fine-tuning problem, the improvement in gauge coupling
unification and the presence of several viable dark matter candidates. This is balanced by the
large number of free parameters that in most cases make any sharp prediction problematic. Both
positive and negative aspects are important for the two following parts of the thesis.

The theoretical qualities of the MSSM and its extensions have inspired the search for new
physics in the next part of the thesis. In particular the discussion of natural signatures of the
MSSM, of the high multiplicity signatures and of the final states of MFV R-parity violating SUSY
are relevant for the next chapters.

The difficulty in making sharp predictions, on the other hand, has opened the way to the work
presented in the last part of the thesis. There we try to identify a small number of parameters
relevant to the couplings of the lightest supersymmetric Higgs and to give simple predictions that
can be tested at the LHC, both for supersymmetry as a prototype of a natural theory.

So in the next two parts of this work the real goal of this discussion is made manifest presenting
ways to address, in the next few years, the question of naturalness.
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Figure 3.5: (Top) CMS exclusion in the gluino-neutralino plane for pp — gg and g — tx". The
different colors correspond to different searches described in ﬂI(ZQ]] (Bottom) ATLAS excluswn in
the stop-neutralino plane for pp — ;¢ and (Left) t; — bx{ bW ™Y and (Right) ¢, — tX0. More
details on the searches presented collectively in the plot can be found in [110].
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Figure 3.6: Inclusive gluino branching ratios in the model described in section |3.5.2| with the
assumption BR (g — bbx}) = 0 (valid a 4% in all the relevant parameter space). On the z axis
we have By, = BR(g — tbx~). The inclusive final states are distinguished only by the number of
t and b quarks.
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Introduction

Natural theories generically predict a large number of new particles at the Fermi scale, associated
to the solution of the hierarchy problem. Therefore the most straightforward way to obtain a
strong hint in favor of naturalness is to discover new physics at the LHC.

Unfortunately we do not have any generic indication of how natural new physics can manifest
itself. Multilepton, multijet and high M E7 final states (just to mention a few) are all valid
candidates for a quick discovery of naturalness. Nonetheless in the previous chapter we were able
to identify some generic features of natural supersymmetric theories that can offer some guidance
in the search.

First and foremost the top Yukawa always plays a central role. This is a general characteristic
of natural theories determined uniquely from the requirement of reproducing the SM in the low
energy limit. Therefore it is reasonable to expect production of top partners with decays to
third generation quarks. The explicit examples in the literature are endless and do not include
only supersymmetric theories, but also technicolor [127], universal extra dimensions [128] and top
compositeness scenarios [116], [117], just to mention a few.

The second feature that emerges clearly is the frequency with which high jet multiplicity final
states appear. Often this is a consequence of the abundance of top quarks and thus not specific
to supersymmetry. However, in many of the examples seen in the previous chapter, the large
number of jets could also be ascribed to long cascade decays determined by some features of
the supersymmetric spectrum (moderate compression, singlino LSP, ...). In both cases the high
multiplicities are also accompanied by a reduction of M E; on which traditional SUSY searches
cut strongly to suppress the background.

In conclusion if we are interested in detecting natural theories and in particular natural su-
persymmetry a good starting point would be to design an inclusive search on the tails of the
jets and b-jets multiplicities. The presence of top quarks in the final state or the long decay
chains typically allow for at least one rare object (lepton) to be produced and we can use it to
reduce the background. This allows to avoid any M Er requirement, making the analysis more
inclusive and complementary to traditional searches. In chapter [0l we describe a search developed
along these lines, after having introduced the experimental setting in chapter 4| and jets and b-jets
reconstruction with the CMS detector in chapter
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Chapter 4

The experimental setting

Come, let us build ourselves a
city, with a tower that reaches
to the heavens, so that we may
make a name for ourselves;
otherwise we will be scattered
over the face of the whole earth

Genesis 11:4-5

In this chapter we describe the Large Hadron Collider [2] and the Compact Muon Solenoid
(CMS) experiment [129]. Their design and construction took several years and the combined effort
of a varied international community of thousand of researches. Therefore rather than aiming at
completeness we focus on the aspects of this experimental apparatus that made possible the search
for new physics presented in chapter [6]

4.1 The Large Hadron Collider

The Large Hadron Collider was built to accelerate and collide protons and atomic nuclei at design
center of mass energies of /s = 14 TeV and /s = 5.52 TeV, respectively (where the last value
refers to Pb-Pb collisions). It is hosted in the LEP tunnel, a circular cave 26.7 km long with an
approximately round inner chamber of radius 1.75 m. Here we highlight just the main features
of the machine, a more complete description can be found in [2]. The energy reached in the 2011
proton run was of 7 TeV, in 2012 it was raised to 8 TeV and it will get close to the nominal value
after the 2013-2014 long shutdown.

Two transfer tunnels link the LHC to the CERN accelerator complex that acts as an injector.
The protons start from the LINAC2 (that will be substituted in 2018 by the LINAC4) then pass
through the Proton Synchrotron Booster (PBS), followed by the Proton Synchrotron (PS) and
the Super Proton Synchrotron (SPS) that injects them in the LHC. The chain followed by the
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Figure 4.1: Left: the CERN accelerator complex. Note that the initial step of the proton acceler-
ation chain in the figure is the LINAC4 that will become the source of proton beams for the LHC
in 2018. Right: Schematic view of the two LHC rings and eight crossing points.

heavy ions differs only in the first two steps that are replaced by the LINAC3 and the Low Energy
Ion Ring (LEIR). More details on the CERN accelerator complex can be found in [I30] and a
schematic representation is shown in the left panel of figure |4.1

The LHC is composed of two rings with eight crossing points, flanked by long straight sections,
as shown in the right panel of figure .1} The protons in the two rings can be made to collide at the
crossing points. Each straight section has a length of 528 m and can serve as an experimental or
utility insertion. Four of the crossing points are occupied by experiments. The ATLAS, ALICE,
LHCb, CMS, TOTEM (that shares the CMS cavern) and LHCf (that shares the ATLAS cavern)
detectors are accommodated there.

The particles traveling inside the accelerator are organized in bunches containing 10! protons
in nominal conditions, with a 25 ns spacing between them. Up to 3564 bunches could be contained
in the machine, but the injection chain and, to a larger extent, the beam dump limit this number
to 2808, again in design conditions. The acceleration takes place in radiofrequency cavities each
delivering 2 MV (an accelerating field of 5 MV /m) at 400 MHz. They operate in a superconductive
state at 4.5 K. A set of superconducting magnets is responsible for bending the particle trajectories
and keeping the bunches focused. There are roughly 1600 magnets in the LHC tunnel, cooled down
to a temperature of 1.9 K with superfluid helium, producing magnetic fields of approximately 8
T. A section of a LHC dipole bending magnet is shown in figure
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Figure 4.2: Left: Structural components of an LHC dipole magnet. Right: Close up on one of its
Niobium Titanium superconducting coils.

The accelerator was designed to deliver high energy collisions at a rate of 40 MHz and this year
it operated at 20 MHz. However rather than the collision rate, the relevant quantity measuring
the number of interactions detected by the experiments is the instantaneous machine luminosity.
Given a process with cross-section o the events delivered by the LHC in At days are Na; = 0Ly,
where L, is the instantaneous luminosity integrated over the time interval At.

The instantaneous luminosity, for a circular machine with approximately Gaussian bunches
with dimensions o, 0, can be written as

N2
Li f

Arogzo,’

(4.1.1)

where N is the number of particle per bunch and f its revolution frequency. The design peak
luminosity for LHC is 103 cm~=2 s7!. In 2012 it reached 7.7 - 1033cm~2 s~!. The instantaneous
luminosity is not constant over a physics run. Beam-beam or beam-gas interactions can degrade
it, but the main reason for its constant dropping is the beam intensity lost in collisions. So we
can parametrize the delivered luminosity as

L(t) - Lpeakeit/i T =T + Tl;a;m—beam + Tt;e;m—gas : (412)

collisions

This quantity is measured by the experiments at every bunch crossing using detectors located at
small angles with respect to the beam pipe. This function in CMS is performed by the quartz-fibre
calorimeter located at 11.2 m from the interaction point. However the real measurement, needed
for physics analyses is given in CMS with the pixel detector, which is not read out at every bunch
crossing, but has a reference cross section that is more stable with the running conditions and can
be measured from a Van der Meer scan [131]. The integrated luminosity delivered to CMS in the
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Figure 4.3: Cumulative luminosity versus day, delivered to CMS during the 2010 (green, multiplied
by a factor of 100), 2011 (red) and 2012 (blue) data-taking periods [132].

past three years is shown in figure [4.3| reflecting the continuous improvement of the performances
of the machine.

4.2 The Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS) detector, is located at the 5th crossing point of the LHC
tunnel in the vicinity of the town of Cessy, in France. It was designed to withstand the LHC
running conditions and at the same time to fulfill a rich physics program detailed in [7]. The main
features of the detector, needed to operate in the LHC environment, are: radiation hardness,
good time resolution and fast triggering capabilities. These requirements are imposed by the
large proton-proton total cross section, the high beam intensity and the high frequency of the
collisions. A further necessity is an high granularity, both to reconstruct single particles with high
efficiency, in view of the physics goals, and to be able to operate with a high number of Pile-Up
(PU) interactionsﬂ (in the 2012 run they already peak at ~ 20 per bunch-crossing and we have
not yet reached the nominal luminosity).

CMS was designed with these requirements in mind. It owes its name to a superconducting
solenoid of 6 m of internal diameter that contains, within the field volume, the silicon track-
ing detector (pixel4strips), the PbWO, crystals electromagnetic calorimeter (ECAL) an the
brass/scintillator hadron calorimeter (HCAL). Muon drift chambers (DT), cathode strip chambers
(CSC) and resistive plate chambers (RPC) are embedded in the steel return yoke of the magnet.
The magnetic field reaches up to 4 T.

'In a pp collision selected by the experiments at the LHC, other than the vertex where the hard scattering
took place, several softer interactions occur. The contributions to the event from this additional interactions are
generically denoted as pile-up.
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Figure 4.4: View of the CMS detector and its main components.

The apparatus is divided in a barrel, covering the central region, and two endcaps allowing
almost a full coverage of the solid angle. A detailed description can be found in [129] and a global
view of the detector is presented in figure [4.4]

The main characteristics of this apparatus are the great electron and photon energy resolution
(the dielectron and diphoton mass resolution is &~ 1% at 100 GeV), the high muon momentum
resolution (also ~ 1% at 100 GeV), the efficient muon charge discrimination up to momenta of
O (1 TeV) and the good missing transverse energy (M Er) and dijet mass resolution, provided by
the fine segmentation of the calorimetersﬂ (in particular the ECAL granularity) and their coverage
up to |n| < 5. The inner pixel detector also allows efficient 7 and b-jets tagging both offline and
at the triggering level.

For later convenience we report that CMS uses a right-handed coordinate system, with the
origin at the nominal interaction point, the x-axis pointing to the centre of the LHC, the y-
axis pointing up (perpendicular to the LHC plane), and the z-axis along the anticlockwise beam
direction. The polar angle, 8, is measured from the positive z-axis and the azimuthal angle, ¢, is

2The granularity of the electromagnetic calorimeter allowed to implement the Particle Flow reconstruction
algorithm that is the main reason for CMS good energy resolution. The algorithm is described in section
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measured in the x-y plane. The pseudorapidity is defined as n = —log tan(#/2).

Other than the detector itself a crucial ingredient for the CMS physics program is the triggering
and data acquisition infrastructure. With ~ 10% interactions/s at design luminosity it is impossible
to record all LHC events. To comply with the current storage limits and speed of recording data,
the trigger system has to achieve a rejection of ~ 108, ideally without missing any interesting
physics. The CMS trigger and data acquisition system consists of 4 parts: the detector electronics,
the Level-1 trigger processors , the readout network, and an online event filter system that executes
the software for the High-Level Triggers (HLT). We discuss it in more detail in section , after
describing, in the following subsections, the components of the CMS detector.

4.2.1 The inner tracker

The CMS inner tracker operates in the LHC environment outlined above, corresponding to roughly
700 charged particles, every 50 ns. So to insure both a fast response, radiation-hardness and high
granularity, the tracker was built using 200 m? of silicon that cover the |n| < 2.5 region. Closest
to the interaction point is the pixel detector, composed of 66 million pixels with an area of
100 x 150 gm? in the r — ¢ and z directions. This insures an average occupancy of ~ 10~%. The
pixels are organized in three concentric barrel layers with two endcap disks on each side of them.
The 3 barrel layers are located at mean radii of 4.4 ¢cm, 7.3 cm and 10.2 cm, and have a length of
53 cm. The two endcap disks go from 6 to 15 ¢cm in radius and are divided in blades rotated by
20° around their central radial axis [I33]. This was done to exploit the effect of the large magnetic
field on the drift of the charges that can induce charge-sharing between neighboring pixels and
produce a cluster of pixels with a signal.

Going further from the interaction point the flux is considerably reduced and in the interme-
diate region of the tracker (20 < r < 55 cm) silicon microstrips with cells of a much larger surface
are installed: 10 cm x 80um. This still insures an occupancy of ~ 2 — 3%. In the outermost
region the granularity can be further reduced going to 25 cm x 180um, maintaining an even lower
occupancy. The strip sensors are divided into a Tracker Inner Barrel (TIB) made of four layers
going up to |z| < 65 cm, a Tracker Outer Barrell (TOB) with six layers of half-length |z| < 110
cm and into two endcap detectors, the Tracker End Cap (TEC) comprising 9 disks in the region
120 cm < |z| < 280 cm and three small disks filling the gap between the TIB and the TEC,
labelled Tracker Inner Disks (TID). The modules in the first two layers of TIB and TID, the first
two rings of TOB and rings 1, 2, and 5 of the TECs carry a second micro-strip detector module
which is mounted back-to-back with a stereo angle of 100 mrad. A schematic view is shown in
figure [4.5]

This setting insures a spatial resolution of 10 pum x 20 pm in the pixel detector and of
23 — 34 pm x 230 pm in the silicon detector. Other than occupancy and spatial resolution,
another aspect of the detector is crucial for physics. Ideally the tracker should leave a particle
transversing its layers almost unaffected, not depriving it of any observable fraction of its energy.
This would allow the calorimeters that follow it to operate in optimal conditions. The active
material in the tracker is close to fulfill this requirement, however the silicon is supported by a
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24m

Figure 4.5: Layout of the CMS inner tracking system.

rather massive apparatus providing cooling and power. The complete material budget was mea-
sured with an accuracy higher than 10% [134] yielding the map in figure . We can see that
the thickness of the tracker varies between 0.4 radiation lengths in the inner region up to 1.8 at
In| ~ 1.4. Therefore photon conversions and electron radiation must be taken into account while
reconstructing electromagnetic objects.

The technical specifications described so far are reflected in great physics performances of the
tracker system. In figure [4.7] we show the momentum resolution and reconstruction efficiency for
muon tracks. The latter is very close to one in the whole 1 range while the momentum relative
error is around 1% for 100 GeV muons in the central region and remains below 7% for any 7.
Another important feature of the tracking system is the high vertex reconstruction efficiency (that
goes to one for Nyaas > 4) and the good track impact parameter resolution (well below 100 pym
already for piak > 3 GeV) [136], that are crucial for b-jet identification as we will better specify
in the following chapter.

4.2.2 The electromagnetic calorimeter

The CMS electromagnetic calorimeter is composed of PbWO, crystals arranged in a barrel section
(EB) and an endcap section (EE). The former covers the azimuthal coordinate up to |n| < 1.479,
while the latter extends from there to || < 3.0. Crystals have a truncated pyramidal shape. They
are oriented towards the interaction point, forming a quasi-projective geometry, with a slight tilt
of 3° with respect to the line joining the vertex with the center of their square face. In the barrel
they have the cross section facing the interaction point of 22 x 22 mm? in A¢ x An and a length
of 230 mm. In the endcap the crystals have a cross-section of 28.6 x 28.6 mm? and length 220
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Figure 4.6: Map of the CMS tracker material budget expressed in radiation lengths, as a function
of the azimuthal coordinate n [135].

mm.

The barrel detector has an inner radius of 1.29 m and contains 61200 crystals. The light
readout is performed by a pair of Avalanche Photo Diodes (APDs), each with an active area of
5 x 5 mm?, operated at gain 50, at a temperature of 18° C and read out in parallel. Their gain
stability directly affects the ECAL energy resolution. The endcap detector is located at a distance
of 3.15 m from the nominal interaction point along the beam axis. Each crystal is read out by one
Vacuum Photo Triode (VPT) with a diameter of 25 mm and an active area of ~ 280mm?. These
VPTs have an anode of very fine copper mesh (with a 10um pitch) allowing them to operate in
the CMS magnetic field.

In the region 1.653 < |n| < 2.5 the crystal calorimeter is integrated by a sampling calorimeter
made by lead radiators and silicon sensors (ES). This preshower detector improves the separation
between prompt photons and products of 7° decays. Two pairs of silicon sensor planes (sampling
the x and y shower profile) follow two lead radiators with a depth of two and one radiation-lengths
respectively.

The material of which the crystals are composed was chosen by virtue of its short radiation
length X =~ 0.89 cm, small Moliére radius &~ 2.2 ¢cm and fast response (80% of the light is emitted
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Figure 4.7: Left: Global track reconstruction efficiency for muons versus 7. Right: Relative
transverse momentum resolution as a function of 7, in data and MC simulation measured by
applying the MuScleFit and SIDRA methods [I37] to muons produced in the decays of Z bosons.

within the first 25 ns). Furthermore the radiation tolerance of the crystals is sufficiently high to
ensure good performances in the LHC environment. Radiation has no effect on the scintillation
mechanisms, but it creates color centers in the crystal lattice. This process has been observed
to be reversible if the crystals are left in a radiation-free environment. However it affects energy
resolution and to have a reliable measurement CMS constantly calibrates the crystals with a laser
source.

The performance of the detector was studied in electron test beams [129] and also in-situ using
cosmic ray events [I38] and was then finalized using collision events [I39]. Here we show only
results pertaining to its energy resolution that can be parametrized as

CE) () (e

where S is the intrinsic stochastic term, N the noise and C' the constant term. For test beam
electrons with energies between 20 and 250 GeV the parameters were found to be S = 2.8%,
N = 124 MeV and C = 0.3%. As shown in figure for £ ~ 100 GeV the constant term is

already dominant.

4.2.3 The hadronic calorimeter

The barrel section of the hadronic calorimeter (HB) is installed between the ECAL and the super-
conducting solenoid, leaving room for a total radial width of 1.18 m. Therefore space constraints
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Figure 4.8: ECAL supermodule (an array of 3 x 3 crystals) energy resolution as a function of
electron energy, measured from a test beam. The upper series of points correspond to events
taken with a 20 x 20 mm? trigger. The lower series of points correspond to events selected to fall
within a 4 x 4 mm? region. The energy was measured with electrons impacting the central crystal.
For more details on the conditions of the measurement we refer to [140].

partially oriented the design of this subdetector that is complemented by the HO, a component
placed outside of the solenoid to catch the tails of the hadronic showers. The magnet itself is used
as an additional absorber layer of 1.4/ sin @ interaction lengths for HO.

The key requirements for the HCAL were good containment, geometric hermeticity for M Erp
measurements and minimization of the non-Gaussian tails in the energy resolution. For these
reasons the HCAL design maximizes the material inside the solenoid. The barrel detector covers
the central region up to |n| < 1.3, the endcap part (HE) extends to |n| < 3. The hermeticity is
provided by the forward calorimeter (HF) that covers the region 3 < |n| < 5. HB is organized in
36 identical azimuthal wedges. Each wedge is segmented into 16 azimuthal plates, bolted together
in a way that does not leave any projective dead material.

HCAL is a sampling calorimeter, where brass is used as the absorber, except for the first and
last layers, made of stainless steel for structural reasons. The active material consists of plastic
scintillator tiles read out with embedded wavelength-shifting fibers. HF, to withstand the higher
radiation output at low angles, is made of steel and quartz fibers.
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Figure 4.9: Left: PF jets pr resolution in data versus MC truth before (dashed red line) and after
(solid red line) correction for the measured discrepancy between data and simulation [144]. Right:
Calibrated M E7 resolution versus calibrated Particle Flow Y Er for different M Er reconstruction
algorithms (In blue PF technique) [143].

The granularity of HB and HE is a multiple of that of the ECAL. Up to |n| < 1.6 the towers
have size A¢ x An = 0.087 x 0.087 that increases to 0.17 x 0.17 for higher |n|.

Combining ECAL and HCAL the system is undercompensating, giving a larger response for
electrons than for hadrons of the same energy [I41]. Correcting for this effect a response linear to
1.3% to hadrons momenta between 5 and 350 GeV was achieved [I41]. The jets and M Er energy
resolution was measured on /s = 7 TeV [142] [143] [144] collision data. The best performances were
obtained using the Particle Flow (PF) algorithm, described in section Jet pr resolutions
between 10% and 5% were achieved up to || < 2.4 (see the left panel of figure[d.9/for 0 < || < 0.5).
Similar values were obtained on the M E7r resolution, as can be seen in the right panel of figure 4.9
A more complete treatment of jets inside CMS is given in chapter [5

4.2.4 The muon system

The muon detectors are contained in the magnet return yokes of CMS and are divided in a central
part (barrel |n| < 1.2) and a forward detector (endcap 1.2 < |n| < 2.4). In figure we show
pictures of the installation that allow to appreciate the geometric layout of the detector.

The barrel detector consists of 4 concentric stations of 250 chambers, divided into 5 wheels.
The wheels contain 12 sectors, each covering a 30° azimuthal angle. The 2 innermost stations,
consist of a DT chamber placed between 2 RPCs. The 2 outermost stations contain packages of a
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Figure 4.10: Left: View of one of the 5 wheels of the CMS muon barrel detector during installation.
The steel return yoke is red, gray DT superlayers are interlaid. Right: CMS muon endcap. The
copper-colored petals are cathode strip chambers.

DT chamber coupled to a layer made of 1, 2, or 4 RPCs, depending on the sector and station. Each
RPC detector consists of a double-gap bakelite chamber, operating in avalanche mode to provide
a very fast response, ideal for triggering, but poor spatial resolution. Position measurements are
performed by the DT chambers, in each station 12 layers of drift tubes are divided into 3 groups of
4 consecutive layers (SuperLayers). Two SuperLayers measure the r — ¢ coordinate in the bending
plane (they have wires parallel to the beam line), and the third measures the z coordinate running
parallel to the beam. The first » — ¢ SuperLayer is separated from the other two, this gives a lever
arm of about 28 cm for the measurement of the track direction.

There are two muon endcaps at the opposite sides of the barrel, each one is divided into 4
stations made of CSCs. The CSCs are trapezoidal in shape and consist of 6 gas gaps, each gap
having a plane of radial cathode strips and a plane of anode wires running almost perpendicularly
to the strips. The gas ionization and electron avalanche caused by a charged particle produces a
charge on the anode wire and an image charge on a group of cathode strips.

The different choices between barrel and endcap are determined by the fact that in the central
region the magnetic field is lower and uniform and the muon flux is less important with respect
to the higher n region.

The momentum resolution has been measured using cosmic rays traversing the full detector.
Comparing the momentum measurement in the upper and lower part of the spectrometer, the
momentum resolution was found to vary between 1% and 10% going from pf. ~ 10 GeV to 1
TeV [145]. These results were later confirmed by measurements on collision data [I37]. Note that
the good momentum resolution of the tracker plays an important role in this measurement. This
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Figure 4.11: Muon p resolution for 0.0 < |n| < 0.2 (left) and 1.8 < || < 2.0 (right). The green
points are for the silicon tracker only, the blue ones for the muon system only while the red ones
combine all the detector information [140]. The results in figure are more recent and show
that for |n| > 1.0 these Technical Design Report estimates are slightly optimistic, but still more
than adequate to show the tracker and muon system performances.

emerges from figure from which it is clear that at low momentum the tracker dominates the
resolution, while for p 2 200 GeV (in the central region) the contribution of the muon system
becomes important.

A great dimuon mass resolution is another of the strengths of the system as illustrated by the
plot of the known resonances going from the w to the Z in figure [4.12

4.2.5 Trigger and data acquisition

The trigger and data acquisition infrastructure is the system responsible for reducing the massive
LHC data output, reading it from the detector and storing it for offline processing and analysis.
To perform these functions both programmable hardware and higher level software implemented
on standard processors are needed.

The CMS trigger system is divided into two levels, the level one (L1) trigger and the high level
trigger (HLT).

The first step is made of the detector front-end electronics and custom (and semi-custom)
programmable electronics located in a cavern physically separated from the detector. This imposes
a minimum transit time for the signals to go from the detector front-end electronics to the trigger
cave and back to the detector. The total time available, including the decision making, is 3.2
ps. During this time the detector data is held in buffers. The information used by the L1 trigger
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Figure 4.12: Dimuon invariant mass measured with the CMS detector [146].
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Figure 4.14: Schematic view of the CMS Data Acquisition infrastructure.

comes only from the calorimeters and the muon system and it is not the full event contained in the
buffers, but a coarser version (resolution and granularity are reduced) based on energy deposits
in calorimeter trigger towers and track segments or hit patterns in muon chambers. The logical
structure of the trigger (depicted in figure is the following: first we have Local Triggers or
Trigger Primitive Generators (TPG), based on local deposits in the calorimeters and hits/segments
in the muon chambers. These are followed by Regional Triggers, that combine their information
and use pattern logic to determine ranked and sorted trigger objects such as electron or muon
candidates in limited spatial regions. Energy or momentum and quality of the objects determine
their rank. The Global Calorimeter (GCT) and Global Muon (GMT) Triggers select the highest-
rank calorimeter and muon objects across the entire experiment and transfer them to the Global
Trigger (GT), the highest level entity of the Level-1 hierarchy. This unit is responsible for the
final decision, based on algorithmic calculations and on the readiness of the sub-detectors and the
Data AcQuisition (DAQ), which is determined by the Trigger Control System (TCS). The Level-1
Accept (L1A) decision is communicated to the sub-detectors through the Timing, Trigger and
Control (TTC) system. A more complete description can be found in [147].

Following the L1 decision, the HLT has access to the complete read-out data and can therefore
perform complex calculations similar to those made in the offline analyses. The HLT software is
hosted on a processor farm, containing O(10%) processors. This choice was made both to benefit
from the continuous advances in computing technology and to have the maximum possible flexi-
bility in the design of the selection algorithms. The general concept of the triggering algorithms is
constrained by speed needs. Decisions are made in the order of milliseconds. Therefore rather than
reconstructing all possible objects in an event, whenever possible only those objects and regions
of the detector that are actually needed for the trigger decision are reconstructed. This leads to
the idea of partial reconstruction and to the notion of many virtual trigger levels. Calorimeter
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and muon information are used, followed by use of the tracker pixel data and finally the use of
the full event information (including full tracking).

The HLT decision is just the final step in the DAQ process shown schematically in figure [4.14]
First detector front-ends are read out by ”Readout Columns”, each of which contains a number
of Front-End Drivers and one Readout Unit which is responsible for buffering the event data and
for interfacing to the switch. Then the data reach the Filtering System (FS) passing through the
Builder Network (a large switching fabric, capable of supplying 800Gb/s sustained throughput to
the Filtering Systems). The FS performs the HLT step of the process, then data are transmitted
to the online and offline Computing Services. These data include events selected by the HLT
for physics analyses and calibration, some fraction of events rejected by the triggers, collected
calibration information, and data for online monitoring. Part of this output will be processed
online and another fraction will be transmitted to offline systems. The whole flow of data through
the DAQ system is controlled by the Event Manager. More details on the CMS DAQ system can
be found in [148] and a schematic representation is shown in figure [4.14]

At the end of the DAQ flow data must be reconstructed and stored. The rate is high ~ 230
MB/s and the collaboration is spread worldwide. This led to adopt a distributed computing
model. The system is based upon Grid middleware, with the common Grid services at centers
defined and managed through the Worldwide LHC Computing Grid (WLCG) project, that sees
the LHC, the computing centers and their hosting institutions, as well as the middleware providers
collaborating in the effort [I149]. The infrastructure is organized in Tiers of decreasing size.

The data passing the HLT are divided into Primary Datasets (PD), defined in terms of basic
physics objects (for instance we have a SingleMu PD, a MEr PD, etc.) with a minimal overlap
(no more than 10% of events are shared between two PDs). The data thus organized are received
by the Tier-0 center at CERN in RAW format (the full information from the detector plus trigger
decisions). The Tier-0 stores the data and reconstructs them, applying detector-specific filtering
and corrections, cluster and track finding and primary and secondary vertex reconstruction. The
reconstructed events contain high level physics objects and a record of the hits and clusters used
in their production. After this step the data are sent to the Tier-1 centers (= 6) for mass storage
and re-processing. At the low end of the chain are the Tier-2’s (= 50) where the analyses are
performed, they receive the data from the Tier-1 sites and are used also for Monte Carlo event
generation. This concludes the flow of centrally reconstructed data, however there are also several
Tier-3’s that are mainly used by analysts to store data further processed with custom designed
code.

4.2.6 The particle flow algorithm

One aspect of the offline reconstruction and analysis software of CMS has become more and
more important to CMS physics analyses and constitutes a key ingredient of the search described
in the following chapters. It is the Particle Flow reconstruction algorithm [150] that aims at
reconstructing and identifying all stable particles in the event. Once a list of individual particles
is produced it is used to build jets, compute the M Er, reconstruct 7’s from their decay products
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and quantify charged leptons isolation.

The PF success in CMS is due to the fact that charged hadron momenta are very well measured
in the tracker, the photon energy is precisely measured in the ECAL and the neutral hadrons
are, on average, only 10% of the total jet constituents. A good calorimeter granularity is an
important detector requirement to implement the PF algorithm, since it is needed to subtract
charged hadrons and photons deposits and measure the neutral hadron energy fraction.

The ECAL granularity and the large uniform magnetic field are crucial as they allow photons
to be separated from charged-particle energy deposits even in jets with a py of several hundreds
of GeVs. Furthermore the combined resolution of ECAL and HCAL (of O(10%) at 100 GeV)
allows to detect neutral hadrons on top of the charged hadrons energy deposits, whose momentum
is precisely measured in the tracker. One of the reasons behind the success of the PF algorithm
is precisely the possibility of measuring the charged fraction of the energy of a jet using the
tracker. Since most stable particles have a relatively low pr, even in an event with high hadronic
activity (an average of 10 GeV for a 500 GeV jet), the improvement in resolution is dramatic, also
considering that the charged component of a jet is roughly 2/3 of the total.

The first step in the particle flow reconstruction takes into account the fact that a single
particle leaves several traces in different sub-detectors: calorimeter clusters, possibly a track in
the silicon detector and hits in the muon chambers. To identify the different particles all the
information must be employed. The link algorithm is the first step of the PF reconstruction. It
defines a distance between any two of these elements in the event. The algorithm then produces
blocks of elements linked directly or indirectly. The granularity of the CMS subdetectors insures
that blocks typically contain only one, two or at most three elements. Then reconstruction and
identification of particles from each block is performed by the PF algorithm itself. First each
Global Muonf| becomes a PF muon if its momentum is within 30 of that measured only by the
tracker. In this case its track is removed from the block. Then electrons are reconstructed. Pre-
identified electron tracks are refitted to follow their trajectories to the ECAL. Then, based on
position compatibility between the track and the ECAL deposit and several others calorimeter
and tracker-oriented variables, a PF electron is identified [I50]. The track and ECAL clusters are
then removed from the block.

At this point additional quality criteria are applied to the remaining tracks [150], for instance
the relative uncertainty on the measured pr must be smaller than the relative calorimetric energy
resolution expected for charged hadrons. Several tracks can be linked to the same HCAL cluster,
in which case the sum of their momenta is compared to the calibrated calorimetric energy. On
the other hand, if a track is linked to several HCAL clusters, only the link to the closest cluster
is kept for the comparison, the same is done for the ECAL. It is worth to notice that since the
HCAL response to hadrons is nonlinear and the ECAL response to hadrons is different from the
response to photons, the ECAL and HCAL cluster energies need to be recalibrated to have the
procedure above working properly. However this affects mostly neutral hadrons that typically

3Muon reconstructed using information both from the tracker and the muon system. The selection procedure
is described in more detail in section m
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constitute 10% of the total energy in the event.

All tracks remaining in the block become PF charged hadrons. Their momentum and energy
are taken directly from the track momentum, under the charged pion mass hypothesis. If the
calibrated calorimetric energy is compatible with the track momentum within the uncertainty;,
the charged-hadron momenta are redefined by a fit of the measurements in the tracker and the
calorimeters. This redefinition is relevant only at very high energies and/or pseudorapidities,
where the tracker resolution is not optimal.

If the calibrated calorimetric energy is in excess with respect to the tracks momenta and the
excess is larger than the expected calorimeter energy resolution (including also the uncertainty
due to the presence of muons in the block) a PF photon and possibly PF neutral hadrons are
identified. If the excess is larger than the total ECAL energy a photon is created with the ECAL
deposit and a neutral hadron is associated to the remaining part of the excess. Otherwise only
a photon is created. This is justified by the fact that 25% of the energy in a jet is carried by
photons and only 3% of the ECAL deposit comes from neutral hadrons.

The most relevant aspect of the PF algorithm, for this work, is jet reconstruction that we
discuss in more detail in the next chapter. For a more detailed account of its performances on
other physics objects we refer to [I51] and references therein. A comparison of M Er resolutions
was shown already in figure [4.9 and gives an idea of the improvement over traditional calorimeter
clustering techniques.

4.3 Conclusion

In this chapter we have given an introductory description of the LHC and CMS experimental
apparatuses. The ideas developed here constitute the basic building blocks of any measurement
performed with the CMS detector. In the next chapter we elaborate further on two physics objects:
jets and b-tagged jets, crucial to the new physics search to which these two chapters constitute
the necessary introduction.



Chapter 5

Jet energy measurement and b-jet
identification with the CMS detector

Three quarks for Muster Mark!
Sure he has not got much of a
[bark

And sure any he has it’s all
[beside the mark.

James Joyce, Finnegans Wake

Measuring jets and b-jets properties is one of the main tasks of the LHC experiments. The
high production cross-section facilitates studies of new kinematical regimes that can probe SM
and BSM predictions. The analysis presented in this thesis explores one of these new areas of
phase space, focussing on the tails of the jets and b-jets multiplicities. For this reason we present
here the main ingredients needed to reconstruct and correctly measure the properties of jets with
the CMS detector and the characteristics and performances of b-tagging algorithms. The results
in this chapter are not original and were produced with the joint effort of several people inside the
CMS collaboration, where possible we cited the relevant public document, but most of the tables
and figures are present only in internal notes.

5.1 Jet reconstruction

In CMS four different types of jets are reconstructed: calorimeter (Calo) jets, Jet-Plus-Track
(JPT) jets, Particle-Flow (PF) jets and track jets. We discuss jets clustered using the anti-kr
algorithm [I52] with cone parameter R = 0.5. In the following, for comparison, we use also
generator (Gen) jets reconstructed from all stable particles generated in the Monte Carlo (MC)
simulation. The four "flavors” of CMS jets on data are
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e Calo jets. They are clustered from energy deposits in the calorimeters (ECAL and HCAL).

The basic building block is a calorimeter tower. In the barrel (|n| < 1.4) a tower corresponds
to one HCAL cell and the underlying 5 x 5 crystal array in ECAL. In the endcap the
geometric matching varies depending on the different regions. Towers with Er < 0.3 GeV
are not included in the reconstruction to suppress the contribution from pile-up events.
Detector-dependent thresholds, listed in table [5.1], are imposed to reduce readout electronics
noise.

JPT jets. The information provided by the tracker is used to improve the pr resolution
and response of the calorimetric jets [I53]. As a first step Calo jets are reconstructed
following the procedure described above. Then tracks are associated to a jet using the
spatial separation in (7, ¢) between the track momentum measured at the vertex and the
jet axis. The tracks momenta are then added to the jet. For tracks falling inside the jet
cone an average energy deposit is subtracted from the calorimeter response. The algorithm
then corrects the Calo jets axes taking into account both in-cone tracks and tracks bended
outside of the calorimetric cone by the CMS magnetic field.

PF jets. As discussed in the previous section the Particle Flow algorithm integrates infor-
mation from different subdetectors to reconstruct a list of particles in the event. Jets are
then clustered from single particles. The procedure makes use of tracking information and
the excellent granularity of the ECAL that allow to separate the calorimetric contributions
of charged hadrons, neutral hadrons and photons inside jets. This procedure Improves mo-
mentum and spatial resolution with respect to calorimetric jets. As discussed in section [5.3.1]
only tracks compatible with the primary vertex are retained and the calorimetric deposits
of charged hadrons originating from additional pile-up interactions are subtracted.

Track jets. Only the information from the inner tracking system is used. Jets are re-
constructed from well measured tracks, selected based on the association to the primary
vertex and their quality [I54]. Its independence from the calorimetric information makes
this algorithm useful for cross-checks.

In the analysis and while discussing properties of b-tagging algorithms we always consider PF

jets with R = 0.5. This reconstruction technique is known to give the best performances on the
data and has become the standard for most CMS physics analyses.

5.2 Samples

The jet energy corrections discussed in the next sections were obtained from the first 1.6 fb™* of
2012 /s = 8 TeV data. The data were collected using single jet triggers with pr thresholds of
40, 80, 140, 200, 260 and 320 GeV that together form the Jet dataset. The Monte Carlo samples
used consist of QCD PYTHIA 6 [I55] events reweighted to reproduce PU running conditions. The
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Section Threshold (GeV)
HB 0.7
HE 0.8
HO 1.1(3.5) Ring 0 (Ring 1,2)
HF (long) 0.5
HF' (short) 0.85
EB 0.07 (per crystal)
EE 0.3 (per crystal)
EB Sum 0.2
EE Sum 0.4

Table 5.1: Offline cell thresholds used in Calo and JPT jets reconstruction in different sections
of the calorimeters. Independent thresholds are placed in different sections (rings) of HO, and in
different readouts in HF (long and short fiber). In ECAL, in addition to energy thresholds on
individual crystals, thresholds are applied also to the sum of crystal readouts corresponding to
the same tower.

pile-up distribution for data is derived by using the bunch-crossing-per-luminosity section instanta-
neous luminosity from the Luminosity Data Base together with the total pp inelastic cross-section
to generate an expected pile-up distribution, correctly weighted by the per-bx-per-lumi section
integrated luminosity over the entire data-taking period.

The Z+jets data sample was collected from the first 1.6 fb™' of 2012 /s = 8 TeV data using
dimuon and dielectron triggers with pr thresholds of 17(8) GeV on the leading (subleading) lepton.
The Drell-Yan MC samples were generated using MadGraph [I56] and the tau-lepton decays were
handled with TAUOLA [157].

The y+jets data sample was collected from the first 1.6 fb™! of 2012 /s = 8 TeV data using
single photon triggers with pr thresholds going from 10 to 35 GeV. The y+jets MC samples were
generated using PYTHIA 6 and its Z2 tune. All MC samples are processed through a full GEANT4
simulation of the CMS detector [I5§].

In several cases we refer to 7 TeV documentation while discussing 8 TeV results. The reason
is that in those specific cases the documentation is more extensive and the relevant information
has not changed.

5.3 Jet energy calibration

The response of the CMS calorimeters is non-uniform and non-linear. Furthermore electronic
noise and pile-up (PU) interactions introduce in the event additional unwanted energy deposits.
For these reasons the detector response must be corrected to obtain the energy of the true particle
jet. CMS adopts a factorized multi-step procedure for jet energy calibration (JEC) that consists
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of three steps (offset, MC truth correction and residual data-driven corrections) common to Calo,
JPT and PF jets. The offset correction eliminates energy deposits due to PU and electronic noise.
The MC truth factors are the largest component and bring the detector response close to the
energy of the particle level jet, by using quantities extracted from simulation. The residual data-
driven corrections are divided into a relative and an absolute scale measurement. The relative
correction aims at compensating for the non-uniformity in 7 of the calorimeters, while the absolute
correction removes variations from the non-linear pr response. The relation between corrected four
momentum PE and the uncorrected one Pg can be summarized as follows

Py = Cofser (™) X Crnic (p,m) x Cr (n) x Ca (p7) x P/, (5.3.1)

where p}*" is the transverse momentum obtained from Pg , P'p is the transverse momentum of

the jet corrected for offset and pf. is the transverse momentum of the jet corrected for offset, MC
truth factor and 7 dependence. The data-driven corrections are generically small and are obtained
from measurements of the absolute jet energy scale in the central region (from Z-+jets and v+jets
events ) and of the relative scale as a function of pseudorapidity from dijet events.

For PF jets, the only ones relevant to the original part of this work, the four-momentum is
computed using the charged and neutral pion masses for hadrons and a null mass for PF photons.
The single four-momenta are then added to obtain the jet P,.

5.3.1 Offset correction

The main component of the offset correction is due to PU interactions that have become increas-
ingly important during LHC running, changing almost on a monthly basis. Even if PU can not
be directly measured, several observables are related to it. The change in running conditions can
be appreciated from the distributions of primary vertices per event in 2011 and 2012, shown in
figure 5.1}

PU collectively describes three types of effects that cause energy deposits in the calorimeters
at different times relative to the hard scattering process. In-time (IT) pile-up refers to energy from
additional pp collisions in the current bunch-crossing (BX) other than the Primary Vertex (PV).
This is the largest source of pile-up energy. In addition to that, there is early out-of-time (EOOT)
pile-up, from energy left in the calorimeters during previous BXs, and late out-of-time (LOOT)
pile-up, pertaining to energy from later BXs that is integrated with the current event energy. The
two components of OOT PU have been dramatically reduced from 2011 to 2012 with a detector
based choice. The HCAL (barrel and endcap) used an integration time of 4 x 25 ns, that was
reduced to 2 x 25 ns. This brought down LOOT PU from 20% of the total PU energy deposit to
almost zero and also reduced EOOT PU that gave already a small (2 —4%) contribution in 2011.
The remaining PU is corrected for using one of two software based techniques, the average offset
method or the hybrid jet area method.

In the average offset procedure the pr coming from PU is estimated from a Zero-Bias data
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Figure 5.1: Reconstructed primary vertices per event in data and MC for the 2011 Run A period
(top left), Run B period (top right) and 2012 (bottom). The /s = 7 TeV data correspond to
approximately 4.6 fb™! collected with dimuon triggers and further selected offline by requiring two
opposite sign muons with pr > 20 GeV, |n| < 2.1 and 60 GeV < m,, < 120 GeV. The bottom
plot was obtained from the jet samples described in section after reweighting the MC.

sample [l a Zero-Bias MC sample and a QCD MC sample. In each of the three samples the offset

LA Zero-Bias sample is collected with a beam bunch crossing-time trigger used to obtain 100% efficiency. Only
active beam bunch crossings are read out to maximize the probability of obtaining events with valid collisions. The
corresponding MC sample is constructed by overlaying a neutrino gun sample with Minimum-Bias events
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pr is measured event-by-event, finding the pr deposited within the jet cone in different (7, ¢)
locations. The ¢ coordinate is chosen at random (and then the result is averaged) while 7 is
scanned in 0.1 steps from 0 up to |n| < 5. The relevant pr is measured from energy deposits in the
case of Calo jets and from PF candidates momenta in PF jets. For each n bin the measurement
is performed for different numbers of primary vertices (Npy ). The pr dependence on Npy can be
parametrized as

P = 4 4+ bNpy + cN3y, . (5.3.2)

The coefficient a represents OOT PU (after noise is subtracted), while the other two terms are
dominated by I'T PU, that is almost linear in Npy, ¢ = 0. The correction is computed by averaging
the offset over events and applying it as a multiplicative factor to the uncorrected py (p¥)

pr = pIx Cao (n,Npv,pl)
(Npy —1)b(n)

offset

p Npy,
Cao (n,Npv,p}) = 1— Pf <UPV ) ~1- 7 ;
Pr Pr

(5.3.3)

where b is the slope of the p3™et dependence on Npy in each n bin. The noise contribution (found

to be < 250 MeV per jet over the entire ) range) is estimated from the Zero-Bias sample, with a
veto on the Minimum Bias trigger.

In this correction scheme every jet is assumed to contain the same average PU deposit. To
relax this last assumption the hybrid jet area method was developed. First the area A of each
jet in the event is computed [159], then the median pr density p is obtained as the median of the
distribution of pr/A of the jets. The determination of p uses the kr jet clustering algorithm that
naturally cluster a large number of soft jets in each event [160]. Clearly the procedure would not
give meaningful results in the limit in which a single jet is present in the event.

If we stopped here we would have a jet-by-jet offset correction in the form p$ = p¥ — p x A.
However these first two steps are performed using the FastJet algorithm [161], that can not
take into account the 1 non-uniformity of the detector. For this reason a third step is added to
the algorithm where the n dependence of the offset pr is taken from the previous average offset
technique obtaining a correction factor

(p— (puE)) B(n)

Py

Crya(p, An,pl)=1—A (5.3.4)

where (pyg) is the average pr density from the underlying event and electronics noise and is
measured in events with exactly one reconstructed primary vertex (no pile-up). 5(n) is obtained
from the modulation of the average pr offset in pseudorapidity. A third technique, the Jet Area
method, is equivalent to the one just described, but does not take into account the 1 dependence
of the correction. The AO and HJA methods give a measurement of the PU energy that is in good
agreement over a large range of reconstructed primary vertices, as can be seen from figure |5.2
For PF jets there is the possibility of applying also charged hadron subtraction, which can be
used in conjunction with one of the two correction methods described above. Using the tracker



CHAPTER 5. JET ENERGY MEASUREMENT AND B-JET
113 IDENTIFICATION WITH THE CMS DETECTOR

CMS prellmlnary, =1.6fb" s=8TeV

P _\ T T T ‘ T T T T ‘ T TT ‘ T 1T ‘ T T | T T \_
%) E nl <0.5 (3 E
O 30 . Average Offset (DATA) .
o - o Average Offset (MC) ﬁ% .
2 25 . Jet Area (DATA) 5 % ]
D | < JetArea (MC) ogdgtan”
2 ook ooet 3
= - gHa8"® §
o - Q.. |
B 99. |
151 ge" -
n " N
- o 1
B =] i
10— gﬁa —
¥ ¥ .
L 8 i
- o8 i
5_ ﬁi ]
- ]
e Anti-k; R=0.5 PFlow -
0 _.\ L 1| ‘ | ‘ L 11| ‘ L 11| ‘ 1111 ‘ | ‘ L 11| | L 1| \_

O 5 10 15 20 25 30 35

Number of primary vertices

Figure 5.2: PU energy determination from the average offset and hybrid jet area methods for data
and MC as a function of the number of primary vertices. Note that in the plot legend the HJA
method is labelled Jet Area for brevity, but the plot was not done using the simpler Jet Area
algorithm.

granularity, the subtraction is performed particle-by-particle for charge hadrons. Eliminating those
that do not originate from the primary vertex. This reduces the multiplicative factors produced
by one of the other two techniques and introduces the more precise particle-by-particle subtraction
for a good fraction of the constituents of the jet.

The procedure described above closes nicely on data as can be seen from figure that shows
the CMS response R = pi*™* /p%™" (where p&™ is the pr of the generator level jet) before and after
PU mitigation techniques are applied for PF jets. After the corrections the response is close to
1 over two orders of magnitude in jet pr and for 0 < Npy < 30. The residual pr dependence is
eliminated by the additional corrections described in the following sections.
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Figure 5.3: Response, R = p5®™ /p5", versus the MC truth jet pr for PF jets, before PU corrections
are applied (top left), after PU corrections are applied (top right) and after the complete energy
corrections (bottom).

5.3.2 Simulation based relative and absolute corrections

This set of corrections have been designed to take into account known effects due to the detector
design that are correctly implemented in the simulation. Typical examples are the gap between
barrel and endcap, the variation of the HCAL absorber thickness going as 1/sin# and calorimet-
ric thresholds. The simulation is sufficiently accurate not to introduce important uncertainties
together with the correction factors.

The MC samples used for jet energy corrections consist of PYTHIA QCD events, further pro-
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cessed through a full GEANT4 simulation of the CMS detector [158]. Jets reconstructed from the
four momenta of the generated particles (GenlJets) are matched in position (AR < 0.25) to Calo,
JPT and PF jets. First, comparing the response to that in the central region |n| < 1.3 (where
the detector is uniform) a relative factor is extracted, then an absolute correction can be derived
bringing the pr dependence of the response to unity. The two multiplicative correction factors
(Car) are then applied to the four components of the momentum

P¢ = Cuyc (hp,n) P,
Cuc (Pr,n) = Cr(pr.n) Ca (07 % Cr (p751)) (5.3.5)

where p/. is the transverse momentum of the jet corrected for noise and pile-up as discussed in the
previous section. After the calibration a validation test is applied, rederiving the corrections for
the already corrected jets. The agreement with unity is found to be within 2%. Total correction
factors Cyc obtained from the samples described in section are shown in figure [5.4] as a
function of jet n for PF jets with pr=30 GeV and with EF=1 TeV. In general the shape of the
correction factors reflects the calorimeter division in barrel (|n| < 1.3), endcap (1.3 < |n| < 3) and
forward (3 < |n| < 5) sections. Calorimetric jets require in general larger corrections (up to 2 at
low pr), due to the non-compensating nature of the CMS calorimeters.

In the figure we show the comparison between 2012 (blue) and 2013 (red) correction factors.
The small differences are due to the change in integration time in HB and HE (see section ,
the inclusion in the 2013 reconstruction of the preshower detector for 2 < |n| < 3 and an update
in the calibration of HF (relevant for |n| > 3).

5.3.3 Residual data-driven corrections

After MC based corrections are applied the response to a particle level jet is compared to that
obtained from reference processes in data. Residual non-uniformities in n and pr are found. To
account for them an absolute scale correction is derived from Z-jets and ~+jets events in the
central region |n| < 1.3, while the relative n response is determined from dijet events using a pr
balancing technique. The smallness of these additional corrections (at the few % level) justifies
the application of the simulation based factors.

Relative scale

We determine variations of the response in n using dijet events. The two leading jets are required
to be back-to-back in ¢ and one of them must fall into the central region. The central jet is used
as the "tag” jet while the other as the probe needed to determine the relative response

robe ta,
R (nprobe pgrobe) _ 1+ <A> A= p% - - pTg (5 5 6)
T ? ’ robe tag ° o
1—(A4) proC +pr®
The quantity A is averaged over events and R, was found to be the least biased estimator of

the response, as opposed to, for instance ph'°*®/p%* [162]. The response is determined in fine
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Figure 5.4: Jet energy correction factor Cj;¢ derived from simulation as a function of jet n for PF
jets, for pr = 30 GeV (Left) and E=1 TeV (Right). The blue points represent corrections from
2012 while the red ones from 2013 simulation and reconstruction.

(PP°P° 4 pi) /2 (O(10 GeV)) and |n| (O(0.1)) bins. The residual correction is small, as shown
in figure for PF jets, remaining below 2.5% until || < 2.4 and then reflecting the transition
between central and forwards calorimeters at || = 3. The higher relative response at larger values
of |n| is due to higher energies of forward jets compared to the central ones at fixed pr.

Absolute scale

Z+jets and y+jets events provide a well measured object balancing the jet assuming that we can
extrapolate to zero additional event activity. The v+jets sample is selected using single photon
triggers and is known to contain a significant contamination from QCD dijet events with one jet
faking a photon. A series of isolation and identification requirements are applied [162], to insure
that a jet survives only in the limit in which it fluctuates to a single 7° (with 7° — ~+) surrounded
by very low hadronic activity. These fakes have a scale very similar to real photons and are thus
a valid reference object for our calibration purposes. The Z+jets sample is almost pure thanks to
the requirement of two well identified electrons or muons.

The two methods used to determine the absolute jet response are the pr-balance method with

estimator )
et

Ry= " (5.3.7)
Pr

and the missing Ep projection fraction (MPF) method that starts from the assumption that
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Figure 5.5: n-dependent (relative) corrections determined from /s = 8 TeV dijet data for PF jets.

v, Z+jets events have no intrinsic M Ep. In this way any reconstructed M Er is determined by a
mismeasurement of the reconstructed objects

R’Y,Zﬁj:hz + Rrecoﬂﬁj{ecml - _MET . (538)
Assuming Z bosons and photons to be well calibrated (R, z = 1) we have

MEyg - p}?
Rrecoil =1+ T— = RMPF . (539)

(7).
To obtain the single jet response we need to further assume R,..o; equal to the response from the
leading jet. However the method is rather robust against additional hadronic activity and provides
a good calibration also if particles not clustered into the leading jet have a response similar to
the ones inside the jet (or are in a direction perpendicular to the photon or Z axis). The PF
reconstruction clearly helps in this respect since the response to the charged hadrons and to the

photons (that constitute roughly 90% of the jet energy) is identical outside and inside the jet cone,
at least where tracking information is available (|n| < 2.5). However to minimize the impact of
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Figure 5.6: Data/MC ratio of jet responses from the MPF and pr-balance methods, described in
the text, for v+jets events, as a function of the second jet pr divided by the photon pr.

additional hadronic activity both methods have a subleading jet veto described in [162] and obtain
the response extrapolating to pr@i®/pl? = 0, as shown in figure for PF jets. This is crucial
for the pp-balance method. The required extrapolation for the data/MC ratio depends on the
MC samples used. It is rather large for Herwig++ [163] (used for cross-check studies), small for
PYTHIA Z2 (y+jets and dijet), as depicted in figure |5.6{ and negligible for MadGraph+PYTHIA (used
for Z+jets). The MPF method is almost insensitive to additional jet activity, but the py-balance
technique once extrapolated to zero agrees with it.

The result is depicted in figure for PF jets. The values from Z+jets and v+jets samples
are in good agreement and exhibit almost no pr dependence. Overall the correction amounts to
a 1.5% rescaling and suffers from systematic uncertainties due to the difference in fragmentation
models in the reference MC (PYTHIA and Herwig) and to the uncertainty in the propagation of
single particle response to jets. The systematics (yellow band in the figure) reintroduce a mild pr
dependence.
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Figure 5.7: Data/MC ratio for the absolute jet scale correction after combining the MPF and
pr balance methods. The systematic uncertainties are shown as a yellow band. Data points
correspond to three different samples v+jets, Z — ee+jets and Z — pu+jets.

5.3.4 Jet energy scale uncertainties

The uncertainties related to the jet energy scale and its calibration play a crucial role in a number
of CMS analyses and are particularly relevant to our work, since we always require at least 6 jets in
the final state of our new physics search. In this paragraph we describe all sources of uncertainty,
however not all of them are equally important to us since we only count the number of jets above
a 30 GeV pr threshold. Therefore we are mainly interested in the calibration around that value
of jet pr, where PU related uncertainties dominate.

The discussion of jet energy corrections shows that we have an excellent understanding of the
CMS detector and of its simulation, this allows to reduce the total jet energy scale uncertainty
to about 3% for a jet pr of 30 GeV in the central region. The main sources of this error can be
classified into three broad subsets

e Physics modeling in MC generators (showering, underlying event, ...).

e MC modeling of the detector (noise, zero suppression, ...).
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e Biases in the processes that determine the corrections.

These three categories cover more than 16 sources of uncertainties [162]. Several of them are
related and can be grouped into six coarser sets: Absolute scale, relative scale, extrapolation in
pr, PU, jet flavor and time stability. In what follows we briefly describe these six categories one
by one.

The absolute scale determination in data suffers from several small systematic uncertainties:

e The energy scale of the photon and of the leptons is known to ~ 1% [164].

e The y+jets and Z+jets samples do not cover the whole pr range from 10 to 2 x 10® GeV.
Therefore, especially in the high pr region, it is necessary to extrapolate the result relying on
the simulation. The uncertainty in the procedure is determined by the single pion response
and the modeling of the jet fragmentation. For the single pion response the data is found to
be in agreement with the simulation at the 3% level. The impact on the Monte Carlo truth
jet energy scale is estimated by modifying it in the simulation and comparing the jet energy
scale to the one with the nominal settings. This leads to an ~ 1.5% uncertainty at py = 2
TeV for PF jets. The uncertainty in the jet fragmentation modeling is estimated by using
two independent models (PYTHIA and Herwig++), leading to an uncertainty of ~ 4% at pr
= 2 TeV again for PF jets.

e In the MPF method flavor mapping, parton correction, QCD background, secondary jets
and proton fragments all contribute to the uncertainty, especially at low py. For a more
detailed discussion we refer to [165].

The dominant uncertainties in the relative scale determination are due to the statistics and to
the modeling of the resolution bias in the simulation. The latter is caused by the uncertainty on
the jet pr spectrum and the jet energy resolution in the MC. To estimate the effect, the jet pr
slope is varied by £5% and the jet energy resolution by +10%, +20% and +25% for |n| < 1.3,
1.3 < |n] < 3 and |n| > 3 respectively. Furthermore a systematic uncertainty is attributed to the
extrapolation to zero third jet activity.

The PU uncertainty or, more precisely, the uncertainty from the offset correction, gives by far
the dominant contribution for jet pr < 30 GeV. It is obtained using the jet area method, varying
independently p and (pyg) in equation (5.3.4)) and then summing in quadrature the effects from
the two shifts. The event p uncertainty is estimated as 0.2 GeV per unit area and per PU event,
while the typical value of p is around 0.8 GeV. This is based on the maximum slope difference
between the jet area and the average offset methods (and the residual non-closure in the AO
method). The (pyg) uncertainty is estimated as 0.15 GeV per unit jet area, from the differences
observed between two data samples: QCD multijet and Z+jets events.

The different response to different jet flavors becomes a relevant source of uncertainty at
relatively low pr. For PF jets is at most 3% for |n| < 1.3, as can be seen from figure [5.8, where on
the y axis we have the relative variation with respect to the average response. The differences are
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Figure 5.8: Flavor dependence of the jet energy correction in the central region (|n| < 1.3), from
Vs =8 TeV data.

due to the larger gluon color charge and the larger mass of heavy quarks (b, ¢) that cause them
to fragment to an higher number of particles, requiring a larger correction.

The "time stability” uncertainty refers to changes in the JEC over the data taking period. To
account for the effect the corrections were computed separately in blocks of 4-5 runs for all the
triggers, finding a variation < 1%.

The full JEC uncertainty is shown in gray for PF jets, in figure [5.9| as a function of pr in the
central region and as a function of || for pr = 100 GeV. The single components discussed in this
section are displayed separately.

5.4 Jet transverse momentum and position resolution

After the jet energy corrections presented in the previous section are applied we can measure the
jet pr and position resolutions estimating them from MC and collider data. These quantities are
not as crucial to our analysis as the jet energy scale uncertainty, but are relevant to a vast class
of other measurements, such as those of differential jet spectra and to searches where a precise
determination of the tails of the M Er is needed. We briefly discuss them here for completeness
and refer to [142] for more details.
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Figure 5.9: (Left) Jet energy correction uncertainty as a function of pr for |n| < 1.3. (Right) Jet
correction uncertainty as a function of || for pr = 100 GeV.

5.4.1 Transverse momentum resolution

Two methods are used to measure the jet transverse momentum resolution
e The dijet asymmetry method.
e The v+jet balance method.

They both exploit momentum conservation in the transverse plane. The dijet asymmetry technique
uses two descriptions of the jet resolution. The first characterizes the core of the distribution using
a truncated RMS. The second fits the full distribution with a gaussian probability density function.
The v+jet balance method takes the photon as the well measured reference object, using the width
of the py/p). distribution as a measure of the resolution, given in p.. bins.

The asymmetry variable is defined as

1.2
o (5.4.1)
D+ Pr

and was already used in the measurement of the relative jet energy scale correction. Here we are
interested in its variance, that we can write as

o4 = 22: ( apT) o (ph) . (5.4.2)

=1
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If the two jets lie in the same 7 region, thanks to the balancing in the transverse plane we can
write pr = ph = p% and o (pr) = o (pr) = o (p2). This gives

U](JpT) = V20,. (5.4.3)

Clearly this is true in an ideal setting. In a real collision additional soft radiation, extra inter-
actions and the underlying event spoil the balance in the transverse plane. This broadens the
asymmetry distribution, producing asymmetric tails corresponding to a systematic worsening of
the pr resolution. There can also be a jet inbalance, caused by fragmentation, that can push part
of the shower outside of the jet cone. For these reasons the width of the A distribution is the
convolution of an intrinsic component related to the resolution and and imbalance component.

The effect of extra soft radiation is minimized by measuring o 4 in bins of p3. (the pr of the third
most energetic jet in the event) and then extrapolating it to zero. The particle-level imbalance
contribution to the measured jet pr resolution is instead subtracted using the MC: the asymmetry
method is applied to the generated MC particle jets, then the extrapolated particle-level resolution
is subtracted in quadrature from the measurement. The pr resolution, thus measured, is found to
be well parametrized by

7pr) _ \/ sign(N) (ﬁy +S%py 4+ C2. (54.4)

pr pr

N, S and C' are the usual "noise”, ”stochastic” and ” constant” terms in the calorimeters resolution.

The additional parameters (sign(/NV) and M) account for the use of tracking information in the
reconstruction of JPT and PF jets. The full result of the measurement was shown in figure [4.9
for PF jets and /s = 7 TeV data and lies between 15% and 5% in the pr range (50,10%) GeV.
More details on the measurement and a complete list of systematic uncertainties (shown in the
figure as a yellow band) can be found in [142].

Also in the case of y+jets events the method requires an extrapolation to the ideal case of
no additional hadronic activity. So we have an intrinsic component o; of the resolution and an
inbalance term oy, that we can parametrize as

Pt

br
where ¢ represents the irreducible inbalance due to hadronization and photon resolution effects
(among other causes) and it is obtained by fitting the MC using this functional form. p2 is the pr
of the second most energetic jet in the event. To extract the intrinsic resolution o;, we take into
account the fact that the full resolution is a convolution of the two parts and we fit both data and
MC using the functional form

Gron (P2/5F) = \J % + @2 + 2qm (93 /p}) + m2 (5/p})”. (5.4.6)



CHAPTER 5. JET ENERGY MEASUREMENT AND B-JET

Je=8 TaV, L=52 i’ CMS preliminary +J5=8 TeV, L=592 It CMS preliminary +Js=8 TeV, L=52 It CMS preliminary
r T - r T . r ]
B PFJets h r PFJets b r PFJets 1
03 0<ml<05 (Anti-k R=05) - 0ar 1< <15 (Ant-k R=0.5) - 03 15< [ <2 (Antik_R=D5) ]
.I.f' [ ||.)' [~ ||.|" [~
£ I £ I £ F
= + —&— Asymmatry (MG} e F —&— Asymmetry (MG} e + —e— Azgymmetry (MG)
02 B— Asymmatry [Data) - F 02~ B— Asymmetry [Data) — g o2~ B— Asymmetry (Data) —
5 5 5
= & - & @
& - o g = )
- N i S = £ o1 x“'*xa . S oip “S--H_ -
L e g g -2 g . 1 I T X X i
= 's—a-ﬁ—u:—ﬁ_é_c: ey S o] C -“_'0——&_%_&_! b4 ]
=z ' ] ] S " ] = 2f ] ;
L S RS Y O I C TR SRR LA 3 ¥ S S g, +¢¢+H1
i° Ik . : 2" 8K : " 8K ki
70 100 200 300 400 10 TO 100 200 300 400 1000 7O 100 200 300 400 1000
p, [GeV] P, [GeV] P, [GeV]

Figure 5.10: PF jet pr resolution, as a function of the jet py for three different n bins. Right:
0 < |n| < 0.5, Center: 1 < |n| < 1.5 and Left: 1.5 < |n| < 2. The blue points represent the result
on the MC and the red ones on data.

As for the asymmetry method we refer to [142] for more details and a list of systematics.

The result of the asymmetry method for 8 TeV data and PF jets is shown in figure for
three different 7 bins (0 < || < 0.5, 1 < |n| < 1.5 and 1.5 < |n| < 2) as a function of the jet pr,
both in data and MC. The resolution is almost independent of || in this region that is completely
covered by the tracker.

5.4.2 Position resolution

The jet position resolution in ¢ and 7 is derived from simulation and a validation on data is then
performed for Calo jets. We use a PYTHIA QCD dijet sample at /s = 7 TeV, matching Gen jets
(used as a reference) with the loose requirement AR < 1.0 for the closest match. Furthermore
only the two leading jets are considered and only in events with A¢ > 2.0 between them. These
requirements are purposefully loose, in order not to introduce a bias in the resolution through the
spatial matching.

The resolution is measured from the distribution of An* = () — Ngen) SigN(Ngen) and A¢* =
® — @gen. Bach of the two distributions is evaluated in bins of pr and 1 and is composed of
a Gaussian core and small exponential tails. The sign(nye,) dependence accounts for a small
asymmetric offset while binning in |7gen |-

The width of the Gaussian core of the distributions is taken as a measure of the resolution
and the results are shown in figure for PF jets. Particle Flow is the reconstruction algorithm
that gives the best resolution and not surprisingly all the jets that include tracking information
perform much better than calorimetric jets.

In order to validate the MC results we study the relative An and A¢ of Calo jets with respect
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Figure 5.11: 7 (Left) and ¢ (Right) PF jets resolutions obtained from MC simulation as a function
of generated jet pr. Source [144]

to track and PF jets in data. We use a dijet sample collected at /s = 7 TeV in the first 8.4 nb™!
of data. The matching is the same described above for Gen jets, but the reference object in this
case are the track and PF jets and the comparison is performed only for |n| < 0.5. PF jets are
partially correlated to Calo jets, but comparing their relative position measurements supports
the validation performed with track jets, since PF jets have the best position resolution. This
procedure shows a good agreement with the MC based result [I42]. This concludes our discussion
of jet energy corrections and jet resolutions inside CMS and we can turn to the study of b-tagging
techniques.

5.5 b-jet identification

The bottom quark long lifetime, large mass, abundant semileptonic decays and hard momentum
spectra of daughter particles are all characteristics that enable CMS to distinguish between jets
originating from a b meson and the overwhelming background from gluon and light (u, d, s and
to a lesser extent c) jets. The procedure of identifying b-jets is labelled b-tagging and it is an
extremely valuable tool for a number of physics analyses. In this section we review the main
algorithms used by CMS for b-jet identification and their performances.
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5.5.1 Samples

All the results in this part of the chapter are the latest available and were obtained using 2012
Vs = 8 TeV data, excluding two illustrative plots showing the tagging performances on the MC
generated at 7 TeV. The 7 TeV MC samples were generated with PYTHIA 6.424 using the Z2
tune. All generated events were passed through the full simulation of the CMS detector based on
GEANT4. In p-enriched QCD samples each generated event has to contain at least one generator
muon with pr > 5 GeV and |n| < 2.5.

The 8 TeV efficiency results from muon-jets samples are based on the first 16.7 fb™! collected
with CMS during the 2012 run. The triggers used to select the data are dedicated b-tag calibration
triggers which require two jets with a minimum p7 and at least one muon associated to one of the
jets. The jet pr thresholds go from 20 two 300 GeV, while the muon py cut was kept constantly at
5 GeV. The events from these triggers are collected in the BTag primary dataset. The simulated
events were generated in analogy with the 7 TeV samples.

The events used to measure efficiencies from tt events were collected using single lepton and
dilepton triggers and correspond to the first 17 fb™' of 8 TeV data. They are part of the
DoubleElectron, DoubleMu, MuEG and SingleMu datasets. Single muon triggers include isola-
tion requirements and have pr cuts going from 17 to 24 GeV. Double letpon triggers include
isolation requirements and for electrons identification requirements. They have thresholds of 17
GeV on the leading particle and 8 GeV on the subleading one. The tt, tt + V, W+jets and
Drell-Yan+jets MC samples were generated using MadGraph while the single top (including W
production) samples were generated with powheg [166]. The tau-lepton decays were handled with
TAUOLA (v.27.121.5) [I57]. The PU reweighting of the MC events is performed in the same way
described for jet energy corrections studies in section [5.2]

5.5.2 The basic physics objects

The fundamental building blocks of the b-tagging algorithms are tracks reconstructed by the CMS
silicon detector. The particles trajectories are reconstructed by a standard Kalman-filter algorithm
described in [167], where the tracking performance in pp collisions is also discussed. The tracks
employed by the b-tagging algorithms must satisfy several purity requirements:

® D > 1 GeV.

At least eight hits in the silicon layers should be associated with the track.

A good fit of the trajectory is required (x?/d.o.f. <5).

At least two hits must be present in the pixel detector, since it is the one providing most of
the discriminating power given the b quark lifetime.

dyy < 0.2 cm and d, < 17 cm. The two quantities are defined as the transverse and
longitudinal distances of the track to the primary vertex at the point of closest approach in
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Figure 5.12: Schematic representation of the distance of closest approach of a track to the primary
vertex and to the jet axis. In red is shown the impact parameter (IP) of the track.

the transverse plane. This reduces both the fraction of badly reconstructed tracks and the
contamination from the decay products of long lived u, d, s mesons.

Following this selection based on intrinsic properties of the track, the matching to a jet is performed

if
e The track is contained in a cone AR < 0.5 around the jet axis.

e The distance of closest approach of the track to the axis is < 700pum. Tracks originating from
B-hadrons have a distance of order 100 ym. Large impact parameter tracks are typically
fake tracks, badly measured tracks or tracks from pile-up events.

e The point of closest approach is within 5 cm of the primary vertex.

Every time we refer to a jet in this section we refer to a Particle Flow jet clustered with the anti-kp
algorithm with cone parameter R = 0.5 to which the energy calibration procedure described in
the previous sections has been applied. The jet axis is defined by the primary vertex and the
direction of the jet momentum. The point of closest approach of the track to the vertex is defined
in three dimensions and so is the distance of closest approach of a track to the jet axis. They are
depicted schematically in figure [5.12]

While listing the selection criteria we have relied on an intuitive notion of primary vertex (PV),
but a more precise definition is necessary. PV candidates are selected by clustering reconstructed
tracks using the z coordinate of their closest approach to the beam line. An adaptive vertex fit,
described in [167], determines the vertices positions. A this point the PV candidate with highest
> (p%‘iaCk)Q is identified as the primary vertex, where the hard interaction took place.

Another key ingredient of b-tagging techniques are secondary vertices. The procedure followed
to identify them is influenced by the presence of PU interactions. For this reason we apply a
second set of requirements to tracks participating in the reconstruction of secondary vertices

e The track is contained in a cone AR < 0.3 around the jet axis.
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e The track has a maximal distance to the jet axis of 0.2 cm.

e The track passes the high purity selection defined in [167]. The selection procedure combines
normalized y? of the track fit, the track length and impact parameter information to optimize
the purity in track reconstruction.

Using this subset of tracks in the event the adaptive vertex fit algorithm [167] identifies secondary
vertex candidates. Once the position is estimated a weight between 0 and 1 is assigned to each
track. Tracks with weight < 0.5 are discarded and the adaptive vertex fit is performed iteratively
until no new vertex candidate can be found.

The impact parameter of the tracks (IP) was not used in their selection, but is a third valuable
ingredient for identifying b-quarks. It is calculated in three dimensions and its sign is determined
from the scalar product of the vector pointing from the primary vertex to the point of closest
approach with the jet direction. In this way tracks originating from the decay of particles traveling
along the jet axis will tend to have positive IP values. Since the IP is very sensitive to the py and
n of the track, the key tagging observable is the IP significance (the ratio between the IP and its
estimated uncertainty). The IP significance is measured in three dimensions thanks to the high
resolution of the pixel detector along the z coordinate. The precision in z is inferior with respect
to the one in the transverse plane, but by using the 3D significance the uncertainty is not inflated
as the measurement errors are correctly taken into account. The point of closest approach of the
track to the primary vertex is better computed in this way, since the distance minimization is
performed in full 3D space, making this method more powerful and not equivalent to separate
minimization in the transverse and longitudinal planes.

We show in figure properties of the tracks after the baseline selection (i.e. no further
requirements used for the secondary vertices reconstruction are imposed) where the cut on the
plotted variable is not applied. The agreement is generically good between data and MC.

The gluon splitting category is treated separately since bb pairs originating from a gluon tend
to be produced with a small opening angle and can be merged by the clustering algorithm.

As mentioned above, in addition to track properties also the properties of the secondary vertex
are used as an input to the tagging algorithms. In particular the flight distance and direction,
based on the vector between primary and secondary vertex, the track multiplicity, the mass and
the energy. In figure we show the significance of the flight distance and the mass of the
secondary vertices. Also in this case we find a good agreement between data and MC.

This concludes our description of the basic observables needed by b-tagging algorithms. How-
ever before turning to the algorithms themselves it is appropriate to notice that the tracker
alignment and the PU distribution both have an impact on b-tagging. The tracker was aligned
using both cosmic rays and minimum bias collisions in 2010 [168] [169]. Its movements have been
constantly monitored ever since. The sensitivity of b-tagging to misalignment was studied on a
simulated tf sample and found to be unaffected by deteriorations with the magnitude observed in
2011 and 2012 [170].

Turning to PU, additional interactions in the event increase the total number of tracks, but our
track selection criteria are effective in rejecting tracks from extra soft scatterings. In particular
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Figure 5.13: Tracks properties after the selection described in section m (excluding the cut
on the plotted variable): (Top Left) Number of pixel hits, (Top Right) distance to the jet axis,
(Bottom Left) Impact parameter and (Bottom Right) significance of the impact parameter. The
overflow bin is included in all histograms and the MC distributions are normalized to the yield
in data. Different colors in the histogram stacks correspond to different jet flavors identified from
the MC truth information.

thanks to the requirement on the distance with respect to the jet axis. This selection criterion
keeps basic tracking observables stable versus the number of reconstructed PV and insures that
the b-tagging performances are only marginally affected [170].

5.5.3 Tagging algorithms

The CMS tagging algorithms can be broadly characterized as belonging to one of two classes:
[P-based and secondary vertex based. In the first category we have the Track Counting (TC), Jet
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Figure 5.14: Secondary vertices properties: (Left) the significance of the flight distance and (Right)
the mass. For secondary vertices passing the selection described in section [5.5.2

Probability (JP) and Jet B Probability (JBP) algorithms. We start by describing the TC algorithm
and then proceed in order of increasing complexity. In the TC procedure tracks are sorted by
decreasing value of IP significance. The ranking biases the first track to have high positive values
of the IP significance, but to have several tracks with this properties is rare for light flavor jets.
For this reason the two variants of the algorithm Track Counting High Efficiency (TCHE) and
Track Counting High Purity (TCHP) use as value of the discriminant the IP significance of the
second and third track in the ranking, respectively.

The JP and JBP algorithms exploit the information from all the tracks associated to the jet,
by using a likelihood of the form

Nt Nt log (T[4 max (P, 5 x 107%))
Py = — H max (B—,5 X 10_3) ' , (5.5.1)
n.
=1 n=0

where P; is the estimated probability of track ¢ to originate from the PV. The P; are constructed
from the probability density functions for the IP significance of prompt tracks [I71]. These func-
tions are extracted from data for different track quality classes, using the shape of the negative
part of the IP significance. The cut-off at 5 x 1073 limits the impact of poorly reconstructed
tracks.

The JP and JBP discriminators are proportional to —log Pie¢. The difference between the two
algorithms resides in the fact that the JBP technique assigns an higher weight to tracks with
higher TP significance, doing it for up to four tracks (the average number for b-hadron decays).
The shapes of the TCHP and JP discriminators are shown in figure[5.15/and are in good agreement
between data and MC.

The second class of taggers uses the presence of a secondary vertex and its properties. To en-
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Figure 5.15: Discriminator distributions for: (Left) TCHP and (Right) JP taggers. The disconti-
nuities in the JP discriminator are due to the 5 x 1073 cut-off on track probabilities discussed in
section [0.0.9f

hance the b purity of the sample a series of requirements is applied to secondary vertex candidates
before feeding them to the algorithm

e Secondary vertices must share less than 65% of tracks with the primary vertex.

e The significance of the radial distance between PV and secondary vertex must be larger than
30.

e Secondary vertex candidates with a radial distance of more than 2.5 cm from the PV are
rejected if their mass is compatible with the K° mass or it is larger than 6.5 GeV.

e The flight direction of the secondary vertex must be within a cone of AR < 0.5 around the
jet direction.

The simplest algorithm, defined on this selected sample of secondary vertices, uses the significance
of the flight distance, shown in figure as the discriminator. We denote this algorithm as the
Simple Secondary Vertex (SSV) tagger. Its High Efficiency version takes into account vertices
with at least two associated tracks, while the High Purity variant requires at least three tracks to
be associated to the vertex.

The second tagger that relies on secondary vertex information is the Combined Secondary
Vertex (CSV) tagger. It consists of two likelihood ratios built from the following variables:

e 2D flight distance significance.

e Vertex mass.
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Figure 5.16: Discriminator distribution for the CSV tagger.

Number of tracks associated to the vertex.

n of the tracks at the vertex with respect to the jet axis.

Ratio between the energy of the tracks at the vertex with respect to all jet’s tracks.

Number of tracks in the jet.

3D IP significance for each track in the jet.

2D 1P significance of the first track that raises the vertex invariant mass above 1.5 GeV
(charm threshold). The tracks are ordered by decreasing IP significance.

It also takes into account the vertex category, that depends on whether the event has a well
reconstructed secondary vertex, just tracks with an IP significance > 2 that can be combined into
pseudo vertices or no vertex at all. In this way the CSV algorithm is not limited by the secondary
vertex reconstruction efficiency and can revert to track-based observables combined as in the JP
algorithm if needed. The CSV discriminator is shown in figure [5.16|

Before concluding this section, a final remark on conventions is necessary: for each tagger three
operating points are defined, Loose (L), Medium (M) and Tight (T), corresponding to mistag rates
of 10%, 1% and 0.1% respectively. In the following we refer often to this definition.
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5.5.4 Tagging efficiency from muon-jets events

The tagging algorithms described in the previous section make extensive use of track related
physics objects, combining them in non-trivial ways. Therefore their efficiency depends crucially
on running conditions, event topology, jet pr and jet n. The relations between these ”high-level”
event properties, the tracking observables and ultimately the b-tagging efficiency are complex and
their correct reproduction in the simulation can not be simply inferred from the good agreement
shown in the previous section for "low level” observables.

Furthermore the precise determination of the b-tagging efficiency and the mistag rates (the
probability of tagging a light jet as originating form a b quark) is crucial to many analyses that
exploit the b content of the signal to reduce the SM backgrounds. Two examples are the searches
for h — bb and the searches for natural SUSY.

For these reasons CMS measures tagging efficiencies from data in different samples, producing
Data-MC Scale Factors (SF), used by the analyses to correct the simulation efficiency. The main
techniques currently used on muon-jets events are: the pif' method, the System8 method, the
IP3D method and the reference lifetime tagger method. In this section we describe the different
methods for muon-jets events, in the next one we discuss the techniques used on tf events. Finally
we present the results collectively in section [5.5.6, The mistag rate is evaluated separately from
the negative tag information as specified in section [5.5.7

The pi¥' method

The pi¢! technique takes advantage of the relatively large b quarks semileptonic branching ratio,
by selecting a sample containing one jet with a muon inside the cone. The shape of the pr of
the muon relative to the jet axis is then used to discriminate between b-jets and light jets. The
effectiveness of the method rests on the fact that muons originating from b-quarks tend to have a
larger 5! because of the larger b mass.

The p! method is applied to a data sample selected using dedicated b-tagging commissioning
triggers and PYTHIA QCD events, enriched by requiring at least one generated muon with py > 5

GeV and |n| < 2.5, as discussed in section [5.5.1] The offline selection proceeds as follows:
e Two PF jets with pr > 20 GeV and || < 2.4 are required.

e One Global Muon [I72] (see also section [6.3.2) with at least one valid muon hit, more than
one matching segment in the muon chambers and x?/ndof < 10 must be present.

e The muon must have pr > 5 GeV and |n| < 2.4.
e The muon inner track must have > 10 tracker hits, > 0 pixel hits and x?/ndof < 10.

e The z-distance between the point of closest approach of the muon track to the selected
primary vertex must be < 1 cm.
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Furthermore the muon must be within AR = 0.4 of the associated jet axis and the other jet in
the event must be tagged using the medium working point of the TCHP algorithm and must have
a pr high enough not to introduce biases from the triggers.

After the selection, aimed at obtaining a relatively pure bb sample, the second step of the
method consists in extracting the pi! templates from the MC. Different flavors are distinguished
by associating partons within a cone of R = 0.3 around the jet axis, with the priority being:
first b, followed by ¢ and eventually by light (udsg) jets. Only 1% of the jets remains without
association. The shape of the templates and a comparison with the data p%' distributions is shown
in figure for jets that pass and fail the JP losse working point selection (JPL). The figure
shows the higher pi! of b-jets and the good discrimination power of the JP algorithm.

The relative fractions of b and light jets in the figure are obtained with a template fit to
the data distribution, performed using the TFractionFitter class of ROOT [I73]. Two fits are
performed separately for tagged and untaggedﬂ jets, yielding the relative fractions flfl and flf,]l
respectively. Then the b-tagging efficiency is simply given by

N
b=
fl;[NT‘FbeNU

(5.5.2)

where N7 are the total number of events in the two samples. The reliability of the fit was tested
on pseudo experiments in 2011 [I74], the true efficiency agrees with the one obtained from the fit
within less than 0.1%.
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Figure 5.17: Fits to the muon pi! with summed b and non-b templates. Left: For jets tagged with
the JP algorithm (loose working point) and Right: For jets that do not pass the medium working
point cut on the JP discriminator. The jet pr is between 80 and 120 GeV and |n| < 2.4.

Other than the fit closure there are several other systematic effects that must be taken into
account. First, as discussed above and shown in figure |5.17, a common template for ¢ and light

2Here and in the following we indicate with “untagged” the jets that do not pass the cut on the tagging
discriminator and not the full sample, given by the sum of tagged and untagged samples.
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jets is used in the fit. To account for the uncertainty on the relative fraction of ¢ and light jets
in the MC, we vary the predicted ratio by +20%, repeat the fit and take the variation in the
results as a systematic uncertainty. Another source of error originating from the simulation is the
modeling of the fraction of gluon splitting events yielding a bb pair. This number is varied by 50%
and then the fit is repeated on the modified sample, taking the deviation as a systematic error.

Also the event selection introduces biases in the efficiency measurement, that are accounted for
by repeating the fit with different muon py thresholds (up to 9 GeV) and with different away-jet
taggers (TCHEL and TCHEM instead of TCHPM).

Finally, running conditions have an impact on the b-efficiency measurement that is determined
by changing the average value of PU taken from data by 10% and repeating the fit with template
distributions reweighted accordingly.

The System8 method

The System8 method extracts from data eight quantities related to tagging efficiencies that are
then computed by solving a system of eight linear equations. The sample used is selected in the
same way as in the pi! method, taking advantage of a muon inside a jet and an away-jet tag. Four
of the eight quantities used by the System8 are properties of the muon jets:

e The number n of jets containing a muon (see the pi! definition) in the sample, giving the

overall normalization.
e The number n'¢ of tagged muon jets.
e The number nP'® of muon jets with p%' > 0.8 GeV.

e The number n'?8PRel of muon jets that satisfy both criteria above.

The remaining four quantities are the equivalent numbers for the away-jets, which we label
p, ptae, pptRel ptagiptRel  The tageing algorithm used for the away-jets is the TCHP one as in
the pi! case, but the loose working point is adopted.

The eight unknowns extracted from the eight observables listed above are the number of b

and c+li ets in the samples, ny 4 and py o, the efficiencies of the pi& > 0.8 GeV cut an e
d c+light jets in th 1 « and py 4, the efficiencies of the pi' > 0.8 GeV cut and th
efficiencies of the tagging algorithm on b and c+light jets: (ezafl, elgtc?el) We can relate these

unknowns to the measured quantities using the eight equations

no= ny+ N,
= Db+ Pa,
no = Nyt €qNe ,
P = Bepy+a‘eypa,
tag;ptRel __ n tag ptRel n tag ptRel
tag;ptRel __ p tag ptRel p tag ptRel
p = BPe ey Tpp+afeg®el “pa, (5.5.3)
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where i = tag, ptRel and we introduced the eight factors o and 3. The first four, af, 8¢, allow
for differences in efficiency between muon-jets and away-jets. The second four, a™P, 5P, account
for the correlation between the tagging and pi¢' cuts. These factors are determined from simula-
tion and are all found to be of O(1). The system of equations is solved numerically, obtaining
simultaneously the tagging efficiencies and flavor compositions of the muon jets and away-jets
samples.

Most of the systematics effects are the same as in the case of the pi' method with the excep-
tion of the uncertainty on the fraction of ¢ and light jets in the MC. Two additional sources of
uncertainty must be taken into account. First the effect of the cut on the muon pi¢': it is varied
to 0.5 and 1.2 GeV, the correlation factors are computed again and the system of equations is
solved, taking the largest deviation as a systematic uncertainty. The second test that is performed
is a closure on the MC, comparing the System8 efficiencies with the MC truth efficiencies. The

disagreement is found to give a negligible systematic correction.

The IP3D method

The IP3D method closely follows the pi! technique, substituting the template fit to the pi! with
a template fit to the impact parameter of the muon track, calculated in three dimensions. In
this case b-jets tend to have larger values of the IP. This method was introduced because the
p5! separation starts to be insufficient for jet pr larger than 120 GeV. On the contrary the IP
starts providing a good separation in that regime. The variable entering the fit is log|IP| as
shown in figure for the CSVM working point. The systematic uncertainties associated to the
method are the same discussed for the pi! case. The IP distribution is strongly correlated with
the distributions of the IP-based taggers, to a lesser extent this is true for all taggers and also
for the pt! distribution. However to determine the relative fraction in data of b, ¢ and light jets
it is impossible to use a variable that is completely uncorrelated to the taggers. For this reason
it is always implicitly assumed that the MC well reproduces this correlation and that the shapes
of b, ¢ and light templates, taken from simulation, are reliable both before and after the cut on
the tagger discriminator. This assumption is inherent to all the methods, including the System8

technique, where it is hidden in the correlation factors o and .

The reference lifetime tagger method

Also the lifetime tagger technique falls into the category of template fits. In this case the distri-
bution of the JP discriminator is used to determine the fraction of b, ¢ and light jets in the data
sample. The JP tagger has the advantage to provide a good discrimination between the shapes of
the templates also at pr > 200 GeV. Furthermore it can be calibrated using tracks with negative
IP significance directly on the data [I70]. Last but not least the JP discriminator is defined also
for jets that have only one selected track with positive IP significance. This makes it very efficient
on real b-jets, especially at high pr.

The template fit determines the relative fractions f, ., as in the pi! case, separately for tagged
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Figure 5.18: Fits to the muon track IP3D with summed b, ¢ and light templates. Left: For jets
tagged with the CSV algorithm (medium working point) and Right: For jets that do not pass the

medium working point cut on the CSV discriminator. The jet pr is between 80 and 120 GeV and
In] <24

and untagged jets. This information is used to compute the tagging efficiency as

Cyfy Nr

5.5.4
bUNU+beNT ( )

€p =

where C}, is the fraction of b-jets for which the JP discriminator is defined (taken from the sim-
ulation). It goes from 0.91 for pr = 20 GeV to 0.98 for pr > 50 GeV. We have used the usual
notation where 7" = tagged and U = untagged.

The events on which the measurement is performed are selected following the pi! method
requirements. In this case, however, no away-jet tag is imposed for events with a muon jet and
a separate sample with no requirements on the presence of a muon jet is also studied. In this
inclusive sample one of the jets must be tagged with JPM to increase the b-purity.

The method has the obvious disadvantage that it can not be used to determine the efficiency
of the JP and JBP taggers. However the problem is easily solved by using the CSV discriminator
(also defined on ~ 90% of jets). To determine the bias thus introduced the CSV discriminator
is used also to determine the efficiency of the TC algorithms, which is then compared to the JP
determination. This allows to correct the JP scale factors for the bias that ranges from 0-2% to
6 — 9% going from loose to tight operating points.

The systematic errors affecting the measurement consist of PU, gluon splitting and muon pr
effects already discussed for the p' method, plus three other sources of uncertainty characteristic
of this technique. The fraction C} of jets for which the JP discriminator is defined has an associated
uncertainty of O(3%) and computed separately for each jet pr bin in which the fit is performed.
The second effect that is accounted for as a systematic uncertainty is the difference between the
SF measured in the muon jet and inclusive jet samples. If the statistical error on the inclusive jet
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sample SF is larger than the difference, this statistical error is used as a systematic uncertainty.
The last source of uncertainty affects only the JP and JBP scale factors and it arises from the
uncertainty on the bias correction factors from the CSV fit. This error is taken to be the difference
between 1 and the correction factor (computed as the ratio between the SF, for the TC algorithms,
determined with the JP fit and those determined with the CSV fit).

5.5.5 Tagging efficiency from ¢t events

As stated before in the course of the chapter, tagging algorithms are complex objects with several
moving parts in non-trivial relations with each other. They are much more sensitive to the
topology of the event with respect to lepton, photon or even jet identification techniques. For
this reason it is worth to measure the tagging efficiency on different data samples. The natural
candidate other than muon-jets events are tf events. The reason is mainly their abundance at
the LHC, which makes them both a statistically viable sample and an important background for
new physics searches. A second quality of this sample is the py range of the b-jets that covers an
interval relevant for many searches, distributed around 80 GeV.

In this section we briefly describe four techniques used in tf events to measure tagging efficien-
cies, while we show the results in the next section, comparing them with the muon-jets results.
The techniques we discuss are: the Flavor Tag Matching (FTM), the Flavor Tag Consistency
(FTC), the JP template and the bSample methods.

The events used for the measurement fall into two different categories. The lepton+jets chan-
nels, used in the bSample method, are composed of events containing one isolated muon with
pr > 25 GeV and || < 2.1 or an electron with pr > 32 GeV and |n| < 2.5, at least four jets with
pr > 40 GeV and |n| < 2.5. The FTC method is applied to events with one isolated pr > 30 GeV
and |n| < 2.1 muon (additional muons and electrons are rejected), two leading jets with pr > 70
GeV and 50 GeV, respectively and M Ep > 20 GeV. The dilepton channels, used in the FTM and
JP template methods, contain events with isolated, oppositely charged leptons with pr > 20 GeV
and |n| < 2.5, at least two jets with pr > 30 GeV and |n| < 2.5. Furthermore M Er > 40 GeV
is required for events with same flavor leptons. To reduce the Drell-Yan (DY) and heavy-flavor
resonances background two requirements on the invariant mass of same flavor leptons are imposed:
my > 12 GeV and events with 76 GeV < my < 106 GeV are discarded.

Without any b-tagging requirement the ey dilepton sample contains roughly 88% of tt, while
the ee and ppu are composed at 68% of ¢t events. The purity of the single lepton samples is lower,
around 60%.

There are systematic uncertainties common to all methods that we outline here. The uncer-
tainty due to the MC modeling of the underlying event is estimated by comparing results between
a sample generated with the PYTHIA Z2 tune to that with the D6T tune [I75]. The effect due to
the scale used to match clustered jets to partons is estimated by varying the pr matching threshold
by factors of 2 and 1/2. Renormalization and factorization scales uncertainties are also computed
using samples with the scales varied simultaneously by a factor of 2 and 1/2. The PDFALHC pre-
scription [I76] is followed to obtain the uncertainty on the parton distribution functions (PDF).
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The last uncertainty arising from the MC simulation is related to the relative composition of sim-
ulated samples. The fractions of the different background species are varied with respect to the
tt signal and each other.

There are also several effects arising from our imperfect knowledge of the detector. The jet
energy scale and resolution effects have been discussed in the first part of this chapter. To a
lesser extent also lepton energy scale effects enter in the error determination. The error on the
trigger and lepton identification efficiencies is also taken into account. Finally to model the PU
uncertainty, the average value of the distribution is varied by +10%.

In the following we briefly describe the FTC, FTM and bSample methods. The JP template
method is identical to the reference lifetime tagger method described for u+jets events, with small
technical differences in the implementation that are not relevant for this work. The most notable
one being the fact that the JP and JPB scale factors are not measured on tt events.

The flavor tag consistency method

The FTC method exploits the known dependence of the number of expected tagged jets on the
tagging efficiencies

- i i~ i i—j' K’ k—k'
[in = LatteZ;Fiiji,J,,k, [C’Web (1—e) " Cied (1— €.V 7 Crwer (1—«) . (5.5.5)
1/7]7
where L is the integrated luminosity, o, is the ¢t production cross section and e the selection
efficiency of the lepton+jets sample on which the method is applied. The factors Fj;, are the

fraction of events with ¢ b-jets, j c-jets and k light jets, derived from simulation. The sum ) is
restricted over values of the primed indexes smaller than the corresponding non-primed index and
on i + j' + k' = n. Finally the factors Cj; are just the binomial coefficients

Ch — < ’ ) | (5.5.6)

The b-tagging efficiencies are then obtained from a maximum likelihood fit to

L==2log [[P (N pn) (5.5.7)

where N° (y,,) is the number of observed (expected) events with n b-tagged jets. The tf cross
section is treated as a free parameter in the fit and the result is consistent with the CMS published
values [177, 178, [179]. The ¢ and light jet tagging efficiencies are taken from the simulation and
corrected for the data/MC scale factors.

The uncertainty from the fitting procedure is determined using pseudo-experiments where the
number of signal and background events are generated using Poisson statistics with mean values
the number of expected events in each channel. Events are then randomly chosen in the simulated
samples. The difference of the efficiency obtained from the new fit and the nominal one is taken
as a systematic uncertainty. Other sources of errors are common also to the other methods and
were described at the beginning of this section.
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The flavor tag matching method

Also in this case an analytical estimate of the number of expected b-tagged jets is constructed,

fin = > Pk, (5.5.8)
k

where ny, is the observed number of events with k jets and the sum extends over all jets. P, is
the probability to have n tags in a k jets sample. The P,;, are constructed as a product of tagging
efficiencies and misassignement probabilities «; that correspond to the probability that ¢ jets from
the tt decay have been reconstructed and selected. For two jets we would have

2 ' . &,i=0
Pip=) Py, Ph=1{ 2q6,i=1 (5.5.9)
i=0 €, i=2

where €, are the tagging efficiencies for b (light=udsgc) jets. From the p,,’s is easy to construct

a likelihood
L (Gb) = H P (N;sta Mn) H g (ai7 dh Uai) g (€l7 él, 061) > (5510)

where G denotes the gaussian distribution. A maximum likelihood fit to dilepton events is then
used to determine the b-tagging efficiencies.

The central values and uncertainties on the light jets tagging efficiencies are derived from simu-
lation. The misassignement probabilities are determined from data using the tails of the invariant
mass of the lepton-jet pairs that for b-quarks from ¢t decays have an endpoint at \/m; — m¥;.
The extraction method is described in detail in [I80] and is used independently in each dilepton
channel and each jet-multiplicity bin. The procedure is checked and found to be unbiased with
MC pseudo-experiments.

The relevant systematic uncertainties have been described at the beginning of this section. To
assess them the misassignement probabilities and mistagging efficiencies are recomputed on the
different MC samples (varying the matching scale for instance) and the fit is repeated. In this
way all MC-based uncertainty are taken into account. The main uncertainties arise from the MC
factorization scale, and to a smaller extent, the jet-parton matching threshold.

The bSample method

The measurement is performed on a b-enriched sample selected from the lepton-+jets sample.
First, partons are matched to the four leading jets, minimizing the >

2 2
= (mbqq ~ mt) 4 (mqq — mW_) : (5.5.11)
Ot ow

where the mean masses and uncertainties are obtained from a fit to the ¢t simulation. In this
way we have a complete description of the event topology. Subsequently a b-candidate sample is
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produced by considering the jet that together with the lepton reconstructs a top candidate. In
this sample there is still an high contamination from non b-jets. Therefore it is further subdivided
in a b-enriched and b-depleted subsamples, based on the lepton-jet invariant mass, that in the
first case is required to be 80 GeV < my; < 150 GeV while in the second 150 GeV < my; < 250
GeV. Finally the efficiency is determined from the discriminator distribution for the true b-jets
Dy, given by the discriminators in the two subsamples

Dy = D™ — F . DgeP! (5.5.12)

The factor F', indicating the ratio between the contamination from non-b jets in the b-enriched
and b-depleted samples is computed from simulation and is found to be ~ 1.3.

A subtlety of the method is the correlation between m;; and the jet pr that in turn introduces a
correlation between the discriminator distribution and m;;. To correct for it the jets are reweighted
according to their pr.

Other than the uncertainties common to all methods, an error of 0.5% is due to the choice
of the boundaries of the b-depleted region. The closure test of the method on the MC gives a
systematic error dominated by statistics in the samples of O(3%) for the loose operating points.

5.5.6 Tagging performances

The performances in simulation of the algorithms described in the previous sections are depicted
in figure . The results in the figure were obtained using /s = 7 TeV MC The typical tagging
efficiency for loose working points (mistag rate = 10%) is around 80 — 85%. For medium working
points it falls in the range of 60 — 70% while for tight ones it is around 45 — 55%. For medium
and tight selections the CSV algorithm displays the best performances and is slightly outclassed
by JBP for the loose operating point. The efficiency of c-tagging is generically higher than the
mistag rate tout court due to common properties of the ¢ and b hadrons (relatively high mass,
fragmentation functions, ...). The typical values of c-tagging probabilities are around 1/5 of the
b-tagging efficiency.

The tagging performances in data are updated every year. The results remained relatively
stable going from the /s = 7 TeV to the /s = 8 TeV running conditions as can be seen from
tables and for two different pr ranges. The SF exhibit a dependence on the jet pr and n
and have been measured in bins of these two quantities. A sample py dependence for |n| < 2.4 can
be seen, for muon-jets events and the CSVM working point, in figure[5.20f A comparison between
different taggers is instead shown in figure [5.21] for measurements performed on £ events. From the
plots and tables we can conclude that the MC reproduces the data within 2% for loose operating
points, 3% for medium ones and 6 — 8% for tight ones, that the results of tagging efficiencies all
agree within the error also across different samples and that typical uncertainties on the SF range
between 2% and 5%. The combined scale factors from different methods are obtained from a
weighted average that takes into account the full covariance matrix of the uncertainties following
the BLUE technique [181].
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CMS 2011 simulation preliminary, Vs = 7 TeV

CMS 2011 simulation preliminary, Vs =7 TeV
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Figure 5.19: Performance curves obtained from simulation for the b-tagging algorithms described

in the text. Left: mistag rate versus b-tagging efficiency. Right: c-tagging versus b-tagging
efficiencies. Figures taken from [170].

Tagger  SF, muon jets + t¢ (2012) SF, muon jets (2012) SF, muon jets (2011)
CSVL 0.979 £ 0.016 0.969 £ 0.022 0.985 £ 0.016
JPL 0.976 + 0.024 0.976 + 0.024 0.990 £ 0.026
CSVM 0.966 £ 0.025 0.961 + 0.027 0.949 £ 0.019
JPM 0.967 + 0.034 0.967 + 0.034 0.923 £0.031
CSVT 0.931 £0.033 0.919 £ 0.036 0.907 £ 0.029
JPT 0.910 + 0.044 0.910 + 0.044 0.875 4+ 0.044
TCHPT 0.944 £ 0.025 0.924 £ 0.032 0.911 £0.034

Table 5.2: Scale factors obtained in muon-jet and ¢ data in 2012, in muon-jet data alone in 2012

and in muon-jet data in 2011. The b-jet pr range is between 80 and 120 GeV.

5.5.7 Mistag rates

The mistag rates are measured from tracks with a negative impact parameter or from secondary
vertices with a negative decay length. These objects are used to define negative values of the
discriminators of the tagging algorithms discussed previously. These negative taggers can be
applied as ordinary b-tagging algorithms. The data sample is collected with single jet triggers.
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Figure 5.20: Top: data/MC SF of the b-tagging efficiency as measured with the four methods
used with muon-jets events and the combined result for ¢ events, with statistical error and overall
statistical+systematic uncertainty (thin error bar) .

uncertainty is shown as a hatched area.

results are valid for the CSVM working point.

The mistag rate is then evaluated as

mistag
data

= edataRl ’

The combined SF; value with its overall
Bottom: same combined SF; value plus result of a
polynomial fit (solid curve). The uncertainty is renormalized around the fit result (points with
error bars). We show also the SF;, results from the 2011 data at 7 TeV (yellow filled area). These
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Figure 5.21: SF, measurements in ¢t events averaged over the pr range between 30 and 320 GeV.
The blue points show the corresponding measurement on muon-jets events. Grey areas are given
by the combination of tf scale factors.

where €y, is the efficiency of the negative tagging procedure in data, while R; = erﬁisctag / 61\’/[.
The result of the measurement is expressed in terms of a scale factor

SF — histag Er]\r}iscgag’ (5.5.14)

— “data

3Tt is appropriate to point out that ey is the negative tag rate for all jets (b+c+light)
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Tagger SF, muon jets + t¢ (2012) SF, muon jets (2012) SF, muon jets (2011)
CSVL 0.977 £ 0.018 0.975 4+ 0.018 0.974 + 0.026
JPL 0.976 £ 0.017 0.976 £ 0.017 0.991 £+ 0.022
CSVM 0.972 £ 0.022 0.970 £ 0.025 0.957 £ 0.040
JPM 0.967 £ 0.033 0.967 £ 0.033 0.947 £+ 0.036
CSVT 0.954 £ 0.043 0.947 4+ 0.050 0.916 £ 0.068
JPT 0.942 £ 0.040 0.942 £ 0.040 0.909 £ 0.051

Table 5.3: Same as table [5.2]in the b-jet pr range 160-320 GeV.

in analogy to the b-tagging efficiency measurement.

The procedure is sensitive to the fraction of b and ¢ jets in the negatively tagged sample that
tend to decrease R;. Furthermore differences between light quarks and gluons can affect the deter-
mination of the efficiency, just as tracks from displaced decays of K2 and A or mismeasurements
in the tracker. Among others these effects are taken into account in the determination of the
systematic uncertainty.

The fraction of b-jets has been measured to agree with the simulation within £20% in CMS [182].
A corresponding uncertainty on R; is derived by varying the b+c fraction in the MC by this
amount. The same procedure is repeated for gluon jets, with their fraction being varied by +20%
to reproduce data-MC discrepancies [I83]. Also the fraction of K2 and A is not exactly repro-
duced by the simulation. After rescaling the MC to take this effect into account, the uncertainty
on the rescaling is used to vary the correction factor and obtain new values of R;. The difference
with the nominal values gives the systematic uncertainty. Additional systematic effects include
the uncertainty on the rate of secondary interactions in the pixels and of tracks not associated to
a genuine charged particle. Furthermore small differences in the angle between a track and the
jet axis can lead to a change of the sign of the impact parameter, changing the negative tag rate
("sign flip”).

Ultimately, running conditions and event topology can also affect the measurement. The
MC is reweighted to reproduce the PU distribution in data. However residual difference are
estimated by splitting the sample into two according to the PV multiplicity (above and below
average respectively). If the SF in the two samples differ appreciably, the difference is taken as
an uncertainty.

The dominant uncertainty arises from the difference in event topology. Mistagging SF have
been measured under different running conditions, for different bins of jet multiplicity and different
triggers. Furthermore the SF differ between the leading and subleading jets in the event. All these
effects have been taken into account collectively giving a total uncertainty of about 10%.

In figure [5.22] we show the result of the measurement for the CSVM working point. The SF
change between working points and taggers, but the values of the probability ~ 1 — 4% and of the
SF, close to unity and with an error of ~ 10%, are representative of a generic medium working
point.
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Figure 5.22: Above: Light jet misidentification probability (defined in section in data (red
squares) and simulation (blue dots). Center: Breakdown of the error on the mistag SF. Below:
data-MC scale factors for the misidentification probability. The solid curve is given by a polynomial
fit to the data. The last bin in both plots is inclusive, containing all jets with pr > 800 GeV.

5.5.8 Residual Fast Simulation corrections

Several signal samples inside CMS are generated using a simplified version of the GEANT4 detector
simulation that is known under the name of Fast Simulation (FastSim) [I84]. This is particularly
convenient for fine scans of SUSY masses, since it considerably reduces the processing time and
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the computing resources needed. The simplification occurs mainly in the tracking part of the
simulation, in particular

e Large occupancy effects are not reproduced: two hits with the same space coordinates always
give two reconstructed hits.

e Edge effects are not reproduced: reconstructed hits may fall outside of a physical detector
module after a smearing is applied to their position to account for resolution effects.

e Reconstructed hits on double-sided layers are reconstructed as one dimensional hits.
e There are not hits shared by different tracks.

Fast-Full simulation scale factors for tagging efficiencies have been derived by using the MC truth
information on jet flavors. They have been measured only for ¢t MC samples. To account for the
different topology we apply an additional uncertainty derived from the ratio of efficiencies in tt
and SUSY Fast simulation samples, before applying them to SUSY signal samples. The overall
correction is smaller than that due to data-MC SF, giving a less than 1% correction for typical
SUSY signals.

5.5.9 Scale factors usage and uncertainties

In the next chapter we use the scale factor measurements presented in the previous sections to
obtain the correct background prediction and signal efficiency at high b-jet multiplicities. We
first measure the efficiency from the MC and then use the SFs to apply a jet-by-jet correction.
Depending on the value of the SF it is possible to compute a pr and 1 dependent probability that
allows to decide whether the tag of a jet should be changed or not (i.e. a b-tagged jet can become
untagged or vice versa). This procedure is not optimal if we are interested in distributions of some
b-tag-related variables. For instance the secondary vertex mass is not well defined after our "tag
switching”, but this is not a problem for the search that we perform.

After scale factors have been applied their uncertainty propagates to the final efficiency. The
error is computed by varying the SFs by 4+1o. The only subtlety associated to the procedure
consists in the fact that we have only measured data-Full simulation SF's for b and light jets. The
correct c-tagging efficiency is obtained by applying the scale factors measured for b-jets with twice
the quoted uncertainty. Therefore while computing systematic uncertainties we treat the errors
on b- and c-jets as fully correlated. We then sum the effect in quadrature with that arising from
the light jets scale factor uncertainty that is largely uncorrelated.

The uncertainties across different jet pr and n bins are also fully correlated. When computing
the effect of varying the scale factors by +10 we scale them simultaneously over the whole py and
7 ranges.
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5.6 Conclusion

In this chapter we have discussed jet reconstruction and calibration with CMS and given an
account of our b-tagging techniques. These are the main ingredients for the analysis presented
in the following chapter that contains the truly original contributions in this part of the thesis.
The great performances of jet reconstruction and b-tagging, together with the work done by the
collaboration to commission MC tools and reduce the JES uncertainty allowed to explore new
areas of phase space with 8 or more jets, four of which can be b-tagged. This is an extremely
interesting measurement in itself, since it is probing previously unexplored regimes. From a
theoretical perspective it is significant to natural supersymmetry, supersymmetry with low M Er
and generic new physics scenarios rich in top and b quarks.



Chapter 6

A new physics search on the tails of the
jet and b-jet multiplicities

A safe but sometimes chilly way
of recalling the past is to force
open a crammed drawer. If you
are searching for anything in
particular you don’t find it, but
something falls out at the back
that is often more interesting.

James Matthew Barrie

In this chapter we describe a new search for BSM physics performed with the CMS detector.
The previous two chapters provided the necessary ingredients to introduce this analysis. The
search is designed to be inclusive on final states with a large number of jets and b-jets. It is
sensitive to a broad class of supersymmetric models, described at the end of chapter [3| and in
general to new physics scenarios rich in top or b quarks.

6.1 Introduction

One of the many challenges that physicists must face at the LHC is the lack of a precise intuition
of how physics beyond the Standard Model will manifest itself. Even if we restrict ourselves to
a specific class of models, such as supersymmetric theories, a huge number of possibilities is left
open in terms of experimental signatures, which, to a large extent, depend on the fine structure
of the new particles spectrum. Also naturalness, used as a guiding principle, is not enough to
identify a limited set of relevant final states.

For this reason we have designed an inclusive analysis, based on the event topology, that
is sensitive to a wide range of theoretical models. We explore a still virgin land, focussing on

149
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events with one lepton (either an electron or a muon) large jet multiplicities (V; > 6) and we
do not require any M Er in the final state. The signal is extracted by performing a fit to the
distribution of the number of b-tagged jets in the event with an eye to new physics scenarios rich
in third generation quarks. However rather than cutting on the number of b-jets we retain all the
information on the shape of the distribution. In the following we show that this allows to gain in
efficiency also for signals with four b’s in the final state.

We interpret the results of the search in a supersymmetric simplified model that was discussed
in section in the context of the MFV RPV MSSM. We assume the gluino to be the LSP and
study its most important decay mode

pp — g4, G — tbs. (6.1.1)

The analysis was originally designed to be sensitive to a decay chain inspired by the discussion
of the minimal natural R-parity conserving MSSM in section [3.5.2] containing four top quarks in
the final state

pp — g4, G — tit, t1 —tXo. (6.1.2)

However the analysis was constructed to be inclusive and not to rely on M Ep, which makes it
sensitive also to third generation RPV final states.

In the next section we describe the data and MC samples used for the analysis, then in section
[6.3] we discuss the event selection. In sections [6.4] and we present signal efficiencies and
background predictions, respectively. Finally we study systematic errors in section and show
the results for the benchmark model described above in sections [6.7 and [6.8

6.2 Samples

6.2.1 Data Sample

The data sample consists of events collected by the CMS experiment at 8 TeV center-of-mass
energy during 2012. The total statistics corresponds to about 19.3 fb~'. We use two sets of
triggers, corresponding to two different datasets. The SingleMu dataset and the SingleElectron
dataset.

Table summarizes the list of single-muon HLT paths used and the run range for which they
were kept unprescaled. In Table the corresponding single-electron triggers are listed. Tab.
summarizes the datasets used for the analysis.

6.2.2 Monte Carlo Samples

The background studies at /s = 8 TeV are based on the following samples, centrally produced
by CMS:

e 6.4x107 MadGraph W +jets events;
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2.1x107 MadGraph Wbb+jets events;

3.4x107 MadGraph Drell-Yan+jets events;
4.8x10°% MadGraph inclusive tt+jets events;
3.1x107 MadGraph fully-hadronic tf+jets events;
2.5%x 107 MadGraph semi-leptonic tf+jets events;
1.2x107 MadGraph fully-leptonic tf+jets events;
2.0x10° MadGraph ttIV +jets events;

2.1x10° MadGraph ttZ+jets events;

HLT Path First Run | Last Run
HLT_IsoMu24 193834 205921
HLT_IsoMu24_eta2pl | 190456 | to the end

Table 6.1: Single muon triggers with isolation requirements used in our selection.

HLT Path
HLT_Ele27_WP80

First Run
190456

Last Run
to the end

Table 6.2: Single electron trigger used in the analysis.

Dataset Name Run Range Release
190456 - 190621 /SingleElectron/Run2012A-13Jul2012-v1/AOD CMSSW_5.3 X
190782 - 190949 | /SingleElectron/Run2012A-recover-06Aug2012-v1/AOD | CMSSW_5.3_.X
193834 - 196531 /SingleElectron/Run2012B-13Jul2012-v1/AOD CMSSW_5.3 X
197770 - 198913 /SingleElectron/Run2012C-PromptReco-v1/AOD CMSSW_5_3.X
203003 - 203755 /SingleElectron/Run2012C-PromptReco-v2/AOD CMSSW_5.3.X
203773 - 207469 /SingleElectron/Run2012D-PromptReco-v1/AOD CMSSW_5.3.X
190456 - 190621 /SingleMuon/Run2012A-13Jul2012-v1/AOD CMSSW_5_3.X
190782 - 190949 | /SingleMuon/Run2012A-recover-06Aug2012-v1/AOD | CMSSW_5.3.X
193834 - 196531 /SingleMuon/Run2012B-13Jul2012-v1/AOD CMSSW_5.3 X
197770 - 198913 /SingleMuon/Run2012C-PromptReco-v1/AOD CMSSW_5_3.X
203003 - 203755 /SingleMuon/Run2012C-PromptReco-v2/AOD CMSSW_5_3.X
203773 - 207469 /SingleMuon/Run2012D-PromptReco-v1/AOD CMSSW_5.3.X

Table 6.3: Summary of the relevant single lepton 2012 datasets.
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e MadGraph tt+jets events with renormalization, factorization and matching scales shifted by
the amounts specified in section

— 5.4x108 events of tt+jets with renormalization and factorization scales shifted up:;

— 3.6x10° events of tt+jets with renormalization and factorization scales shifted down;
— 5.4x10°8 events of tt+jets with matching scale shifted up;

— 3.2x10° events of tf+jets with matching scale shifted down;

e MadGraph single top events divided in the following categories

— 6.5x10% events of ¢ s-channel production;
— 1.6x10° events of t t-channel production;
— 1.6x10° events of tW;
— 6.5x10° events of ¢ s-channel production;
— 1.6x10° events of  t-channel production;
— 1.6x10° events of tW;

e MadGraph QCD events, with up to 6 partons in the final state, binned in Hrp:

— 6.5x10°% events for 100 GeV < Hp < 250 GeV;
— 1.6x10° events for 250 GeV < Hp < 500 GeV;
— 1.6x10° events for 500 GeV < Hp < 1000 GeV;
— 1.6x10° events for 1000 GeV < Hp < oc;

The signal samples consist of

e PYTHIA events for the simplified model topology pp — gg, ¢ — tbs, with the gluino mass
ranging from 200 GeV to 1250 GeV.

Where not indicated otherwise MadGraph samples are generated with up to four partons in the
final state and a matching threshold of 20 GeV for the partons.

6.3 Event Selection

After the HLT requirement described in the previous section, we apply a series of offline cuts
that define our baseline selection. The events that pass the baseline selection are then used in a
maximum likelihood fit of the distribution of b-tagged jets that provides the final discrimination
between signal and background. Before describing the baseline selection and sketching the fitting
procedure we define the relevant physics objects.
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6.3.1 Primary Vertex

As discussed in section PV candidates are selected by clustering reconstructed tracks using
the z coordinate of their closest approach to the beam line. An adaptive vertex fit, described in
[167], determines the vertices positions. After the fit the PV candidate with highest > (11)}3[11““‘1‘)2 is
identified as the primary vertex, where the hard interaction took place. Events without any PV
candidates are discarded in our offline selection. This requirement is close to be 100% efficient on
events passing the single lepton triggers listed in the previous section.

6.3.2 Muon Selection

Muon reconstruction in CMS is performed with the silicon tracker at the center of the detector and
with the gas-ionization muon detectors outside of the central solenoid. In the standard algorithms
for pp collisions [145], [140] tracks are first reconstructed independently in the silicon tracker and
in the muon spectrometer. From these two collections of tracks a muon can be identified in two
independent ways:

e GlobalMuon: starting from a standalone track in the muon system, a matching track is found
in the tracker and a global-muon track is fitted combining hits from the tracker track and
standalone-muon track.

e TrackerMuon: All tracker tracks with pr > 0.5 GeV and p > 2.5 GeV are extrapolated to
the muon system taking into account the expected energy loss and the uncertainty due to
multiple scattering. A TrackerMuon is identified if at least one muon segment (i.e. a short
track stub made of DT or CSC hits) matches the extrapolated track in position.

Only for 1% of collision muons a standalone track is not associated to any reconstructed track in
the tracker.

Following the 2012 h — WW selection criteria [I85] we identify muons using both flavors of
muon reconstruction. We require the muon to be reconstructed as GlobalMuon, with x?/dof < 10
on the global fit, or TrackerMuon. In the first case we further require at least one good muon hit,
and at least two matches to muon segments in different muon stations. A TrackerMuon must also
have at least two muon segments matched at 30 in local X and Y coordinates, with one being in
the outermost muon station. Following this identification procedure a set of quality requirements
is applied:

e Number of hits in the tracker > 5

e Number of pixel hits > 0

e Transverse impact parameter with respect to the primary vertex < 0.2(0.1) mm for muons
with pr greater (smaller) than 20 GeV. This cut suppresses non-prompt muons, including
those from decays of b and ¢ hadrons.
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Longitudinal impact parameter of the muon with respect to the primary vertex < 1 mm

In| < 2.1

Relative error on the track pr < 0.1

decay in flight with the kink finding algorithmﬂ x?2/dof < 20

Identified as Particle-Flow (PF) Muon [I86].

The total identification efficiency, not including isolation, is above 90%.

We reject events if no muon is selected with pr > 35 GeV. Furthermore an isolation cut is
applied. We use the PF combined isolation, that considers energy deposits of PF candidates in
three different categories: charged hadrons, photons, and neutral hadrons. Pile-up subtraction is
performed using an average energy density computed by FASTJET [161] for photons and neutral
hadron candidates. Charged tracks not compatible with the primary vertex are also subtracted.
A more detailed discussion of PU subtraction in CMS can be found in section The variable

we use is
ISOPF

= x (Isoen, + Iso, +Isoy — p X Agsp) . (6.3.1)
pr pr

I[so., is the sum of the transverse momenta of the charged candidates, Iso,, of the neutral hadrons

and Iso, of the photons. p is the event-by-event energy density computed with FASTJET and A. s

an effective area computed from simulation. In the tight selection used in the signal regions the

isolation cone depends on the 1 and pr of the muon and the cut is performed on a BDT output

Isopr

described in [I85]. The efficiency is comparable to that obtained with a cut of about 0.1 on o
with isolation cone 0.4.

6.3.3 Electron Selection

Electrons traversing the tracker material radiate photons and the energy reaches the ECAL spread
in ¢. Integrated along the electron trajectory the effect can be very large. Thus, to obtain a mea-
surement of the electron energy at the primary vertex and minimize the cluster containment
variations, it is essential to collect bremsstrahlung photons. This is the purpose of the superclus-
tering algorithms. Therefore the basic quantity needed to reconstruct an electron in CMS is an
ensemble of crystals with energy deposits that in the following we call supercluster. For a more
complete definition, we refer to [187].

Also the electron selection follows the 2012 A — WW requirements. We adopt a selection,
which roughly corresponds to an 80% efficiency on real electrons originating from an EW process.
The identification procedure is based on an MVA, that takes as input kinematical variables, ECAL
cluster shape and track quality information, in addition to the fraction of bremsstrahlung energy,

LA x? is constructed to evaluate the compatibility of the measured track with the single track hypothesis, in
order to minimize the muons from in flight decays of hadrons.
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the ratio of the hadronic to the electromagnetic energy deposit and that of the energy deposited
in the preshower versus that in the electron supercluster. Before cutting on the MVA, we impose
two kinematical cuts: pr > 35 GeV, |n| < 2.5 and

® 0,y < 0.01/0.03 (barrel/endcap)

|Adin| < 0.15/0.10

| Ain| < 0.007/0.009

H/E < 0.12/0.10

E
et PT ()2
br

o ZrcarProl 9

pr

o Zucarlr g

pr

H and E refer to the fraction of hadronic and electromagnetic energy. The differences in angular
coordinates are between the supercluster and the electron track and oy, is the supercluster
spread in 7. For the last three variables the sum is extended to a cone of radius 0.3. After
these ID requirements we compute the particle flow combined isolation as in the case of muons,
defined as the scalar sum of the pr of the particle flow candidates that satisfy some basic quality
requirements. The cuts we impose for electrons are: IS;’% < 0.105 for |n| > 0.8, IS;’% < 0.178 for

0.8 < [n| < 1.479 and == < 0.15 for |n| > 1.479.

6.3.4 Jet Selection

In the analysis we consider PF jets, clustered from charged and neutral particles reconstructed
by the Particle Flow algorithm [180] 188 that was described in section m For clustering we
use the infrared-safe anti—kr algorithm [152] with cone parameter R = 0.5. More details on jets
reconstruction in CMS can be found in chapter [5

Jets are selected requiring that their pr be larger than 30 GeV and |n| < 2.4. Jets within
AR = 0.5 of a selected muon or electron are not included in the jet count. We use jets for which the
pr of charged particles not compatible with the primary vertex is subtracted and so is an average
energy deposit from neutral components computed with the Hybrid Jet Area method described in
section [5.3.1 We apply the standard CMS jet energy corrections described in chapter 5] We also
cut on an MVA-based jet identification variable that allows to reject jets from pile-up interactions.
It exploits the different shape of the energy deposit in a jet cone. Pile-up jets can pass the pr
threshold only if they are overlaid (typically they are too soft), hence the deposit should be more
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spread. The MVA combines the variables 5*, RM S, defined as

ﬁ* _ ZjetPUUt:v p?:aCk
Zjet p?:ack ’
2) (AR?
RMS = e (p"{);)( ). , ¢ = constituents, (6.3.2)
br)e

the jet AR profile and the charged and neutral multiplicities.

We define b-tagged jets using the Combined Secondary Vertex (CSV) algorithm and its medium
working point. Descriptions of the algorithm and of its performances were given in sections [5.5.3
and [5.5.6] respectively. To correct MC efficiencies we apply both data-MC scale factors and, when
needed, also Fast-Full simulation SF's. To apply the SFs and determine the resulting systematic
uncertainty we follow the procedure described in section [5.5.9

6.3.5 Baseline selection and signal extraction

In the previous sections we have defined the physics objects relevant for the analysis. Now we can
introduce the structure of the cutflow and the procedure used to extract the signal. The following
set of cuts, applied in the order in which they are listed, define our baseline selection for the muon
box

1. We select events with at least one muon that passes the ID and isolation requirements
described above.

2. We ask for the presence of 6 or more jets in the event.
3. One of the jets in the event must be tagged as originating from a b quark.

The selection for the electron box differs only in the first requirement, where we ask for at least
one electron to be present. To avoid double counting we veto events within the electron sample
if they also contain an identified muon. Note that extra leptons (both muons and electrons) are
not vetoed in the two boxes. There are several reasons for allowing their presence: i) it is more
probable to find these extra leptons in signal rather than in background events. ii) for the main
source of background (tt+jets) each extra lepton (typically originating from a W) implies two
jets less in the ¢t decay chain, hence a suppression of O(a?). iii) The only difference implied by
the extra lepton (additional M E7 in the event) has no impact on our background discrimination
(based on jet multiplicity and b-tagging).

After the baseline selection we identify three signal regions with = 6, = 7 and > 8 jets. We
then perform a fit simultaneously in the 6 exclusive boxes (6, 7, 8) jets x (electron, muon). We fit
the shape of the distribution of the number of b-tagged jets, taking the normalization from data
and the shape templates from the MC for both signal and background. A detailed description of
the fitting procedure can be found in section [6.8]
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Figure 6.1: Signal efficiency as a function of the gluino mass for the g — tbs RPV simplified model.
Left(Right): after the muon(electron) baseline selection for events with exactly 6 jets (purple), 7
jets (red) and > 8 jets (orange).

In the next section we discuss the efficiency on the signal of the baseline selection and of the
requirement of extra jets, which gives a feeling of which signal regions drive the sensitivity of the
fit. In sections [6.5] and [A] we show that the shape of the b-jets distribution of the background is
well reproduced by the MC simulation.

6.4 Signal efficiency

In figure the efficiency of the full selection for the three signal regions, including the trigger
requirement, is presented. The difference in efficiency between electrons and muons is due to the
different ID requirements. This singles out the 8 jet signal region as the most promising, being
the overall efficiency comparable with respect to the 6 jets one that is plagued by a factor of 10
more in background (see figures and . Furthermore it is worth to notice that as the gluino
mass increases higher jet multiplicities get more populated. This is of course an artifact of the
kinematical threshold on the jets. In principle with one lepton coming from one of the W’s we
expect 8 jets in the final state, but for low gluino masses one or two do not make it past even our
loose pr > 30 GeV cut. The reason is that the top quarks in the tbs final state are always required
to be on-shell and this pushes the pr of the s and b jets below threshold. To obtain these results
we have corrected b-tagging efficiencies with both data-MC and Fast-Full simulation SFs. The
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Figure 6.2: Distribution of the number of b-jets for events with one muon (left) or electron (right)
and 6 jets, compared to the background prediction from simulation, corrected for the b-tagging
response in data. The red band represents the uncertainty originating from the error on the b-tag
correction factors.

error shown in the figures is the total statistical plus systematic one, excluding that arising from
PDF uncertainties. The systematic uncertainties are discussed in detail in section [6.6] The offline
selection is not fully efficient on the trigger. We take this effect into account applying weights
that depend on the py and |n| of the lepton.

6.5 Background Determination

As discussed above, the selected events are divided in three signal regions, according to their jet
multiplicity: 6 jets, 7 jets, and > 8 jets. For each signal region, the background is separated
from the signal by comparing the observed b-tag multiplicity with that predicted for the SM
background.

The main source of background to this search is provided by QCD production of pairs of top
quarks in association with jets. Additional contributions from single top production, production
of vector bosons and QCD multijet events are relevant for low b-tag multiplicities, becoming
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Figure 6.3: Distribution of the number of b-jets for events with one muon (left) or electron (right)
and 7 jets (center), compared to the background prediction from simulation, corrected for the
b-tagging response in data. The red band represents the uncertainty originating from the error
on the b-tag correction factors.

negligible for events with at least three b-tags. The high b-tag multiplicities have also a small
contamination, typically below 1%, from tf + V events (where V' = W or Z). The background
from four-top production in the SM and ¢tH production is negligible, due to the low expected
cross section.

We study the b-tag multiplicity of the backgrounds using Monte Carlo (MC) simulation. Events
are generated with MADGRAPH [I89] and showered in PyTHIA [I55]. The matching between the
matrix element and the parton shower is performed using the MLM algorithm [I90]. The generated
events are then processed by a simulation of the CMS detector, based on GEANT [I58]. Events
are corrected for the different response of the b-tagging algorithm in simulation and data. A weight
is applied to the response of the b-tagging algorithm for each jet which is matched to a b quark.
The weight is determined from data control samples of ¢t and p-+jets events, as a function of the
kinematic properties of the jet, as seen in chapter [5| A similar procedure is applied to model the
mis-tag probability for jets originating from light quarks (u,d,s), ¢ quarks, and gluons. The scale
factors (SF), from which these weights are computed, were measured at lower jet multiplicities
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Figure 6.4: Distribution of the number of b-jets for events with one muon (left) or electron (right)
and > 8 jets, compared to the background prediction from simulation, corrected for the b-tagging
response in data. The red band represents the uncertainty originating from the error on the b-tag
correction factors.

and then validated for the higher multiplicities studied in the analysis, the validation procedure
is described in appendix [A] We verified that the b-tagging efficiency and the mis-tag rate vary
negligibly in semileptonic ¢f events going from 4 to 9 jets, always remaining within their error.
Furthermore we compared data and MC in control regions with one or two leptons and four or
five jets and obtained good agreement within the errors on the b-tagging correction factors alone.
Residual small discrepancies were accounted for allowing for a MC mismodeling of SM events with
four b quarks, as discussed in more detail in section [6.6]

The corrected b-tag multiplicity provides the prediction for the SM background, which is
compared to data in order to check for the presence of a signal. The final signal extraction fit
obtains the background normalization from data using an extended likelihood. Therefore only
the shape of the tagged jets multiplicity distribution is taken from simulation. This considerably
reduces the total error on the background, since this shape is very mildly dependent on the jet
energy scale and on the choices of matching and renormalization scales.

Figures and show the b-tag multiplicity for the 6 jets, 7 jets, and > 8 jets signal



CHAPTER 6. A NEW PHYSICS SEARCH ON THE TAILS OF THE
161 JET AND B-JET MULTIPLICITIES

regions, for events with at least one well identified muon and for events with at least one well
identified electron. The error band represents the uncertainty coming from the error on the b-
tagging correction factor.

6.6 Systematics

6.6.1 Background

The background shape is affected by the jet energy scale (JES) uncertainty, the b-tagging scale
factors uncertainty, the variation of renormalization, factorization and matching scales and the
finite MC statistics. Furthermore we include a systematic effect parametrized as a mismodeling
of the fraction of events with four b quarks in the MC.

The evaluation of JES, matching, renormalization and factorization scale effects consists in
repeating the selection procedure on samples with the scales shifted up or down. The JES shift is
pr and 1 dependent, amounting to a 3% variation for jets with pr = 30 GeV and |n| < 1.3. The
shift in matching, renormalization and factorization scales is fixed to be a factor of 2 and 1/2 with
respect to the nominal values used in the CMS samples. Renormalization and factorization scales
are always varied simultaneously. These effects are extremely small since we are taking the yields
at fixed jet multiplicities from the data and extracting just the shape of the b-tagging distribution
from the MC, more details can be found in appendix [C]

The error from the b-tagging SF is computed by comparing b-tagged jets distributions obtained
correcting tagging efficiencies with SF shifted by £1 standard deviation. The errors on the b-jets
and c-jets corrections are taken to be correlated and the corresponding scale factors are varied
simultaneously.

The parametrization of the mismodeling of four b quark events is unique to this analysis and
not as straightforward as the computation of the other uncertainties. While the data-corrected MC
distribution is expected to account for events with multiple b-tags originating from mis-tags, the
contribution from bb splitting of the gluon and of SM four b quark events in general, is sensitive
to the details of the MC modeling. We constrain this contribution by studying the agreement
between data and MC in a dileptonic sample of events with one identified electron, one identified
muon and associated jets. We consider separately events with four or five jets. Furthermore we
use single lepton control regions selecting events with one electron or one muon and four or five
jets. These control regions provide a high-purity sample of t{+jets events, for which the signal
contamination is expected to be negligible. Figure shows that the largest difference between
the prediction used in the analysis and the observed yield in the dileptonic control sample is a less
than one standard deviation excess in the = 3 b-tag bin for the = 4 jets sample. Also the single
lepton control regions show similar small discrepancies for N, > 3. These are the b-tag bins most
sensitive to the signal so we parametrize this effect and include it in the analysis as a systematic
uncertainty.

Using the data yields from these control samples in different b-tag bins it is easy to construct
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Figure 6.5: Distribution of the number of b-jets for events with one electron, one muon, and
Niets = 4 (left) or Njes = 5 (right) in data, compared to the background prediction from simulation
corrected for the b-tagging response. The cerulean band represents the total uncertainty on the

background yield.

a system of three equations and three unknowns for each control region. We take the unknowns
to be the average tagging efficiency, the average mis-tag rate and the difference in the fraction
of events with four b quarks between data and MC (fy). We solve numerically the system of
equations, neglecting terms quadratic in the mis-tag rate. After having solved the system we
use the values of the average tagging efficiency and the average mis-tag rate determined in each
control region to construct a global x?

N, . ij joj 2
NOS_N _Nbeaeafb
)= > (Nobs = Nive — (5. fu) , (6.6.1)
JECR. i=1 ij

where the sum over j spans the different control regions and the one over ¢ the single b-tag
multiplicity bins. Minimizing the y? we obtain an improved determination of fy, from the data
in all control regions. Since fy, accounts for the difference between data and MC it can take
both positive and negative values. It is positive if the MC predicts less four b quarks events than
observed in the data and negative if it overpredicts the fraction of these events.
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We associate a systematic error with the shape of the background, by determining f4, with the
information from both the dilepton and single lepton control regions, obtaining fy, = —0.011 £
0.049. We use fy, + 1o and fy, — 1o to construct two new background shapes in the 6 jets, 7 jets,
and > 8 jets signal regions. The choice of combining the two control regions is justified by the
fact that fitting them separately we obtain compatible result§’] Nonetheless the determination of
the systematic error depends on the values of the efficiencies used in the fit, on their error and
on the choice of control regions. For this reason we compute the limit on the signal cross section
for several different choices of control regions E] and tagging and mis-tag efficiencies. The observed
variations are below 1072 of the cross section value obtained with fi, = —0.011 & 0.049 from the
combined fit.

6.6.2 Signal

The errors on signal efficiency and signal shape include the JES uncertainty, the b-tagging SF
uncertainty, the error on the parton density functions (PDF), the error on the collected luminosity,
the uncertainty on trigger and identification efficiencies for leptons and the uncertainty on the MC
modeling of ISR and FSR. Combining all the signal uncertainties gives a total error of ~ 10 —20%
on the single b-tag multiplicity bins. At high gluino masses (mz > 1 TeV) the error is dominated
by the PDF uncertainty, while for lower masses the JES error constitutes the most important
source of uncertainty, followed in magnitude by the ISR/FSR error. A breakdown of the error on
the efficiency can be found in figures [6.6] and

The JES and SF errors are computed in the same way described for the background. However,
since the signal samples are processed through a fast rather than full detector simulation, we take
into account also the uncertainty from b-tagging SF correcting the fast simulation efficiencies to
the full simulation ones. The error on the collected luminosity was measured to be 2.6% [191]. The
uncertainty on the knowledge of the parton density functions is obtained applying the prescription
of the PDF4LHC working group [192] on three different PDF sets. The errors on the reconstruction
and trigger efficiencies of muons and electrons are estimated from Z — ¢¢ events in bins of n and
pr of the lepton, both are found to be always below 1%. The nominal efficiency from MC is also
corrected in order to reflect the lepton efficiency measured in data. Finally the ISR/FSR error
was obtained from the discrepancies between data and simulation observed in the py distributions
of Z+jets, dibosons—+jets and tt+jets events as a function of the pr of the recoiling system and is
discussed in more detail in appendix [C]

In the next section we present the final results and the limit setting procedure.

Dilepton control region: fy, = 0.022 & 0.11, Single lepton control region: fi, = —0.015 & 0.042.
3For instance we take fi, + lo from the dilepton control region and fi;, — 1o from the single lepton control
region to compute a background systematic error.
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Figure 6.6: Breakdown of the relative error on the signal efficiency, as a function of the gluino
mass in the muon box, for events with exactly 6 jets (left), 7 jets (right) and >8 jets (bottom).

6.7 Results

We summarize in Tab.[6.4]and Tab.[6.5|the expected background, the expected signal for mz = 1TeV
and the observed yield in each signal region considered. The error on the background prediction
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Figure 6.7: Breakdown of the relative error on the signal efficiency, as a function of the gluino
mass in the electron box, for events with exactly 6 jets (left), 7 jets (right) and >8 jets (bottom).

(first line of the tables) includes the yield error and can be used for counting experiment rein-
terpretations. In the bins with < 2 b-tags the dominant sources of uncertainty come from JES,
renormalization and factorization scales. For higher b-tag multiplicities the error on the tagging
SF' and the mismodeling of four b quark events become the main sources of uncertainty. The
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post-fit uncertainties on the background, shown in the fourth line of the tables, are considerably
reduced with respect to the errors on the prediction. The fit, extracting the background normal-
ization from data, reduces the total error to an error on the shape of the b-tagged jets distribution.
Therefore uncertainties coming from JES, matching scale and renormalization and factorization
scales that affect mostly the total yield, become almost negligible. The electron and muon sam-
ples, although presented separately to facilitate reinterpretations, are fitted simultaneously. A
more detailed description of the fit is included in section [6.8]

In the second line of the tables we report the signal prediction for mg = 1 TeV. As discussed
in the previous section for lower gluino masses the JES error dominates, while at higher masses
(mg > 1 TeV) the error on the PDFs constitutes the main uncertainty.

No sizable deviation from the expected yields is observed. We interpret the absence of an
excess as an upper bound on the cross section for SUSY models predicting final states with one
lepton and multiple b-tagged jets. These bounds are then converted to a mass bound, assuming a
gluino pair production cross section calculated at Next-to-Leading order (NLO) in «, and Next-
to-Leading logs (NLL), under the assumption of decoupling for the other sparticles [?]. The cross
section limit is obtained with a maximum likelihood fit to the shape of the tagged jets distribution,
described in the next section.

Mu + 6 jets 1 b-tag 2 b-tags 3 b-tags 4 b-tags 5 b-tags
Background prediction | 2474977 | 2002+£801 | 3224152 30£29 7.7£6.5
Signal (mgz =1 TeV) | 3.04£0.49 | 4.58+0.73 | 2.83+0.43 | 0.63£0.11 | 0.043£0.026
Data 2585 1850 356 44 1
Background Post-Fit | 2425460 | 1985+49 340+11 43.0+3.5 3.1£1.1
Mu + 7 jets 1 b-tag 2 b-tags 3 b-tags 4 b-tags 5 b-tags
Background prediction | 493+203 | 4484180 88439 10.747.2 0.942.8
Signal (mgz =1 TeV) | 2.96+0.46 | 4.91£0.74 | 3.884+0.58 | 1.13+0.19 | 0.093=£0.043
Data 497 412 116 16 0
Background Post-Fit 506+15 462+13 | 95.9£3.0 | 14.81£0.99 | 1.03%0.18
Mu + 8 jets 1 b-tag 2 b-tags 3 b-tags 4 b-tags 5 b-tags
Background prediction | 112447 104446 26+12 4.3+2.1 0.39£0.75
Signal (mg =1 TeV) | 3.69+0.60 | 7.0£1.0 | 6.38+0.92 | 2.454+0.39 | 0.328+0.064
Data 112 104 27 3 1
Background Post-Fit | 119.744.3 | 110.7+3.6 | 29.0£1.0 | 5.6340.34 | 0.54£0.072

Table 6.4: Summary of expected background, expected signal for mz = 1 TeV, observed yields and
total background after the (background only) fit for the muon samples considered in the analysis.
We report the total uncertainty on the predicted yield.
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Ele + 6 jets 1 b-tag 2 b-tags 3 b-tags 4 b-tags 5 b-tags
Background prediction | 2003£827 | 1701£762 | 2814130 2717 8.0£6.8
Signal (mgz =1 TeV) | 1.85+0.32 | 2.94£0.51 | 1.89+0.32 | 0.41140.097 | 0.025+0.013
Data 2128 1566 284 40 2
Background Post-Fit 196754 | 1636+£5H3 | 296.1£9.5 33.6£3.0 1.9+1.2
Ele 4 7 jets 1 b-tag 2 b-tags 3 b-tags 4 b-tags 5 b-tags
Background prediction | 3734200 | 3524199 67+39 8.7+6.3 1.1£1.1
Signal (mgz =1 TeV) | 1.9940.30 | 3.38£0.51 | 2.71+£0.43 | 0.86+0.15 | 0.068+0.023
Data 410 320 61 11 0
Background Post-Fit 368+13 34712 70.61+2.8 10.384+0.65 | 0.70£0.12
Ele + 8 jets 1 b-tag 2 b-tags 3 b-tags 4 b-tags 5 b-tags
Background prediction 73451 70449 18+15 2.7+2.1 0.47£0.38
Signal (mgz =1 TeV) | 2.44+0.37 | 4.88£0.77 | 4.67£0.71 1.95+£0.28 | 0.232£0.041
Data 80 64 16 5 0
Background Post-Fit | 74.9+3.1 | 71.0£3.1 | 18.94+0.93 | 3.404+0.20 | 0.44040.032

Table 6.5: Summary of expected background, expected signal for mz; = 1 TeV, observed yields
and total background after the (background only) fit for the electron samples considered in the
analysis. We report the total uncertainty on the predicted yield.

6.8 Limit Extraction

In absence of an excess of events, we set a limit on new physics considering the § — tbs simplified
model as the benchmark model.

To this end we use the the fully frequentist LHC CLg, computed by RooStats [193]. The
reference likelihood Ly is written as a Poisson function for n observed events, given an expected

yield of eLo + b:
e—(eﬁa—i—b)

(Lot ).

Lr = i
n

(6.8.1)

Here b is the expected background yield, € is the signal efficiency, £ is the dataset luminosity and
o is the cross section on which we want to set the limit. The likelihood is modified to include the
systematic error associated to the signal and the background prediction. These uncertainties are
modeled as log-normal functions (similarly to what is done with the prior functions in Bayesian
models). The likelihood is then written as:

e—(eﬁ(f—i—b)

C (eLo + b)" Py (ele, 5€) P (L) L, 6.L) P (B]b, D)

L =
n!

(6.8.2)
where Py, (Z|x,0x) is a log-normal function of the measured value z with an expected value Z (the
same parameter appearing in the real likelihood) and a parameter dx (representing the associated
uncertainty).
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CMS preliminary, L =19.3 fb™, Ys=8 TeV;, pp - gg,g — tbs, m(q)>>m(g)
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Figure 6.8: 95% C.L. limit on gluino pair production cross section computed following the LHC
CLs prescriptions. The signal considered is pp — g, followed by the decay g — tbs.

This likelihood describes the signal+background hypothesis under test, against the alternative
hypothesis (background only). The likelihood of the background-only hypothesis is obtained fixing
o=0.

For each value of o the likelihood is profiled with respect to the nuisance parameters (£, €, and
b). The CLyg is computed for a set of toy Monte Carlo samples in each point of the gluino mass scan
and the excluded (at 95% CL) cross section is compared to the value predicted by SUSY. We use
the combination tool currently adopted by the Higgs group to perform the profiling and to compute
the value of o corresponding to CLg=0.95. We take as input the shape of the distributions of b-
tagged jets in the different signal regions. The combination tool performs a binned fit computing
the likelihood described above bin by bin. In order to construct the nuisances distributions, for
each systematic the corresponding distribution with, for instance, the JES scaled up by 1o is also
given to the tool for a total of 2 x N, histograms.

The different signal regions are all fitted simultaneously, taking into account the correlation
introduced by the systematics. The results of this procedure is shown in figure With the
current statistics we can exclude at 95% C.L. a gluino of mass mz; < 1036 GeV decaying to tbs
with unitary branching ratio.
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Introduction

In chapter[2] we have discussed the observation of a new state by the LHC experiments. All evidence
is in favor of a spin-0 field with properties very similar to those of the SM Higgs boson. We use
this as a working hypothesis in the following chapters, allowing for deviations in its couplings with
respect to a purely SM Higgs.

Clearly this is a finding of crucial importance for BSM physics. The measured value of the
mass of the new boson and of its couplings can not be ignored when formulating an extension
of the SM. Furthermore these measurements can shed light on the question of the naturalness of
the Fermi scale. Until now we have addressed it from the point of view of direct searches for new
particles. In this part of the thesis we attack the problem from a different angle, studying indirect
constraints from Higgs measurements.

Naively, if the Higgs couples to new particles that stabilize the quantum corrections to its mass,
we expect that these particles also influence Higgs couplings, in particular those arising at one-loop
in the SM. In the next two chapters we make this statement more quantitative, formulating sharp
predictions, both in complete theories and simplified models that can lead to understand whether
current and future measurements point to a natural or an unnatural theory at the TeV scale.

In chapter [7] we identify the relevant subset of parameters determining the Higgs couplings
in natural supersymmetry, considering both the MSSM and some of its D-term and F-term
extensions. We show that definite predictions can be made also in complete models and we test
these predictions against LHC data.

In chapter [§] we identify some simple observations that can immediately rule out generic un-
natural theories, defined as those theories that, below a certain scale, can be described as the SM
plus extra fermionic fields only.

The work presented in this third part of the thesis was previously published in [8] @, [10].
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Chapter 7

The Higgs in natural Supersymmetry

Without culture, and the
relative freedom it implies,
society, even when perfect, is
but a jungle.

Albert Camus,
The Myth of Sisyphus.

7.1 Introduction

Current LHC data have provided no evidence for beyond the Standard Model physics, in particular,
supersymmetry. Instead, as discussed in section [3.5] lower bounds were set on weak-scale SUSY,
especially on the masses of the gluino and first two generation squarks [194] [195]. It is not
inconceivable that, with time, we will learn that the weak scale is tuned [89].

Nevertheless, the game is not over for naturalness as we have argued in section and was
shown in [I05] using older LHC results. The exclusions on stops and sbottoms are getting stronger,
but are model dependent, and it is still easy to find regions in the squark-neutralino-chargino
parameter space where these bounds cease to apply, with no need to invoke tuned degenera-
cies [105], 196], 197, 198, 199 200]. On the theory side, rather than excluding naturalness, it is
a consistent approach to take the experimental constraints as guidelines for model building of
natural soft SUSY breaking.

In light of this debate between paradigms, the recent hint of a 125-126 GeV Higgs that we
discussed in section is exciting. In the MSSM, this Higgs mass would imply fine-tuning at the
few parts per thousand or so [201], 202]. Therefore if SUSY is to be natural, it cannot be minimal,
namely, new interactions beyond the MSSM must deform the Higgs sector.

Even if natural SUSY exists, given its evasive nature so far there is no guarantee that we
shall see direct signatures of new physics any time soon. Also abandoning the traditional M Er
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signatures, we have shown in chapter [0 yet another null result. However, data have already
begun to accumulate for one particular new set of measurements, the production cross sections
and decay rates of the Higgs boson. This data set is rich: a 125 GeV SM-like Higgs supports
O(10) experimentally independent production and decay channels, including e.g. gluon fusion
(GF) and vector boson fusion (VBF) production and decays such as h — vy, WW, ZZ, bb, 77.
This information provides promising means to probe indirectly the existence and details of natural
SUSY. Given that the experimental uncertainties for each individual channel are rather large, the
degree by which one can draw information from this new set of data depends crucially on the
degree of predictive power provided by the theory. This sets the scope for the current chapter.

In the MSSM, the third-generation sfermion, higgsino, gaugino, and Higgs sectors contain many
free soft SUSY breaking parameters that can affect the Higgs couplings. The question arises what
definite predictions can be made if naturalness (together with experimental constraints) is used
as a guiding principle. The question gains depth given that a non-minimal Higgs sector would
plausibly introduce additional free parameters in the scalar potential.

In this chapter we address this question. Our working assumptions are:

1. An my, =125 GeV Higgs existsﬂ and is embedded in a natural (and therefore non-minimal)
supersymmetric model;

2. We neglect beyond-MSSM physics in loops, assuming that the leading loop corrections to
the Higgs-SM couplings involve MSSM fields only.

With these assumptions we obtain a predictive framework and show that it can be definitively
tested against Higgs data. One may worry that satisfying assumption 1 simultaneously with 2
may be difficult in concrete models. However, modifying the fragile MSSM Higgs quartic potential
is quite easy even with only heavy new physics. In sectiond7.3.2}{7.3.3] we review gauge and singlet
extensions of the MSSM that fulfill both assumptions.

In general, we study the modifications to the Higgs couplings to SM particles, denoted by

= gg_M (7.1.1)

hii
with ¢ = ¢, V, G, v, b, 7 standing for top, massive vector gauge boson, gluon, photon, bottom and
tau respectivelyﬂ Our main task is to organize existing computations into concrete predictions,
distinguishing relevant from irrelevant contributions in our framework. We anticipate a list of
relevant effects in table [T.1l

In the following we adopt the request of a moderate fine-tuning (10% for concreteness) to
identify the main deviations of these couplings expected in natural supersymmetry. We comment
on the prospects of falsifying natural supersymmetry through their measurement at the LHC and

'Recent experimental results point to a value for its mass closer to 126 GeV [53, [54], but the theoretical
discussion in this chapter is completely unaltered by a shift of 1 GeV (which is also compatible with the experimental
uncertainty).

2While this may not be strictly necessitated by data, we make the further assumption that ry = rz = ry.
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Particles Parameters Observables
t1,2 m©37mﬂga At7u7tan/8 rGa, Ty
551%2 MZ?H: tanﬁ Ty

Huu Hd7 S a76a¢ Ty, 7y T, TV

Table 7.1: Summary of relevant (above 5%) contributions to Higgs couplings deviations in natural
supersymmetry. The first column contains the name of the particles responsible for the effect, the
second lists the relevant Lagrangian parameters (or in the case of tree-level effects the independent
angles, where we have indicated with S a possible extra singlet and with ¢ the mixing angle that
it introduces in the theory) and the third displays the observables affected. We have omitted extra
degrees of freedom from D-term extensions of the Higgs sector that leave the two Higgs doublet
model structure of the Higgs potential unaltered, but we discuss them in detail in the following.

compare the reach of precision coupling measurements with direct searches for supersymmetric
particles.

7.2 The Higgs mass and fine-tuning

The most widely studied radiative correction associated with stops is the increase in the Higgs
mass. A well known, simple, analytic one-loop estimate that nevertheless includes the most
relevant two-loop correction is given by [203]

3Gx M2 X2 X2
my & mycy, + N {mf‘(@l) log (mf) + mf(Qg)Mtz 1— 12]\}2 . (7.2.1)

Here M2 = m; my,, Q1 = vVmM;, Qs = M, and m(Q) is the running top mass taken at scale

with M, being the top pole mass, that we fix at 172.5 GeV. The stop mixing parameter X; is
defined by equation [3.4.31}

Equation overestimates the Higgs mass, at a level of ~ 2 GeV, compared to the numer-
ical two-loop package FeynHiggs [204]. Here in part of the analysis we use equation as a
tight but robust upper bound to the Higgs mass in the MSSM, while in other parts we prefer the
full FeynHiggs calculation, advising the reader accordingly.

The correction to the Higgs quartic coupling, leading to equation , is accompanied by a
shift to the Higgs self-energy that must be balanced by the bare mass in order not to destabilize
the electroweak scale. Using the fine-tuning measure, A, defined in section we recall that
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the approximate stop contribution to it is

_ 20m? 3 A
(A 1)5 _ ‘ mIQLHu , 5m§{u|stop = _@yf (m%3 + m%B + A?) log (m) . (723)

In what follows we assume conservatively a low SUSY breaking mediation scale A = 20 TeV.

Equations and imply that a Higgs mass of 125 GeV would be highly fine-tuned
in the MSSM [201], 202]. Including quantum corrections, the natural Higgs mass prediction in the
MSSM does not exceed approximately 115 GeV (see figure[7.9). Unless we let go of natural SUSY,
some physics beyond the MSSM must deform the scalar Higgs sector. Under this assumption,
equation does not directly constrain the stop sector. However, equation (|7.2.3)) continues
to provide a reasonable guide to the fine-tuning associated with stops. Before turning to its
relevance and to stop effects on Higgs couplings we discuss the deviations expected at tree-level.
First studying a generic two Higgs Doublet Model (2HDM) and then discussing more concrete
examples, such as the NMSSM and D-term extensions of the MSSM.

7.3 Tree-level deviations from Higgs mixing

As seen in the previous section a Higgs at 125 GeV is not compatible with a natural MSSM.
The MSSM quartic couplings in the scalar potential need corrections at the ~ 50% level from
new physics beyond the MSSM in order to accommodate it. These corrections can modify the
Higgs-fermion and Higgs-vector couplings from their MSSM values at a similar level, in a model
dependent manner, through Higgs mixing. In this section we derive these Higgs coupling modifi-
cations. We start from a general 2HDM framework. We then discuss the implications for specific
model examples.

We do not consider here the possibility of additional light fields mixing with H,, 4, as could
occur e.g. if the MSSM is augmented with a light singlet, treating this case in section [7.6.2] In
addition, we assume that non-renormalizable interactions in the effective 2HDM can be neglected.
Then above the weak scale but below (at least most of) the superpartners, the supersymmetric
Higgs sector is described by an approximately type-11 2HDM [205], 206],

—L = HD?H, + HID*H, + m?|H,|* + m2|H,|?
A A
+ 71\}[1\4+?2|H2|4+)\3]H1]2\H2\2+)\4|H102H2|2

A
+ {SHHIH)? + (H[Hy) (my + Nl i + Mol Ha?)

+ ViHaelnQua + (YiH] = i HY) bnQus + (Yo HI = Yz A HJ) 7rLs + hec.}
(7.3.1)

where Hyo ~ (1,2)11/2 and we identify Hy = H,, Hy = iooH}. In equation (7.3.1) we include
“wrong” Higgs couplings for bottom and tau fermions with coefficients A, ,, that come about
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from integrating out third generation squarks, higgsinos and gauginos at one-loop. We omit first
and second generation fermions. As discussed in the next section, in the MSSM, at tree-level,
X=X X=AM =40, =A,=0.

As we anticipated in section traditionally, the analysis of Higgs couplings is achieved by
diagonalizing the Higgs mass matrix and expressing the couplings in terms of the rotation angle
«, connecting the interaction basis of equation to the mass basis, and the ratio

(Hu)
tan § = : 7.3.2
(Ha) (7:32)

Omitting for the moment A, ;, we have r, = r;, and

UGhbb sin av UGntt  COS QY Vgnvv .
_ - _ - — = = — 7.3.3
= S = O = (30, (783
implying the inequalities

ri <tan’B+1, rZ < re < 1. (7.3.4)

— +1
tan? 3 5

We are free to choose two independent parameters to describe 7y, 7 and ry,. We choose these
parameters to be tan 8 and r,. With this choice we can write

r2 —1 tan Ty
S - V1 + tan? § — 12 7.3.5
" tan? 5’ v 1+ tan? (tanﬁ+ +tan” 5 rb)’ ( )

valid for all tan 5. We assumed that r;, > 0, taking the positive root.

We now comment on the validity of neglecting A, . in equation . They enter the Higgs
couplings tan f-enhanced and only become quantitatively relevant at large tan 5. However, if
(ry/ tan B8)? < 1, then deviations in r;, 7y are suppressed compared to deviations in r,. As we
discuss below in more detail, this results in the fact that whenever the values of r; or ry are non-
negligible phenomenologically, then equation applies to high accuracy even when finite A -
are introduced. This conclusion is useful: it means that for arbitrary new physics deformations of
the MSSM Higgs potential — just as long as the basic 2HDM structure is maintained — only two
variables, 1, and tan 3, are required to describe Higgs mixing effects on the lightest Higgs effective
couplings.

Note, finally, that similar diagrams to those that produce A, ;, also produce finite A\g 7. As the
latter couplings are vanishing in the MSSM, this can lead to non-negligible modification to Higgs
couplings [207, 208]. However, these corrections are fully accounted for in equations ,
by assuming renormalized couplings in the potential .

For the purpose of understanding the phenomenology of specific models it is useful to express
rp in terms of the parameters in equation . As a simple but interesting scenario, consider
tan § > 3, where we can use (1/tanf3) as an expansion parameter [207, 208]. We assume some
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hierarchy between the masses of the two doublets, expand 7, also in v/m4 and set A, = 0,

obtaining
m2 — 350 — \v? tan v 1
n o= 140428 2 : ﬁ+0<_4’ );
my m7 tan
1
= 1+0(——) . 7.3.6
Tv, Ty + (tan2 /B) ( )

The approximation in equation ([7.3.6|) is useful because it allows us to make generic predictions
for a rather wide range of models [207, 208]. We show in the next section that it is also fairly
accurate. The couplings A5, A7 (and Ag) correspond to hard breaking of a U(1) pg symmetry under
which (H,H,) is charged. Many phenomenologically relevant models (e.g. the MSSM) break
U(1)pq only softly and/or only at loop-level, and thus A5 ; are suppressed while A3 can be O(1).
Hence in many cases, A35 controls the deviation of 7, from unity and its sign determines whether
1 is increased or decreased. This, in absence of hard PQ breaking, is true at order 1/tan? 3, but
to all orders in v/my [207]. Some generic classes of SUSY models predict fixed signs of As; and
thus the direction of the shift in ry.

In the next subsections we apply equations and to SUSY models, starting from
the MSSM and then considering natural extensions that can accommodate m;, = 125 GeV. We
show that even though O(1) variations in 7, can easily occur in such models, nevertheless significant
predictive power is maintained, particularly in the approximate P(@) limit.

7.3.1 MSSM analysis
The tree-level MSSM quartic Higgs potential is given by G = SU(2)w x U(1)y D-terms,

2 2 2
Vo= 3% (mimg, + miTen,) = 2L (0~ ()
G

where the dots represent the charged Higgs potential. ¢ and ¢’ are the SU(2)y and the U(1)y
gauge couplings. Mapping onto the 2HDM, we have at tree level

92 + 912

)\1 = )\2 = —>\35 = ~ 014, )\5 = )\6 = )\7 = 0, Ab = AT =0. (737)

The coupling Ag5 is negative, and so equation ([7.3.6]) tells us that the value of r; is enhanced in
the MSSM: 7, &~ 1 + (m% +m2)/m?% ~ 1 + 0.25 (m.4/300 GeV) .
Finite A, and ;6 7 arise at loop order; using the results of [209, 210] we have, parametricallyﬂ

A . -
() 14 (%5) s aemwr (M) sy
mg mg

m2
3A contribution to A7, coming from stau loops, may become comparable to the stop contribution if one allows
very large (A,p/m2).

A
A7~ =107 (L’j) , Ay~3x107°
m=

t T
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We can now get back to estimate the validity of some of our previous approximations. First, while
equation automatically accounts for finite A5 ¢ 7 (either radiatively generated or otherwise),
it does not encode finite A, and we should verify its applicability. Note that A, enters Higgs effec-
tive couplings multiplied by tan 5. However, from equation we expect that equation
should apply to reasonable accuracy even for tan 8 ~ 10, in which case, because of the relative
tan? 3 suppression, deviations in 7y, ry are already at most marginally relevant experimentally.
In figure we verify this point directly by comparing equation (|7.3.5)) with the full one-loop
results from FeynHiggs. We find that for moderate tan 5 = 3 the agreement is excellent, while for
tan 8 = 10 the agreement is better than 10%. However it should be kept in mind that the deviation
from unity of r; and ry is so small in this regime to be completely negligible phenomenologically,
making these discrepancies even less relevant.

0.0F T T T T T T T ™ OF
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Figure 7.1: (r; — 1) as a function of my4 for tan § = 3 (left) and tan 8 = 10 (right). In addition to
the stop-higgsino loop with parameters A; and p as shown, a sbottom-gluino contribution is also
included with mg, = 300 GeV, mz = 800 GeV. The solid curves are derived by using the value

of 7, in our formula (7.3.5). The dashed curves are derived using FeynHiggs. Similar results are
found for 7y .

Next, we consider the 1/tan  expansion of 7, [207], whose leading order in v/my is in equa-
tion (7.3.6). As we argued in section 2, naturalness favors A, < 300 GeV. Thus unless tan 3 is
very large, the contributions from A7 (and A,, A,) are subdominant. In figure we study the
accuracy the 1/tan 8 expansion for r;, using the tree-level couplings and comparing to the
numerical results from FeynHiggs. We find that the expansionﬁ captures the correct result to 5%
accuracy for intermediate tan 8 = 10, still to 10% for low tan 5 = 3, where the 1/tan /5 expansion
ceases to be valid, and to better than 20% accuracy for large tan 8 = 40, where tan S-enhanced
loop corrections are in effect.

Last, we question the approximation 7, &~ r,, that is violated by A, # A,. Again, the non-

“The expansion in [207], valid to O(1/ tan? 3) of which we showed the leading term in equation (7.3.6).
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Figure 7.2: 7, — 1 as a function of my4 for tan 8 = 40 (top left), tan § = 10 (top right), tan § = 3
(bottom). The solid curves are tree-level leading results in the large tan § approximation with A,
and A7 set to zero. The dashed curves are the full results computed with FeynHiggs. We decouple
the right-handed sbottom in the computation.

holomorphic corrections are small unless tan  is large. We have

Ty Teo + (1 —1e0)Ap tan 3
r. 1o+ (1—140) A, tan B’

(7.3.9)

with 7,0 = 779 denoting the result for A, = A, = 0. We conclude that r, &~ r, is a reasonable ap-
proximation as long as ry, > = O(1). The approximation can fail if the hbb and h77 couplings are
strongly suppressed compared to the SM prediction; however this possibility is already disfavored
by data, as seen in chapter [2]

7.3.2 Non-decoupling D-term models

In this section we study theories with new gauge interactions, in which D-terms contribute the
leading effect in raising the Higgs mass. Examples in the literature include [211) 212, 213]. We
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focus here on models in which the Higgs fields transform in a vector representation (H,, H;) under
the new gauge group, so that a pu term, uH, Hy, is allowed in the superpotential. We show that
these models generically predict an enhancement in the hbb and k77 couplings. Models that go
beyond the vectorial charge assignment for the Higgs fields must gauge the U(1)pg symmetry
and tend to consist a hybrid of D-term and F-term extensions [214] 215] that we discuss in the
following section.

Consider two-site Moose models with a product gauge group SU(N)4 x SU(N)p and gauge
couplings g4 and gp (for example, SU(N) = SU(2) in [211]), depicted in figure[7.3] The product
group is broken to the diagonal, identified as the SM electroweak gauge group G. This can be

SU(N)A> <SU(N)B
DY

Y

Hu; Hd

Figure 7.3: The fundamental building block in vector-like D-term models.

done, for instance, by introducing bi-fundamental link fields (3, ), developing VEVs (%) = (%)
through a superpotential W = A(detX + deti) + f TrEX. The broken generator vector multiplets
acquire a mass My . To arrange for a non-decoupling effect, a large soft SUSY breaking mass M,
can be introduced for the link fields. Then, the low energy effective potential of these models
takes the same form as the MSSM D-term potential with rescaled coefficients:

vy = Yle (1o My @WWJ+MWHYD
v = 2 g e ) \Mleth  Hda
FA+A)+ g%+ A) (o2 1012)?
: (e
This low energy effective potential can be derived following [216]. As stated above, we take the
link fields (X, ) to be bi-fundamentals under the product gauge group with a canonical Kéhler
potential

(7.3.10)

K D Tred4Vaxe 98VeyT 4 TredsVeye—9aVayt, (7.3.11)

where g4 p are the gauge couplings of gauge group A and B and V) p are the corresponding vector
multiplets. After 3, 3 develop a VEV, f, the product gauge group is broken down to the diagonal
group, which is identified as the SM electroweak gauge group GG with a massless vector multiplet

_ 9aVe +gsVa

V94 + 98

|2 (7.3.12)
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The SM gauge coupling is given by g52 = g1 + g5>. The orthogonal combination,

—gaV, Vi
vy = —AA L InTn (7.3.13)
V 94+ 9
is massive, with a mass term in the Kahler potential
Ky =MVi+---, (7.3.14)

where My = (¢4 + g%)f* Both MSSM Higgs fields are only charged under SU(N)4 with an
initially canonical Kahler potential

Kp=Y Hie"VaHg, =Y (HjeQGVGHZ- - 9524—“HJVHHZ-) , (7.3.15)
B

i=u,d i=u,d

where we expand to the leading order in V. After integrating out Vg through its equation of
motion, we have

Keff Z HTGQGVGH 969 , (7.3.16)

2M2

> HIT4H;

i=u,d

i=u,d

whose contributions to the Higgs quartic couplings are of order p?/MZ. Electroweak precision
tests require that My > 3 TeV [2I7]. Given the naturalness condition p < 300 GeV, these
supersymmetric corrections are thus too small to explain a Higgs mass at 125 GeV.

Introducing SUSY breaking effects via a universal soft mass, mg, to the link fields, modifies
the Kahler potential of the heavy vector multiplet,

Ky = (ME+0*m*>)Va+ . (7.3.17)
Again after integrating out Vy, we have

eff _ ¥ gaVe 9(;9,4 1 04m§
il = e - S0 (-

i=u,d

2
, (7.3.18)

> HIT¢H,
i=u,d

which gives rise to the low-energy potential in equation ([7.3.10)).
Consider two limits of the modified Higgs couplings in equation ([7.3.10)):

e My > my, corresponding to a nearly supersymmetric heavy threshold, with

2 .9 2
g My ga
A(A,) = 2 M2 2
9p My, 9B
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e m, > My, corresponding to hard SUSY breaking in the low energy potential, with

2

/ ga
( ) 2

Given that 952 = gf + g]§2, we cannot take gp very small at the weak scale. Assuming g4/gp =
O(1), we learn that D-term models need a SUSY breaking mass m; at least comparable to the
supersymmetric scale M. These models are thus unlikely to be well described by the nearly
supersymmetric effective field theory of [216].

Finally we comment on the fine-tuning in these models. The new non-supersymmetric contri-
bution to the Higgs quartic couplings leads to a quadratic divergence in the Higgs mass squared,
cut off by my. If we require this additional fine-tuning to be no worse than 10%,

AT

10, (7.3.19)
1672 m3

we obtain a conservative upper bound, my < 10 TeV. Taking into account the electroweak con-
straint, My > 3 TeV, and the requirement My < m, coming from equation ([7.3.21)), we find that
my is approximately limited to the range 3 — 10 TeV.

Contours of rnh=1 25 GeV; tanf=5 Contours of mh=1 25 GeV; tanf=20
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Figure 7.4: Contours of m;, = 125 GeV in the (X, mg,) plane, for different values of the D-term
correction parameter A. Left: tan 5 = 5; Right: tan 8 = 20. We have set A = A’ for simplicity,
but the results are not sensitive to this choice.

The effect of this kind of D-term models on the Higgs quartic potential is simply:

gQA +g’2A’>

T (7.3.20)

AL = =g = Mgy = MM <1 +
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More specifically, accepting m; = 125 GeV, we can compute the size of the required A. In
figure [7.4] we set A = A’ and plot contours of m;, = 125 GeV for different values of A in the stop
soft mass-mixing plane, using equation modified by the D-term correction. Requiring light
stops with fine-tuning no worse than 1:10, we find:

A 205, (7.3.21)

As we have seen above, equation ((7.3.21)) implies that D-term models that address m;, = 125 GeV
should indeed be close to the non-decoupling regime.

7.3.3 Non-decoupling F'-term models

Here we consider models that raise the Higgs mass through new non-gauge interactions in the
superpotential. The classic example includes a SM singletﬂ interacting with the Higgs doublets
via

SW = ASH,H,. (7.3.22)

If S is given a large soft SUSY breaking mass, m? > m?%, M2 with myg being the mass of the
heavier MSSM Higgs doublet and M, a possible supersymmetric mass for S, then the effective
potential below my is modified with a non-decoupling correction,

Vo= VMSSM N2, Hy (7.3.23)
This gives, using the notation in ([7.3.1)),
A= MM A g5 = APM 02 (7.3.24)

By equation ([7.3.6)), these models tend to decrease 1,. To estimate the size of the effect, note that
the correction to the Higgs mass, still neglecting mixing, is

sm? = w2, (2L 7.3.25
mp =my R sin” 2/3. (7.3.25)

In figure we plot the value of A required for m; = 125 GeV, by adding equation (|7.3.25|) to
equation ([7.2.1). Mixing with the heavy singlet S reduces the lightest Higgs mass due to level
splitting [202]; as a result, for fixed my,, the value of X in figure serves only as a lower bound.
We conclude that A35 is always positive in this model and much larger than its gauge-coupling
value in the MSSM. This reduces the hbb coupling below its SM value.

As pointed out in [202], the non-decoupling limit discussed above has limited applicability
because naturalness constrains m, < TeV. In contrast with D-term models, however, where elec-

troweak precision tests constrain the SUSY scale, the singlet F'-term example is phenomenologi-
cally viable also in the SUSY limit. In analogy with the D-term example, adding a supersymmetric

®We would get the same results by making S a hypercharge-neutral SU(2) triplet.
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271 — mh=120 GeV
— mh=1 25 GeV
——— m, =130 GeV

Figure 7.5: Contours of m; = 120, 125,130 GeV, in the (tan 3, A) plane. Smooth lines: tree level;
dashed lines: including stop correction with X; = 0, m;, = m;z, = 380 GeV.

mass term, 6W D (M,/2)S?, the shift in A35 is suppressed by factors of (ms/M,); however, a su-
persymmetric correction A\; = —(A\2u*/M,) is generated. The \; term modifies the Higgs mass by
om32 oc —(Av?/tan B). With |M,| = 700 GeV, |u| = 200 GeV, tan 3 = 2 and |\| = 0.7, the Higgs
mass could be raised to 125 GeV [2106, 218] with just a little help from ~300 GeV stops. From
equation , the small negative A\; will also act to decrease 7.

We should stress, however, that it is not difficult to construct F-term models that do not
decrease 7. In particular, models that attempt to produce the p term dynamically via a weak-
scale singlet vacuum expectation value, tend to predict a light singlet, in which case the 2HDM
analysis ceases to apply. An example is the Z3-NMSSM,

W:Awﬁm+§§. (7.3.26)

Parametric scans of this model show that the shift in r, does not have a definite direction once S
is allowed to be light [219, 220]. To understand how this can happen, consider equation ([7.3.26])
with the following hierarchy of masses: m¥ =~ m3;, > |mg|* > [mpg,|*, where m2 < 0. Integrating
out first Hy and then S, and expanding to leading order in (1/tan /), we have

B |)\’21}2 N U2 92 +g/2 |/\|4
m3|  mi —mj; 4 2k )

7"5%1

(7.3.27)

Notice that there is no longer a correction scaling as |\|?v? /m?%;, instead there are two opposite-sign
contributions that could be parametrically comparable.
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Another example that increases the Higgs mass with no definite effect in the hbb coupling is
found by adding an SU(2) triplet chiral superfield, A_ ~ (1,3)_;, with super potential W =
AM_H,H,. With a large SUSY breaking mass ms_, integrating out the field A_ inserts a hard
SUSY-breaking correction Ay — Ay + |A|? without modifying any of the other quartics in equa-
tion (7.3.1), lifting the Higgs mass with no further effect on the Higgs-fermion couplings.

Our main conclusions from the discussion in sections|7.3.2)and [7.3.3|are the following: (i) O(1)
modifications to 74, are plausible through Higgs mixing in concrete extensions of the MSSM, that
give the correct Higgs mass; (ii) measuring a deviation in r;, will have strong implications for
generic classes of models, in particular, non-decoupling D-term and F-term models, that predict
opposite sign effects. The value of (r, — 1) will provide very suggestive hints for the masses,
quantum numbers and couplings of new particles beyond the MSSM.

7.4 Loop effects

In this section we discuss the implications of light superpartners for Higgs production and decay
channels at hadron colliders. The quantities that are most affected are the light Higgs couplings
to gluons and photons and for this reason we recall the definition of r¢ and r,, given by the ratios

Ghii

SM?
hii

3 i=G,. (7.4.1)

After this reminder, we begin the discussion by summarizing the results. The effects we
consider include loop contributions from the charged Higgs, higgsinos, gauginos, stops, sbottoms,
and staus. Of these, the only quantitatively relevant effects (potentially larger than ~ 5%) involve
stops and charginos that affect the Higgs couplings to photons and gluons. The stop contribution
to the Higgs-gluon coupling, r¢;, is directly related and opposite in sign to the stop contribution
to the Higgs photon coupling, 7’3. The chargino contribution to 7, decouples for tan 5 > 5, as the
chargino-Higgs coupling scales linearly with (1/tan f3).

The stop and chargino effects are constrained by direct searches for these particles and, to some
extent, by naturalness. Imposing collider limits together with demanding fine tuning no worse
than 10%, we check the possible size of these effects by varying the relevant theory parameters.

The results are plotted in figure [7.6) where the lines show the maximal and minimal values of
., obtained within natural SUSY. The possible stop contribution to 7¢ is plotted in figure

The ranges of the different contributions to rg and r, in natural SUSY are summarized in
table [7.2] for tan 8 > 2. We also report upper limit estimates on the subdominant contribution
of staus and sbottoms. In the following subsections we provide more details of the calculations.

In this chapter we have very generously allowed the lightest stop to go as low as 100 GeV
(close to the LEP bound). This is hard to accommodate in a realistic model after LHC results
and also in tension with ElectroWeak Precision Tests. However the only consequence is to have less
sharp statements on r¢ and 7 that can vary in a broader range, thus making our conclusions more
conservative. We comment on their allowed interval in more detail in section[7.4.1] specifying when
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Figure 7.6: The range in r, as a function of tan 3, compatible with fine-tuning no worse than 1:10
(details in sections|7.4.1] and [7.4.2)). Left: stop contribution. Right: chargino contribution. In the
left panel, solid curves correspond to total fine-tuning, defined in equation ([7.4.11)), while dashed
curves correspond to tuning with respect to the Z boson mass alone, defined in equation ([7.2.3]).
Note that the stop contribution to r., (left panel) is inversely related to rq, see equation ([7.4.6]).
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Figure 7.7: Natural range in rg as a function of tan 3 (details in section [7.4.1). Solid curves
correspond to total fine-tuning, defined in equation , while dashed curves correspond to
tuning with respect to the Z boson mass alone, defined in equation . Note that the stop
contribution to 7¢ is inversely related to r., see equation ([7.4.6]).

the lower bounds from direct searches are relevant and providing numbers also for mz, > 400 GeV.
Furthermore this choice does not affect at all the results of the fit to Higgs couplings presented in
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g T

Y
t 1508 | 1506
t (mg, > 400 GeV) | 1507 | 177
X+ 1 1016
b 1500 | 1750
7 1157

Table 7.2: Ranges of r¢ and r, in natural SUSY from different contributions, for tan 8 > 2. The
stop contributions to rg and 7, are anti-correlated, see equation ([7.4.6)). For stops we show two
ranges corresponding to the LEP limit on the lightest stop mass and to mz > 400 GeV. All the
other entries are also given for the superpartner mass just above the LEP limit (mgl,m;1 > 100
GeV, myx > 94 GeV). As discussed in the following the only relevant contributions in natural
SUSY arise from stops and charginos.

section
7.4.1 Stops

Higgs couplings to gluons and photons

The Higgs low energy theorem tells us that in the presence of heavy colored multiplets whose
masses depend on the Higgs vacuum expectation value, e.g., the top-stop multiplet, the leading
log Higgs-gluon-gluon coupling at the one-loop level is given by [49], [50]

_ag h Jlogdetmp(v) 1 Ologdetms(v) \ 0 au
Ligy = 15 (2;@ TTog o +§%:ts TTog v Ga,G, (7.4.2)

where F" and S denote respectively colored fermion and scalar with Dynkin index ty (= 1/2 for the
fundamental representation) and mass matrices m(v). Applying equation (7.4.2]) to the top-stop
multiplet, we have [221]

2 2 2 y2
_1N1<mt my  miX;

~ 2 2 2.2
4 mg mg o omgmg

) ., stop contribution, (7.4.3)

where we neglect D-terms. We took out an overall correction factor r, defined via equation ([7.1.1)),
that comes about by Higgs mixing. The total hGG vertex correction reads

rg =T Tév. (744>

Equation (7.4.3) compares well with results from FeynHiggs. Nevertheless, in numerical compu-
tations we use the complete expression including D-term contributions. The leading log approxi-
mation can be checked by comparing the full fermion and scalar loop function ratio evaluated at
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m; and mg, [Fo (m3 /4m?) [ Fije (m3/4m?)], to the asymptotic value (1/4) of this ratio at mj, — 0.
Varying m; between 150-1000 GeV, we find that the leading log approximation is good to about
6%.

For reasonably light stops, equation leads to a substantial effect, e.g. with m;, = mz, =
250 GeV, rg = 1.24, implying a 53% increase in GF productionﬂ As long as stop mixing is small,
the hGG coupling is enhanced compared to the SM and consequently the GF rate is enhanced.
So what limits the enhancement are direct searches. As commented in the previous section our
lower limit of m; > 100 GeV is generous in view of recent LHC results. Taking, for instance,
m;, = mg, = 400 GeV, would reduce the effect to r¢ ~ 1.1 implying a GF production increased
by 20%.

As discussed in [50], large X; could in principle reduce the hGG coupling. However, natural-
ness, together with the direct bounds on mg,, limit this possibility: large X, adds to the weak-scale
fine tuning both directly, through equation ((7.2.3)), and indirectly because it requires a larger di-
agonal soft mass to start with. In the next section we show further constraints on such large X,
that arise from rare B decays at large tan 3. Imposing m;, > 400 GeV, limits r¢ > 1, while for
my, > 100 GeV we can still get rg =~ 0.6.

There is an inverse correlation between the top/stop contributions to the Higgs effective cou-
pling to photons and to gluons, the negative sign coming because of the dominant W diagram
that contributes to hyy with opposite sign from the matter loops. To see this, let us denote the
W and top loop contributions to the hyy amplitude by Aj, and A}, respectively, and the stop
contribution by Ag. Let us further define the hGG top and stop-induced amplitudes by A% and
A?, and note that

A AG .
t t .t
A_Z_ A—?—Tc—lv (7.4.5)
to leading order in ;. This gives
Ay + A + A
r, = W ! s ~ 1.28ry — 0.28r¢, W, top, andstop contributions, (7.4.6)
(Ay + A7)

using A}, =~ 8.33 and A ~ —1.84 in the SM, valid for my, = 125 GeV.

Equations and do not include loop contributions of additional particles, notably
bottom and tau fermions, charginos and scalars. The bottom and tau fermion contributions
remain below about five percent of the top even for r;, . ~ 10. The chargino, sbottom and stau
contributions can in principle become relevant in some corners of the MSSM parameter space,
resulting in some loss of predictivity by disturbing the r, — r¢ correlation of equation (7.4.6]).
Below we examine these terms in more detail, concluding that in natural SUSY, the sbottom and
stau contributions can be neglected while charginos may lead to marginally observable effects.
First, however, we comment about an additional source of fine-tuning that can further limit the
allowed values of X,.

6 Already extremely hard to reconcile with experimental results and only at the price of tuning down Higgs
couplings to other SM particles (in particular ZZ, WW and 7).
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Large stop mixing vs. fine-tuning in BR(B — X,v)

Light, mixed stops are constrained by rare B decays. The branching fraction for the rare decay
B — X7 has been measured experimentally to a precision of better than ten percent [222],

BR(B — X7)® = (3.5240.25) x 107%, (7.4.7)
The theoretical SM NNLO calculation has reached a similar accuracy [223]
BR(B — X/)™ = (2.9840.26) x 107 (7.4.8)

The theoretical NNLO SM prediction is fully determined by observable quantities, namely the
masses of the top quark and of the W boson and gauge couplings. Therefore, the agreement
(within ~ 1.50) between equations and allows us to define an observable quantity,
Opsy, that we can compare against models of new physics,

BR(B — Xgv)®P

Oy = BR(B — X,7)M

—1=0.18£0.13. (7.4.9)

Equation ([7.4.9) means that new physics is now only allowed to contribute to B — Xy at
about thirty percent of the SM contribution. Since the it begins at one-loop, new physics models
such as SUSY can easily produce larger contributions. Exploiting the possibility of accidental
cancellations, typical SUSY Higgs analyses in the literature either ignore B — X v or focus on
parameter regions where these cancellations occur. Here, given our interest in natural models, we
use equation to estimate the level of fine-tuning involved in the latter approach [225].

Given a model input parameter P (e.g., A;) that contributes to BR(B — Xv), we assess
the degree of fine-tuning Ap,,. associated with it in a similar way to the fine-tuning measure
commonly associated with the Z boson mass. The only slight modification we apply here is to
account for the uncertainty in the experimental determination of Op,.:

[A(P) ]_1 _ Ob37 alOg Obs'y _ ‘ﬂagbs'y
Obs’y

00y, OlogP 0.3 oP
where we chose to combine linearly the central value and the uncertainty on the right hand side
of equation (7.4.9), setting op,, = 0.3. Then we choose to adopt the total fine tuning measure

A = A2+ AL (7.4.11)

where A is the usual tuning of the Fermi scale defined in section |3.5.1] To get a rough estimate of
the importance of equation (|7.4.10)), consider minimally flavor violating new physics contributions
to the Wilson coefficients C7 g of the electromagnetic and chromomagnetic dipole operators Oy g,

, (7.4.10)

_ € g
1672 1672

"Ref. [224] found the theoretical result BR(B — X,v)™M = (3.15 4+ 0.25) x 10™%. As it becomes clear in the
following we have chosen the value that gives us the most conservative results.

07 my (§L0'wjbR> ij, Og my (ELO'W,TabR) G, (7412)
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Taking C7g to be input at the top mass scale, the contribution to O, can be approximated
by [226]

Obs‘y = CL77|C7|2 + a88|08|2 + §R {a7C7 + ClgCg + a7gC7C’§} s (7413)
with a7 = —2.41 4 0.212, ag = —0.75 — 0.197, a7 = 1.59, agg = 0.26, ayg = 0.82 — 0.30¢. The

MSSM with light mixed stops and light higgsinos gives a tan S-enhanced contribution to the
Wilson coefficients, of the form

2A mg mg
Crs =~ %ﬂ@( b t2> tan 3, (7.4.14)

2" 2

t

where Frg(x,y) are loop functions that take O(1) values for x+ ~ y = O(1). Using equa-
tions ([7.4.14)), (7.4.13)) and we see that if we wish to avoid accidental cancellations to
a level of one part per ten, then we must have (A;utan 5/ mf) < few.

In our numerical calculations, we sum in quadrature the contributions to A(_Qim coming from the

—2
parameters Ay, y, and my (the gluino mass): A(T)fm =>>r [Ag?m] . We compute the derivatives

(004s/OP) numerically, including the full one-loop results, and holding all other parameters fixed.
In taking the derivative we fix also dependent vacuum parameters such as tan 5 and my . This
is not strictly consistent when one considers the vacuum configuration as the output of a certain
combination of soft SUSY-breaking parameters. Nevertheless, this is a good enough treatment for
our purposes, (a) given our underlying assumption of extra dynamics, beyond the MSSM, affecting
the Higgs potential, and (b) given our limited choice of varied parameters P = {A;, u, mz}.

Summary of stop effects

In figures (left) and we study the range of values for r! and %, that can be naturally

4
expected due to light stops. There we plot the extremal (upper and lower) values of ri and
ré that can be achieved by varying Ay, u, me, s Mg for different values of tan g, while imposing
At S 10%, or tuning no worse than one part per ten. We also, very conservatively, demand
that m; > 100 GeV. The extra fine-tuning incurred by large A;, as seen by equations
and , suggests that stop mixing should not be large, and more so for larger tan 3. As a

result, the lower bound on 7, (upper bound on rfy) is set by naturalness.

We learn that rL, < 0.6 does not arise within natural SUSY, while a rather significant increase
of rL, is obtained with light, unmixed stops. The upper bound r% < 1.6 is obtained when stops are
un-mixed and as light as we let them, close to the top mass. Ignoring the possibility of additional
SUSY contributions, this ultra-light region is in strong tension with electroweak precision tests
(EWPTs). For example, setting X; = 0, mg, = mg, = 100 GeV (mg, , ~ 200 GeV) and neglecting
sbottom mixing we find (Ap/p) & 3.5 x 1072, more than an 8¢ deviation. However, it is not
inconceivable that contributions from the Higgs and gaugino sectors could ameliorate this tension.
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While such cancellation would certainly be fine-tuned, the level of tuning does not quite make
it to the 1:10 level except at this very low mass end. Instead of complicating the analysis by
folding in EWPTs into our naturalness criterion, we simply report that if we impose that the
stop-sbottom contribution to (Ap/p) remains within the 40 range, we obtain stronger limits on
the Higgs-gluon and Higgs-photon vertices, 0.9 < rg; < 1.3 and 0.9 < r! < 1.03. We can also
require the lightest stop to be heavier in view of LHC searches that here we do not discuss in
detail. Imposing a stronger bound on the lightest stop mass mz, > 400 Ge leadsto1 <rf < 1.1
and 0.97 < rf; <1.

Finally, while our philosophy in this work is that additional physics beyond the MSSM must
affect the Higgs sector to account for the Higgs mass, it is nevertheless interesting to show the
implications of naturalness for the stop contribution to my,. In figure[7.8 we plot the maximal value
of my, obtained by varying the SUSY parameters as above. We use the analytical estimate for
my, and so this plot provides an upper bound. The plot shows how tuning for B — X,y makes a
large stop contribution to my, less plausible for large tan 5. figure[7.9|shows contours of the MSSM

Higgs mass (computed now using FeynHiggs), the total fine tuning defined in equation ([7.4.11])
2

and (ré) in equation ([7.4.3|), for two values of tan § = 10, 30. At large tan 3, tuning for B — X

disfavors the high mixing region, causing the maximal value of my to drop substantially.
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Figure 7.8: Upper limit on my in the MSSM, as a function of tan 5. The solid line corresponds
to scenarios with up to 10% total fine-tuning (defined in equation (7.4.11))), while the dashed line
corresponds to Z boson mass tuning alone (equation ((7.2.3)).

8Imposing at the same time a similar constraint on the sbottom mass would not alter our predictions for Higgs
couplings and would automatically satisfy the (Ap/p) bound. Note also that we are not implicitly stating that the
LHC is excluding everything below 400 GeV and that anything above is consistent with their bounds. We are just
choosing a representative scenario with heavier stops.
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Figure 7.9: Contours of the Higgs mass, the total fine tuning and 7% in the (mg,, X;) plane. We
set = 150 GeV, mg, = Mg, = mq and X; = Ay — p/ tan .

7.4.2 Charginos

Naturalness dictates that at least one chargino must be light, mg+ < 200 GeV. Hence, the chargino
contribution to 7, may be expected to become relevant [227, 228, 229]. What limits the effect to be
modest is the direct LEP bound: mg+ > 94 GeV [230]. Imposing this constraint, we compute the
chargino contribution to r., varying the relevant parameters in the range —300 < p/GeV< 300,

0 < My/GeV< 1000, 1 < tan < 40. The result is shown in the right panel of figure . We
conclude that:

o A sizable effect is possible only for low tan 8 < 3, mostly limited to a reduction in r,. The
effect is larger for tan 8 = 1, where we find 0.7 < Tf < 1.13. If we restrict to tan 8 > 2, we

have: 0.8 < rﬁi < 1.1. The sign of (7‘5i — 1) depends on the sign of (uMs).

e Restricting to tan 5 > 3 (tanf > 5) diminishes the effect, as the chargino-Higgs coupling
o sin2f is reduced. Here we find |r;zi — 1] < 10%(6%), where saturating the upper limit
requires two very light charginos with Mgt ~ Mgt~ 100 GeV.

The upper bound of approximately +10% for the chargino enhancement to the Higgs-photon
coupling can be understood as follows. Taking tan f = 1 one obtains, at leading log,

2
—6.49 — 8 _"w 2 -1
N Shpomy g 8 My (2w 7.4.15
" —6.49 =T me. me ) (7:4.15)

where we took Myu > m¥, in order to obtain positive interference with the W-dominated SM
amplitude Agy; &~ —6.49. Imposing the bound My > 94 GeV, we obtain 7’25i —1 < 10%, in good
agreement with the full one-loop computation.
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The bottom line is that a chargino contribution to the hyy vertex, with a sign that is theoreti-
cally unconstrained, can disturb the correlation between r, and r¢ that we have found, accounting
for the stop contribution alone. As a result we will be forced to assess r and 7, independently
when we come to predict Higgs observables. Nevertheless, it will still be useful to describe the
modified hyy and hGG in terms of rf, and rZ}i. This separation becomes practical for tan 8 > 3,
when the chargino correction decouples, with ramifications to Higgs mixing effects.

7.4.3 Charged Higgs
A charged Higgs loop diagram contributes to r.,, with [207]

)\hH“'H— mpg+ -2
1= 0.007 7.4.16
" (A%ff%) (250 Gev> : (7.4.16)

where AMISM /v = (g% — ¢”)/4 =~ 0.07 is the MSSM coupling. The contribution is negligible
unless the charged Higgs is very light, in strong tension with B — X, [224]E|, or the coupling
AnH+ - Teceives very large corrections from an extended Higgs sector. We note that in F-term
models where singlet chiral superfields are added, a numerically large correction to some Higgs
quartic couplings is conceivable; however, the coupling A, g+ - remains unaffected.

7.4.4 Staus and sbottoms

The possibility that light scalar 7’s could boost the hyy coupling was entertained in [231], 232].
This possibility is, however, outside of the scope of natural SUSY. Naturalness limits this effect
as follows. The stau mass eigenvalues are

2
m2co 2 02 2 2
) Nm%+m§+zTﬁi ms — mgz + 2mz sy, Copg
m =

12 2 4
with X; = A; — ptan 8. Let us neglect D-terms in the following discussion, for clarity, including

them numerically later to verify our conclusions. The leading log contribution to 7, can then be
estimated as

+m2X2, (7.4.17)

1 310g(m§1m§2): oy m2X?
6Ag, dlogwv 3Asn mgl m% ’

ry—1 stau contribution, (7.4.18)

where Agy = —6.49 is the SM (W and ¢ loop) amplitude, evaluated at m;, = 125 GeV. Using the
fact that m2, > m2 + 2m. | X;:|, we obtain

Xz 7 -2 it
0<r, —1<4r, x107* (10|0 G|e\/) <1081G16V> ,  stau contribution. (7.4.19)

9The tension with B — X,y may be ameliorated if the charged state is taken from an additional inert Higgs
multiplet.
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Imposing conservatively mz > 100 GeV and demanding fine-tuning no worse than 10% (|| < 300
GeV), we find that in natural SUSY the effect is not larger than 3% for tan 8 < 50 and 7, ~ 1.

The sbottom contribution to r, is estimated to be even smaller because of the smaller electric
charge,

0<r,—1<rx107" X ( Ty )_2 sbottom contribution. (7.4.20)
K ~ 100 GeV ) \100GeV/ ~’

The contribution to the hGG vertex is given by

(ro/re) my Xy

2 2
4 m51m52

rg—1=— sbottom contribution (7.4.21)

and we can bound it by

mgl

100 GeV

X -2
0>rg—12-0.01(ry/r) <10|O éLV) < > , sbottom contribution.  (7.4.22)

To make the stau or sbottom contributions to r, or rg larger than a few percent, large values
of ., rp, arising from Higgs mixing, would be required. As we show in the next sections, (i) one
expects r, ~ r;; (ii) large r, would increase the total Higgs width, implying a suppression to the
h — 7~ rate that would more than compensate for the loop correction and that is not seen in the
data; and (iii) r, 2 3 does not arise naturally in the MSSM or any extension we are aware of for
lifting the Higgs mass. We conclude that the sbottom and stau contributions to r, and r¢ can be
safely neglected in assessing the predictions of natural SUSY to a few percent accuracy.

7.5 Summary and predictions

We have seen that in the natural MSSM and its D-term extensions, Higgs couplings can be
expressed in terms of only two parameters at tree-level, as in a general type-11 2HDM. Adding
a singlet chiral superfield, as for example in the NMSSM, in general increases the number of
parameters to three, if we assume all couplings to be CP conserving. The additional degree
of freedom parameterizes the mixing between the new CP even state and the lightest scalar
Higgs: ¢, = (S|h). We had disregarded the possibility in the previous sections, but we find it an
economical generalization that allows to capture a vast class of models. Therefore we keep it in
mind while comparing the predictions with LHC data.

We have seen that naturalness also prefers stops and charginos to be fairly light, and for this
reason we considered their loop contributions to the Higgs to digluon/diphoton partial widths,
introducing two new parameters. They can be chosen as drL,, characterizing the stop contribution
to the dimension-5 Higgs-gluon-gluon coupling and (57"25?&, characterizing the chargino contribution
to the dimension-5 Higgs-photon-photon-coupling. While fitting the data, in the next section, r¢g
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and r,, are treated as independent parameters. Thus we capture any loop effect on these vertexes,
possibly arising also from the small stau, sbottom and charged Higgs effects.

In the previous sections we have not only identified a small set of relevant parameters, but we
have also found limited numerical ranges for them. This allows us to make some sharp statements
even before fitting the LHC data. Consider now the following six processes, with GF, VBF and
VH standing for gluon fusion, vector boson fusion and associated production, respectively:

T'QT'

2 Do

fyyGF = St (7.5.1)
Hyy;VBF = r,i:ja (7.5.2)
WzzWW;,GF = Tif’, (7.5.3)
MobrrVH = T:Vtr? (7.5.4)

Some relevant questions, motivated in part by the current experimental situation (summarized in

section [7.6.1)), are the following:

1. What is the maximal enhancement for 1 — 77 in GF production? The bound is
obtained with large positive stop corrections, suppressed hbb coupling r, < 1 and SM-like
re ~ry ~ 1. We find

fmcr < 3410 6.2, (7.5.5)

where we allow stops to provide ré =1.1 to 1.5, respectively. ft,.qr ~ 2 is easy to achieve in
beyond-MSSM SUSY by a suppressed hbb coupling, together with a little help from natural
stops. Note that our upper limits on the chargino loop contribution implies that if the
diphoton rate is increased by more than ~ 20%, then the ZZ, WW rates should also be
enhanced (see bullet (3) below).

2. What is the maximal enhancement for h — bb in VH? This question is partially
motivated by the hint for a factor ~ 2 enhancement in h — bb associated production,
reported by the Tevatron experiments (but not confirmed by LHC results). A constraint
comes simply from 2HDM trigonometry,

2..2
v

Heb;VH = S 1.5. (756)

Htot
We obtain the upper bound of 1.5 by examining 0.1 < tan 8 <40, 0 <7, < 10, and varying
r, in the range [0.6,1.6]. The upper limit is essentially unaltered by taking rf, in the range
[1,1.1} (i.e. mz >400 GeV). The maximal value is obtained for tan 3 % 30 and r, 2, 3.5.
This shows that an enhancement of 50% is extremely hard to accommodate if all other rates
are broadly consistent with the SM. Experimentally establishing a nontrivial lower bound
on v would have profound implications for natural SUSY. For instance, establishing



195 CHAPTER 7. THE HIGGS IN NATURAL SUPERSYMMETRY

tep;ve > 1.4 would provide the lower bounds tan 8 > 8, r, > 2, ruling out F-term models
like ASUSY, while making a strong case for D-term models that enhance hbb. Provided
that a concrete model giving all other Higgs rates consistent with the measurements can be
constructed also for r, > 2.

3. What is the maximal ratio of h — vy vs. ZZ,WW in the GF production channel?
ATLAS reports fiyy.ar 2 2 X piww.cr, and a low WW rate is also found at the Tevatron.
The ratio and the answer are given by

HoyyiGE r

. _ 2
2 = [1.28 = 0.28(rrrv) + (00" /rv)) <14, (7.5.7)
HUWW,ZZ;GF (A7

where 5r,’;<i = r;zi — 1. The numerical value of 1.4 answers a slightly modified question:
“what is the maximal value of equation (7.5.7), assuming that » — v is not
suppressed, i.e. assuming fi,,.gr > 0.757” This is more relevant, because to truly maximize
equation ([7.5.7)) one would need to take ry small, which would diminish the actual observed
v rate. Imposing fty.qr > 0.75 and varying 74, tan f3, ré, rgi, we find the numerical bound
in equation . Restricting to mz > 400 GeV and rg < 1.1 brings down the upper
bound to 1.3.

4. What is the maximal ratio of h — 77 in the VBF vs. the GF channels? Again, we
further impose fiyy,qr > 0.75, this time in order to avoid irrelevant solutions with r, < 1
and vanishing GF production. The upper bound we obtain is:

2
: r
Povsr TV 98, (7.5.8)
Hoyy,GF rG
Note that this last result, in contrast to the previous three items, is directly sensitive to our
specific criterion for naturalness, because the bound ((7.5.8)) comes about by using stops to
decrease the Higgs-gluon coupling, an effect that requires large stop mixing. For example,
restricting to 20% tuning instead of 10%, would change the bound in equation (7.5.8)) to 1.5
instead of 2.8. Taking m;z, > 400 GeV and consequently 7¢, > 1, leads to an upper bound of 1.

The sample questions above give a sense to the level of predictive power in natural SUSY. However,
the usefulness of reducing the number of free parameters to just a few comes also in interpreting
a larger set of independent measurements. In what follows we demonstrate this point by fitting
the relevant parameters to current data and interpreting the results.

7.6 Natural SUSY predictions and LHC data

The LHC experiments have released Higgs coupling measurements in several channels that we have
described in section [2.7] Here we compare natural SUSY predictions with the data performing
simple 2 fits.
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In the next section we describe the data used and the fitting procedure. We then show the
results of fits to deviations induced by tree-level mixing and those of a complete five dimensional
fit that parametrizes a generic natural SUSY theory, including also loop-effects.

7.6.1 Data and fitting procedure

In order to constrain the supersymmetric parameters, we take into account all the available Higgs
channel rates. We use the latest LHC data published in occasion of the Recontres de Moriond
in March 2013 and shortly after. The rates depend on the product of the overall production
cross-section and branching ratio for the particular channel. The results are typically reported as
a confidence interval on the event rate relative to the SM prediction, denoted by ji. We take the
CMS ji’s at the best fit value for the mass, m;, = 125.7 GeV, from [233]. ATLAS results are taken
from the public notes of the individual analyses ([234] 235, 236, 237, 238, 239]) that for vy, WW
and ZZ contain the results of a fit separating GF production from VBF production. The mass for
which we take the rate varies channel by channel and can be found in the individual references,
but is always within 1 GeV of 126 GeV. For the Tevatron h — bb rate we take the value of i at
myp, = 126 GeV.

In table we list the measurements relevant for our fit, regrouped by channel, and the
corresponding values of the i’'s. Most of these measurements were performed on the full available
dataset and it is reasonable to assume that they will not change considerably until the LHC
restarts its operations in two years. Nonetheless regularly updated mass determinations and
rates can be found in the documents linked from the public pages of the ATLAS and CMS
collaborations [53, [54].

In any given model, the signal strengths are determined by the r;’s. For the LHC, the four
relevant production modes and their respective theoretical dependance are

e Gluon fusion (gg — h): ogr/o2¥ = |rg|?,

e Vector boson fusion (qq — hqq): ovpr/oP e = |rv|?,

e Vector boson associated production (¢ — hV): oyg/oid = |rv|?,
e Top associated production (gg — htt): opiz/oist = |2

In some cases, a channel can include events from several production modes; for instance, the dijet
tagged signature in table is dominantly produced via vector boson fusion, but contains a
non-negligible contribution from gluon fusion. The collaborations have made public the numbers
needed to assess the composition in terms of the physical production modes in the references listed
above. In the fit we use the fractions provided channel by channel, but we find a good uniformity
between different final states inside CMS, giving roughly 75 — 80% of VBF and 20 — 25% of GF in
the dijet tagged categories. The only exception is the ZZ dijet tagged category that is dominated
by GF.



197 CHAPTER 7. THE HIGGS IN NATURAL SUPERSYMMETRY

ATLAS’ numbers for WW, ZZ and v are to be considered as pure VBF in the dijet tagged
category and pure GF in the untagged one, since they were provided by the collaboration from a
maximum likelihood fit used to separate them, which is described in the references listed above. In
all other cases, the relative fractions of the untagged mode are close to be the relative cross-section
fractions of the different channels. Therefore, where efficiencies are not publicly available, we use
the ratio between cross-sections to determine the composition of the sample. The VH and ttH
categories can be considered pure.

The fits to the data are performed minimizing the 2

i(ry) = f1:)°

i=channels v

where p;(r;) are predicted rates and o;’s are two-sided errors (depending on the sign of p; —fi;). By
performing the y? test we are assuming that the likelihood functions for /i follow an approximate
two-sided gaussian distribution and the correlations can be neglected, both of which have been
shown to be valid approximations [240], 241]. Furthermore we have compared our results with
the two dimensional fits released by the collaborations, obtaining a good agreement. In the plots
shown in the following sections we always normalize the x? to the number of degrees of freedom
and subtract the value at the minimum.

In the following we refer to “preferred” and “allowed” regions. Preferred regions are obtained
by varying an N-parameters subset of the r;’s, while fixing the other parameters to their SM-
values. Strictly speaking, allowed regions are found including all the r;’s, the possibility of flavor
non-universality (for instance ry, # r,), vertex structures different from the SM and the presence
of an invisible width. At this stage, with limited precision in the measurements, we find the
theoretically inspired five dimensional fit a reasonable approximation of the most generic setting.
In this framework we obtain lower dimensional confidence intervals by profiling the likelihood
with respect to the remaining independent parameters (given a lower dimensional point the other
parameters are varied to give the best possible fit).

7.6.2 Fits to tree-level effects

If the superpartners are relatively heavy, i.e. mz, 2 400 GeV and m, 2 200 GeV, loop corrections
to Higgs couplings are at most of the order of 10% in a broad region of parameter space, provided
that the stop mixing is limited by naturalness, as we have seen in the previous sections. Therefore
it is easy to decouple these effects without incurring excessive fine-tuning and without the need to
single out narrow corners of parameter space. With this in mind, we begin by fitting the tree-level
corrections in the MSSM and its extensions.

Without loss of generality, we can take tan 5 > 0 [242], with equation (7.6.8)) implying sin o < 0.
We require that the top Yukawa does not blow up above the electroweak scale, which imposes
the lower bound tan 8 > 1 [66]. As discussed in section , demanding loop corrections to the
type-II 2HDM structure to be negligible provides the additional constraint tan § < 40 (that can
be relaxed or made stronger depending on the level of fine-tuning that we allow in the theory).
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ATLAS untagged | dijet tagged VH ttH
h — vy 1.60703 1.7070% 1.8713 X

h—WW 10.824+0.36 | 1.66+0.79 X X
h—Z7Z | 180705 1.275% X X
h— 7171 0.8+0.7 0.697545 X X
h — bb X X —04+1.0 X

CMS untagged | dijet tagged VH ttH
h — vy 0.707055 1.0179% X x

h—WW | 0737035 | —0.047752 | 051705, X
h— ZZ 0.867052 1.2470% X X
h— 717 0.77152% 1.42707 1.0%% X
h — bb % X 131758 [ —0.2735

CDF-+DO0 | untagged | dijet tagged VH ttH
h — bb X X 1.617572 X

Table 7.3: Rates relative to their SM value with the respective 68% confidence interval, as mea-
sured by the ATLAS (top), CMS (middle) and CDF+DO0 (bottom) experimental collaborations.

Since the measured rates broadly agree with the SM, the results of the fit, which are shown in
figure [7.10} point to the decoupling limit of the Higgs sector, { = a — 8+ 7/2 ~ 0 with a slight
preference for negative values of £ that work to decrease the diboson rates

2

Tvzl——+o<f4>.

ry =1 —&tan § 4 O(£?), 9

re =1+ &/ tan 8+ O(£?), (7.6.2)
What is more significant is the vicinity to the decoupling limit that can be quantified as —0.11 <
£ <0.06 at 95% C.L.

Other than looking at the angles a and 3, we can also express the fit constraints in the (ma,
tan ) plane and compare our results with direct searches. To do so, the requirement of naturalness
needs to be abandoned in the MSSM to allow for the stops’ radiative corrections to raise the Higgs
mass to 125 GeV. Considering only the leading loop contribution only the H, — H, element of the

CP even mass matrix receives a correction. The usual tree-level relations are shifted to [243]

tan 2a m? 4 m?

— Z
tan 23 m3 —m7+dm?/ cos 28 7 (763)

m3 = —mi +m}+m%+om?,
where dm? can be approximated by the leading stop correction
3m? M2 X2 X2 1

om* ~ ————L—— |log —% L1 — M; == (m; ; 7.6.4
" 21202 sin? 3 {og m? + 2M£2 6Mi'2 ' t= 95 (mt1 + mt2> ) ( )
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Figure 7.10: Left: x? contours corresponding to the 95% confidence level in the (sin «, tan 3) plane
(for a type-II 2HDM). Note that in the MSSM sin v < 0. The black dashed line corresponds to
the decoupling limit of the MSSM « = 3 — /2. Right: Ax? vs. (= a — B+ m/2). The red lines
mark the 68% and 95% confidence levels heights of the Ay?. In black the offset between the SM
value of the x? and the 2HDM value at the minimum.

but in the following we always fix it to the m 4 and tan § dependent value giving the correct Higgs
mass
m3(m? —m3i +m%) — mim% cos® 23

2 cos2 2 123 _ 2
my, cos? B 4+ m?5 sin” f — m;

5m2|mA,tanB - (765)

Before describing the results of the fit we review current LHC searches for MSSM Higgses.
Direct searches for the neutral MSSM Higgses are currently performed in the ¢ — 77~ [244] 247],
bbp — bbup [248] and bbp — bbbb [249] channels. The strongest bound is set by the CMS
measurement [244] with 17 fb~! of combined 7 TeV and 8 TeV data. It ranges from my > 250
GeV for tan 5 = 5 to my 2 700 GeV for tan 8 = 40. The sensitivity vanishes below tan 5 = 5.
These searches benefit from large tan 3, both thanks to new production mechanisms that become
important (b and bb associated production for instance) and from the increase in the branching
ratio to 7t77. We also include the LEP bound [245] in our comparison with Higgs rates, but
we do not consider the implications of searches for the charged Higgs that are currently not as
sensitive as the ¢ — 777~ one plus the LEP constraint. The experimental collaborations use the
mp* scenario [246] to set their limits, and varying the soft supersymmetry breaking parameters
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Figure 7.11: Comparison between the fit exclusion in the (mg4, tan 3) plane and the direct exclu-
sions from CMS [244] and LEP [245]. The excluded region was obtained profiling the full five

max

dimensional x2. Note that the experimental collaborations use the mj** scenario [246] to set their
limits, without imposing my; ~ 125 GeV.

might lead to modifications of the observed bounds [250]. The effects are stronger for large tan 3
mainly due to loop corrections to ¥, and can not produce any significant gain in sensitivity in the
region 3 < tan 5 < 12, where production cross sections become too small and our analysis starts
to be competitive. Additionally, the collaborations do not impose m;, ~ 125 GeV. Ideally, the
bounds from [244] should be reinterpreted as a bound on o(pp — ¢)Br(¢ — 7777), but it is
beyond the scope of this work.

Figure shows the overlay of these bounds with the results of the fit to the Higgs data.
In the slice 2 < tan g < 5 Higgs rates are probing regions of the parameter space not directly
accessible to CMS and LEP. The fit results in figure[7.11|are an anticipation of the five dimensional
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fit discussed in section since the excluded region was obtained profiling the five dimensional
x?, treating 7., and r¢ as nuisances. This is reflected in the fact that for low tan 8 the bound
becomes less stringent. In that region the relevant tree-level deviations are on r; which in a five
parameters fit, where rg can vary freely, is essentially unconstrained. Fixing r¢ to 1 would result
in a slightly stronger bound at low tan 8 than at large tan 3, where we have m4 = 240 GeV. The
difference between this bound and the one in [251] is due to the fact that we are profiling a five
dimensional likelihood rather than turning on only tree-level effects. Therefore the 95% interval
for 7y, is broader and, as stated above, r; is almost unconstrained.

Singlet Mixing

Finally, we consider the effects of the singlet mixing with the two Higgs doublets. We take the
superpotential and do not specify the detailed form of the soft supersymmetry breaking
terms or extra superpotential interactions. For simplicity we take all new couplings to be CP
conserving and assume the SM-like Higgs to be CP even and the lightest Higgs state in the
theory. With these assumptions we do not need to consider exotic decays that could be triggered
by approximate U(1)’s, including the U(1)g, generating light pseudo-goldstone bosons in the Higgs
sector. This considerably simplifies the problem, leaving the relevant parameters to be contained
in the 3 x 3 mixing matrix for the scalar CP even states,

Ho S4Cy  —CaSy T 5aCpCy  —8aSy — CaCyCy S
Hy | = | S¢Sy  Caly + SaCsSy  SaCy — CaCpSy H; |, (7.6.6)
h Cop —545q 54Cq H,

where ¢, = cosx, s, = sinx. In this notation, the tree-level Higgs couplings depend on («, ¢, ),
and equation ((7.6.7)) is modified to

ry =singsin (8 — a), (7.6.7)

where cos ¢ = (S|h) measures the amount of singlet in the lightest Higgs. The relations

sin2a:_m%{+m% tan2a:m2A—|—m2Z (7.6.8)
sin 23 m2 —m3’ tan28  m%4 —m%’ o

are only valid in the MSSM, so that my4 is no longer determined solely (at tree level) from the
mixing parameters a and . Thus, we do not impose any constraint on « and ¢, but still restrict
to tan 8 > 1. In figure we plot Ay? vs cos? ¢. We fix £ = a — 8+ 7/2[[7 to zero and obtain
the constraint | cos ¢| < 0.45 at 95% C.L. in agreement with [251].

OWhere « is the new angle defined in this section different with respect to the MSSM a.
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Figure 7.12: Ax? as a function of the singlet mixing parameter cos? ¢ for € = a — 3+ 7/2 = 0.
The 68% and 95% confidence levels are marked in red.

7.6.3 Five parameters fit

In the previous sections we fit the data to simplified scenarios in which all the Higgs rates could
be expressed in terms of one or two tree-level parameters. This gave an idea of the level of
agreement between the data and some physically motivated corners of the parameter space of
natural supersymmetry. In spite of the fact that only three channels per experiments have errors
below the 50% level (namely vy, ZZ and WW untagged) we still find it interesting to explore the
more general case in which r,, rg, r, 7 and ry all play a role. This is a small modification of
the four parameter natural MSSM, inspired by the possibility of adding a new singlet, and comes
closer to approximating a fit with all couplings left to float. The only difference with respect to a
four parameter fit resides in the fact that r, is virtually unconstrained and not artificially limited
by its relation with ry. The results of the fit can be applied also outside of the framework of
natural supersymmetry and to facilitate possible attempts we show profiles of the x? for the five
couplings in Appendix [D] In table we show the corresponding one dimensional 95% C.L.
intervals.

The errors on the single couplings vary from 30% to 100%, which alone is not enough to lose
all hope of constraining the parameter space of natural supersymmetry. Not all sensitivity is
lost on tree-level modifications of Higgs couplings. We have already shown that the (m4,tan ()
exclusion is competitive with direct searches. Furthermore the statements about singlet mixing
and the decoupling limit are still meaningful. Repeating the exercise in section [7.6.2] but profiling
the full five dimensional x* we obtain |cos¢| < 0.7 at 95% C.L. Both the tree-level fit and the
five dimensional one are dominated by the lower bound on 7y that for « ~ g — 7/2 B becomes
ry = sin ¢. The bound on cos ¢ becomes much stronger away from the decoupling limit as can be

1Note that this is the o defined in equation m
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95% C.L. (5D)
T 1.06707%9
rv 0.99702¢
re 097703,
| LI20%
Ty <243

Table 7.4: Confidence intervals for the five parameters that encode natural SUSY predictions
for Higgs rates. All down-type couplings scale with r, and all up-type ones with r;. All other
couplings not present in the table are fixed to their SM value.

cos’

0
& = a—p+n/2 ¢ =a-B+nr/2

oln|
oo INH

Figure 7.13: Left: The 95% C.L. region in the (&, tan ) plane, obtained profiling the full five
dimensional x?. The dashed contours indicate r, for cos?¢ = 0. Right: The 95% C.L. region
in the (&, cos®¢) plane, obtained profiling the full five dimensional x?. The dashed contours
correspond to different values of ry,.

seen in the right panel of figure [7.13]

We can also extract information on the level of decoupling of the Higgs sector as a function of
tan 3. In figure[7.13|the 95% C.L. contour is plotted in the (£, tan ) plane. The key message is that
large tan (3 is allowed only for values of £ close to decoupling, where corrections to r, &~ 1 — & tan 8
are small. This is reflected in the (m4,tan 3) exclusion discussed in section that is even
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competitive with direct searches. Many of these bounds apply to a vast class of complete theories
and indicate that in the MSSM and many of its motivated extensions, tree-level effects in the
Higgs sector are already strongly constrained, mainly by the measurements of the h — WW and
h — ZZ rates that in our setting are always below their SM value unless £ = 0 and cos ¢ = 0.

7.7 Direct searches in the Higgs sector

We have seen that naturalness leads to consider extensions of the supersymmetric Higgs sector
and that Higgs coupling measurements can already constrain some of them. A question that
is worthwhile to ask is whether we can distinguish between different extensions through direct
searches and between an extension and the vanilla MSSM. The answer is largely model dependent
and would require a detailed study. However it is possible to identify some general features of the
phenomenology of the extended models.

First and foremost we expect the lightest Higgs to be present in the decay chains of the new
particles. This points to final states with two or more b-quarks. Taking this argument further,
we can consider cases in which the new particles couple almost exclusively to the Higgs sector
of the theory and might decay predominantly to hh. This is a rather general feature in F-terms
extensions of the MSSM that does not require to dwell in tuned corners of the parameter space.
A typical example is a nearly pure NMSSM singlet as the second lightest Higgs. This case was
studied in [251] where a branching ratio of the heaviest Higgs to hh was found to reach up to
90% and the GF production cross section to be still in the 1 — 0.1 pb range. A CMS search for
bbh — bbbb [249] is already in place, but it is not optimized for double Higgs production. From
this point of view also ATLAS’ search for H — 4~ [252] is interesting and at 14 TeV it would be
worth to expand the searches to mixed signatures (2b2). Richer final states can also be obtained,
through the production of heavier Higgses that would decay predominantly to lighter Higgses,
leading potentially to signals with 8 b-quarks. With some gymnastics double-higgs signatures can
be obtained also in the MSSM. So finding other SUSY particles close to the TeV scale would be
important, constituting a strong hint that the underlying theory is natural, thus giving an indirect
indication that the MSSM is extended.

Decay chains rich in Higgs bosons can be obtained also in D-terms extensions of the MSSM.
However their characteristic feature is the prediction of new gauge bosons that in general live above
3 TeV to be consistent with LEP EWPTs. This can lead to boosted topologies. In particular it
would be interesting to study Z’ — hh and W't — H*h, both with the Higgses’ decay products
merging in a single fat jet (AR ~ 1) and in the more extreme case in which the two Higgses form
a single boosted object. Fat jets with W-tagging are already studied in CMS [253] and it would
be a simple exercise to extend these techniques to Higgs-tagging. This would not be relevant only
for SUSY searches, but also for mesons of composite sectors decaying to Higgs and gauge bosons.
It is also worth to point out that the new gauge bosons can be extremely hard to detect, since
nothing prohibits them to be coupled only to the Higgs sector of the MSSM and an extra scalar
sector with heavy (> TeV) bosons.
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In all these scenarios H — tt is another final state worth exploring. It can hardly discriminate
between different realizations of natural SUSY, but would be another indicator of a non-SM Higgs
sector.

Direct searches focussed on natural SUSY Higgses are challenging due to the low production
cross sections of particles coupling predominantly to the Higgs boson? and to the high QCD
background for the 4 b-quarks final states that are likely to be produced. Summarizing, multi-
Higgs production would be a smoking gun for non-minimal Higgs sectors and boosted final states
would point to D-terms extensions of the MSSM.

7.8 Conclusion

In this chapter we have used naturalness to limit the number of parameters entering Higgs rates in
complete supersymmetric theories. The number of relevant parameters is small (4 or 5 depending
on the nature of the supersymmetric Higgs sector) and more important than that we were able to
predict limited numerical ranges for them.

This led to the predictions listed in section that mainly rule out the possibility of a natural
supersymmetric explanation for large deviations (more than ~ 100%) in Higgs couplings rela-
tively to their SM values. Current LHC measurements only marginally differ from the SM, but
the situation might change in the future giving new relevance to these statements. Other than
formulating these predictions we have compared the LHC data with our theoretical framework.

Fitting the data in a generic five parameter setting we found that interesting conclusions on
tree-level mixings in the Higgs sector can be drawn. First we observed that the data tend to prefer
the decoupling limit of the Higgs sector in the MSSM. However there is a strong correlation between
the size of tan § and the vicinity of the theory to the decoupling limit. This was translated into an
exclusion in the (my, tan 8) plane of the MSSM, that is competitive with direct searches. These
bounds hold in a large class of complete theories, where loop corrections to the Yukawa couplings
are small. Then we obtained an upper bound on singlet mixing, | cos¢| < 0.7 at 95% C.L.

Furthermore we briefly commented upon direct searches for new particles in the supersymmet-
ric Higgs sector. The relevant final states are expected to be rich in b-quarks and in the case of
D-term models to be characterized by boosted topologies.

In conclusion we have shown that Higgs coupling measurements are an interesting probe of
natural supersymmetry and that definite statements can be made also in complete theories. This
opens a line of research complementary to direct searches that can be especially useful if super-
symmetry is hiding in final states difficult to probe by the LHC.

12\We have not elaborated on this point here. We refer to early 2HDM papers that pointed to the study of Higgs
couplings to detect extra MSSM Higgses [207] [208]



Chapter 8

The Higgs in unnatural theories

The unnatural, that too is
natural.

Johann Wolfgang Von Goethe

8.1 Introduction

We have seen that complete natural supersymmetric theories can be meaningfully tested against
the data. In this chapter we show that there is at least one measurement, already performed at
the LHC, that can rule out a large class of unnatural theories.

Currently 0 x BR(h — ZZ*) and 0 x BR(h — WW¥) seem compatible with the SM, but
there appears to be an enhancement in the diphoton channel o x BR(h — 77):

o X BR(h — ~y)
o X BR(h = vY)sm
o X BR(h - VV)

- ~1. 8.1.2
V= X BR(h — VV )sar (8.12)

i ~ 1.5, (8.1.1)

Of course the most likely possibility is that this modest excess will not survive further scrutiny
since it is already diminishing now that CMS has released results on the full 2012 dataset. It is
nonetheless interesting to contemplate the sorts of new physics that could be responsible for such
a deviation in o X BR(h — ~7) while leaving o x Br(h — ZZ*,WW*) essentially unaltered.
While it is possible, in principle, to satisfy equations (8.1.148.1.2)) by only adjusting the tree-
level couplings of the Higgs to SM particles, we find this possibility rather unlikely for the following
simple reason. Assuming that the only modification is via the SM tree-level couplings, then for

2
my, = 125 GeV we have ;2% ~ <1.28 — 0.28;"—:/) x ") where 1y, 7y are the ratio of the

couplings of the higgs to the top and the W/Z relative to the SM couplings. Now in order to

206
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obtain, for instance, (., = 1.5 pyy, there are two solutions: i. (r;/ry) ~ 0.2, or ii. (ry/ryv) ~ 9/
Both of these solutions are highly implausible: allowing an order of magnitude modification to the
couplings, it is unlikely that the ~126 GeV resonance found at the LHC should have production
and decay rates that are all-in-all broadly consistent with the SM Higgs boson.

We conclude that equations most likely require a loop contribution from new
particles, enhancing h — 7. Indeed, a large number of groups have explored this possibility,
with additional scalars, vector-like fermions and gauge bosons of various types [254], 255]. Our
purpose in this chapter is not to rehash these arguments, but to point out that such a large pi,
has a profound implication for the deepest question that confronts us at the TeV scale and that
inspired all the work in this thesis: Is electroweak symmetry breaking natural?

Natural theories of electroweak symmetry breaking are expected to have a plethora of new
particles at the weak scale, associated with a solution to the hierarchy problem. Some of these
particles could be responsible for the observed diphoton enhancement, though this does not auto-
matically occur in the most minimal models. For instance among the minimal supersymmetric SM
(MSSM) superparticles, a non-negligible effect can only naturally arise from very light charginos,
but even pushing the relevant parameters to their limits one finds f1,, < 1.25 and, more typically,
t~ < 1.1 as seen in the previous chapter. Combining tree-level Higgs mixing with loop corrections
from charginos and stops can boost 1., > 1.5, but still keeps (1, /pvy) S 1.4. Other possibilities,
like e.g. light staus with extreme left-right mixing, can be realized [231], 232] but come at the cost
of fine-tuning.

As is well-known, the concept of naturalness has been under some pressure from a variety of
directions, and in the past decade new possibilities for physics beyond the SM have been explored.
The idea is that the Higgs is fine-tuned to be light, as a less-dramatic counterpart to Weinberg’s
anthropic explanation of the smallness of the cosmological constant [6].

These models tend to be more constrained and predictive in their structure than many natural
theories. The main reason is that arbitrary fine-tunings are not allowed; any fine-tuning should
have a clear “environmental” purpose. If we consider a completely generic theory with many
interacting scalars, fermions and gauge fields, a separate fine-tuning is needed for every light
scalar. But additional scalars beyond the Higgs serve no “environmental” purpose. Thus in this
framework we don’t expect any new light scalars beyond the Higgs. Additional gauge fields would
have to be higgsed by fine-tuned scalard], so we don’t expect new gauge bosons either. Thus, this
restricted class of fine-tuned theories can only include new fermions, with no new scalars or gauge
fields, up to some scale Ayy > TeV. As an example, in “minimally split” SUSY [94], we expect
a loop factor splitting between scalars and gauginos. Here the cut-off of the effective theory Ayy
is the mass of the heavy scalars, with 10 TeV < Ayy < 10° TeV.

Consider the diphoton enhancement in these theories. With the Higgs as the only new scalar,
we cannot even entertain the possibility of tree-level modifications giving r # 1: this route is

1t is worth recalling that ry > 1 can only be realized in models with doubly-charged scalars [254].
2We do not consider the possibility that additional gauge groups are broken by technicolor-like interactions
while the SM gauge symmetry is broken by a fine-tuned Higgs.
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not only implausible, but impossible. We could, in principle, modify r; through fermion mixing.
However, with r, ~ 0.2 there would be no Higgs signal at all, whereas r, ~ 9 would not be
perturbative. Thus we can only rely on loop effects from new fermions with Yukawa couplings to
the Higgs.

We can certainly imagine extra fermions near the TeV scale; a collection of fermions can have
their masses protected by a common chiral symmetry and set by the same scale.

In what follows we show that restricting to unnatural models with only new fermions imme-
diately leads us to a very narrow set-up with sharp theoretical and experimental implications:
(1) new, vector-like, un-colored fermions with electroweak quantum numbers must exist and be
very light, within the range 100 — 150 GeV; (2) the cut-off scale of the theory where additional
bosonic degrees of freedom must kick in, cannot be high and is in fact bounded by Ayy <1 — 10
TeV. The cut-off can be somewhat increased but only at the expanse of significant model-building
gymnastics, which further destroys any hope of perturbative gauge coupling unification.

8.2 The diphoton rate

A fermionic loop contribution enhancing the Higgs-diphoton coupling requires vector-like repre-
sentations and large Yukawa couplings to the Higgs boson. This has important ramifications for
the consistency of the theory at high scale. To see this, note that in the presence of a new fermion
f with electric charge @, the h — v partial width reads’|

2
L(h — vy) 1,4 (alogmf) m3:
e~ |1+ (=) 1+ , 8.2.1
L(h = vy)sm gMQ 3\ dlogv 120 m?2 (8.2.1)
GFa2mi

with I'(h = )smu = (15050 |A%L,,|? andAY,, ~ —6.49, as seen in the previous chapter.

Constructive interference between the SM and the new fermion amplitude requires electroweak
symmetry breaking to contribute negatively to the mass of the new fermion. Thus f must be part
of a vector-like representation with an electroweak-conserving source of mass.

The basic building block is then the charged vector-like fermion mass matrix,

My, L -Q
Ly = — (72 x™9) ( % ”\{bi ) ( i_Q ) + h.c., (8.2.2)
2

with the Higgs VEV given by (H) = v/v/2 = 174 GeV. Equation contains one physical
phase, ¢ = arg (m;‘pm;yyc), that cannot be rotated away by field redefinitions. It is straightfor-
ward to show that ¢ = 0 maximizes the effect we are after, making ¢ # 0 an un-illuminating
complication for our current purpose. Hence for simplicity we assume ¢ = 0 in what follows. We

3 At leading-log plus leading finite-mass correction; see e.g. [255] for a recent discussion.
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are then allowed to take all of the parameters in equation (8.2.2) to be real and positive. The two
Dirac mass eigenvalues are split by an amount

Qo2 — ) 2 mo — mo)2
my=my (14+,/A2 4 A2 4 A2), A= yﬂ"{ﬁ , Azz%, A;:%wa)

Using equation (8.2.1) and assuming that the diphoton rate enhancement comes from changing
the partial width I'(h — 77), with no change to the gluon fusion production cross section, we

havd]

o = I'(h = y7)
7 T(h = Y)sm

where we generalized to N copies of (8.2.2). Noting the LEPII constraint m; %, 100 GeV, we
immediately see that large Yukawa couplings are required in order to achieve a noticeable effect,
at least for common charge assignments Q? < 1. Even if we maximize the effect by tuning A,, =

2
A, =0 (via my = m,, y = y°), an enhancement of j.,, > 1.5 still requires yy© > @?/—Z@Mﬁ)

_112
~ '1+0.1NQ2A§ (1+\/A3+A§+A3n) , (8.2.4)

Before pursuing further the implications of equation (8.2.4]), we pause to point out that we find
it implausible for colored particles (either fermions or bosons, for that matter) to deliver the effect
we are after. For colored fermions, the gluon fusion rate is approximately given by an equation
similar to , but replacing (4N.Q?*/3A%,,) — 2t., where t. and N, are the Dynkin index and
dimension. A diphoton width enhancement, T'(h — 77)/T'(h — 77)sa = |1 + )%, would lead to a
digluon effect ugg ~ |1 — 9.7(tC/NCQ2)(5|2, going through to the ZZ, WW channels as uyy = uga-
For scalars (vector bosons), we would simply rescale ¢ by a factor of 4 (—%), arriving at the same
result. For example, Q = 2/3 particles in the 3 of color would give ugg ~ |1 — 3.6 §]%. We have
seen this already in the previous chapters while discussing stop corrections to the Higgs couplings.

To accommodate both of equations in this case, one would need — similar to our
discussion of tree-level solutions — to accept large distortions of the SM couplings that conspire to
leave a moderately small net observable effect. In figure [8.1] we illustrate this point, by plotting
v and pee as a function of the diphoton amplitude modification 6, for @) = 2/3 particles. For
uncolored particles (smooth) we have uge = pyy = 1 and p,, = |1 + §|%, while for particles in
the 3 of color (dashed) we have pgg = pyy = |1 — 3.6 6% and p, = |1+ §*|1 — 3.6 §|*. It is
obvious from the plot that substantial tuning is required for the colored solution to roughly satisfy
equations . Note that while there are two separate colored solutions to jiy, ~ 1.5 — 2,
one with 4 ~ +0.5 and one with § ~ —0.15, the former would imply some ZZ suppression,
vy ~ 0.6 —0.8, while the latter would greatly overshoot the SM value pyy ~ 2 —3. We therefore
discard the possibility of colored particles for addressing the diphoton rate enhancement, at least
for electric charge assignments Q% < 1.

We now turn our attention to equation (8.2.4) and to the large Yukawa couplings that it
requires (given some reasonable assumptions about the sorts of multiplets we allow), in order to

4In equation (8.2.4)), for clarity, we neglected sub-leading finite-mass terms that amount to < 10% correction
for my > 100 GeV. However, we keep these terms in our plots.
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Figure 8.1: Uncolored (smooth lines) and colored (dashed lines) particles effects on h — v and
h — gg rates.

give an enhancement of ji,, ~ 1.5 — 2. In fact, the needed Yukawa couplings are so large that,
unless the new particles are extremely light, the Higgs quartic coupling A is rapidly driven negative
at high scales. IIf we assume only fermions to be present up to an high scale, the addition of any
other fermions only drives the quartic even more negative. Thus vacuum stability becomes an
important constraint. At some scale Ay, A gets so negative that the tunneling rate through false
vacuum bubbles of size A(}%, becomes less than the age of the universe. We define Ayy as the
cut-off scale of the (unnatural) theory: here, new bosonic fields must kick in to cure the instability.

To substantiate these statements we consider two concrete examples. Our Higgs field trans-
forms as H ~ (1,2):. It remains to assign SU(2) representations to the fermions in equa-

tion (8.2.2).

1.
2

Vector doublets + singlets (“vector-like lepton”): ¥, ¢ ~ (1, 2)i%, X> X~ (1,1)51. The
Lagrangian leading to (8.2.2)) is

—L = myptp© + mxx© + yHix + y H 'y + hee. . (8.2.5)

There are two charged Dirac fermions L, with masses mp,, (mp, < mp,), separated as in
equation (8.2.3), and one neutral Dirac fermion N with mass my. Given mp, ,, we can compute
both /1., and the coupling product (yy°). Using y, y¢ as initial conditions, we run the theory up in
energy. The renormalization group equations (RGEs) are given in appendix . In the left panel of
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figure 8.2, we plot bands of constant /i, (pink) in the (mg,,mg,) plane. The width of the bands
is obtained by varying A,, (see equation (8.2.3))) from zero to one. We also plot bands of Ayy in
gray. In dark gray we tune y = y© and in pale gray we set y = 2y° (the same result is obtained
for y© = 2y).

Only a very small window of masses, 100 GeV< my, <115 GeV and my, 2 430 GeV, is
compatible with f,, > 1.5 and Ayy > 10 TeV. Even allowing for Ayy = 1 TeV, the maximal
lighter state mass compatible with 1., > 1.5 is bounded by mz, < 140 GeV. The maximum
possible value of ., compatible with Ayy > 1 TeV is = 1.8.

One can repeat the same exercise for larger N. For instance, for N = 4, we find that allowing
for Ayy = 10 TeV, the maximal lighter state mass compatible with ., > 1.5 is bounded by
mp, < 200 GeV.

Vector doublets + triplet (“wino-higgsino”): 1, ¢° ~ (1,2)%, X ~ (1,3)9. We identify
x and x¢; the Lagrangian leading to (8.2.2)) is

1
—L = my gy + Smaxx + V2yHypx + V2y H Y + hec. . (8.2.6)

As in the “vector-like lepton” model, there are two charged Dirac fermions with masses m;, my,
(m; < my). Again, the relevant RGEs are given in appendix . The results are depicted in the right
panel of figure The bounds on ., are somewhat more severe than for the previous example,
with Agy > 10 TeV and p,, > 1.5 only possible for m; < 105 GeV. Allowing for Ayy = 1 TeV,
the maximal lighter state mass compatible with j,, > 1.5 is bounded by m; < 130 GeV. The
maximum possible value of 1., compatible with Ayy > 1 TeV is ~ 1.75.

The “wino-higgsino” example also coincides with SUSY, where x and v, ¢ play the role of
the wino and higgsinos. We show the SUSY result by green dashed lines (achieved by varying
i, M) in the right panel of figure . In this case y,y¢ are limited by the gauge couplings
gsin 3, gcos B < 0.5, so the diphoton effect is modest, p., < 1.2.

The choice y = y° maximizes the value of Ayy for a fixed p,,. This amounts to some fine-
tuning of parameters: given s, the product (yy°) is essentially fixed and so the cut-off scale is
very sensitive to mismatch y # y¢, as the Higgs quartic runs with (d\/dt) oc y* +y°*. This result is
clear in figure [8.2] where, already for mild splitting y = 2y°, the pale gray band of Ayy = 10 TeV
excludes pi,, 2 1.4.

Admitting large charge Q* > 1 would ameliorate the instability problem. For example, vector-
like leptons with @ = 2, ¥, ¢° ~ (1, 2)i%7 X, X° ~ (1,1)2, can be tuned to provide j,, = 1.5 with
Ayy = 10 TeV and the lightest doubly-charged state at 300 GeV. Similarly, considering multiple
copies of fermions, N' > 1, would increase the cut-off Ayy for a fixed p,, and fermion mass.
The fact that Ayy rises with AN can be understood as follows. If we rescale N at fixed p.,, and
mass mr,, the weak-scale initial condition for the Yukawa RGE changes roughly as y2 — (y5 /N).
Keeping only the y terms in the Yukawa RGEs we have d(Ny?)/dt oc (Ny?)?; hence the running
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coupling (Ny?) is approximately invariant under N rescaling. Including only the y* contribution
in the running of the Higgs quartic A, we now have d\/dt o< (Ny?)?/N. As a result, the cut-
off scale shifts roughly as Ayy — A{}/V. In figure we repeat our exercise of figure with
N = 2 identical copies of vector like fermions. The maximal lightest fermion mass compatible
with p,, = 1.5 is somewhat larger than for A/ = 1, but still not larger than ~ 150 GeV for
AUV 21 10 TeV.

Instead of doubling our basic “vector-like lepton” model, it is arguably more economical to add
only vector-like SU(2) singlets, or doublets, but not both. It is straightforward to show, however,
that the vacuum stability constraint in this case is more severe than for N' = 2 copies of the
full set-up. The reason is that the Yukawa and Higgs quartic RGEs in the two possibilities are
the same, up to an un-important difference in the SM gauge beta functions, while the diphoton
enhancement from the three resulting charged Dirac eigenstates cannot exceed that from the four
eigenstates of N’ = 2. A similar conclusion applies if we extend the “wino-higgsino” model by
adding either extra triplets or extra doublets but not both.

Finally we return briefly to the possibility, explored in figure and the corresponding discus-
sion, that the diphoton enhancement is produced by colored particles. There, we argued in general
that the colored solution inevitably involves fine tuning, regardless of the spin of the particle. For
colored fermions, this possibility is also strongly constrained by vacuum stability, as it requires
very large Yukawa couplings. Indeed, calculating the RGEs for a generation of vector-like up-type
quarkﬂ, we find that imposing Ayy > 1 TeV implies p,, < 1.

To conclude, a diphoton enhancement p.,, = 1.5 through a single vector-like set of fermions
requires a light charged state with mass below 115 GeV, even when we allow a very low cut-off
scale Ayy = 10 TeV for the theory and judiciously tune the parameters to maximize the effect
by settingﬁ ¢ =0,A,, =0, and y = y°. Relaxing the parameter tuning slightly brings us down
to the LEPII bound, excluding the model or, at best, implying that the numerical value of the
mass is tuned. Extending the set-up to N = 2 identical copies of vector-like fermions allows for
slightly less precise parameter tuning (though the number of tuned parameters is doubled), but
the lightest fermions must still lie below ~ 150 GeV for Ayy = 10 TeV. Even allowing N = 4
identical copies of vector-like fermions, the upper bound of the lightest fermions’ masses only
slightly increases to ~ 200 GeV for Ayy 2 10 TeV.

8.3 Collider signals and electroweak constraints

The light charged fermions discussed in the previous section are produced through electroweak
processes with appreciable rates at hadron colliders. In this section we consider constraints and
detection prospects from current and upcoming searches, assessing characteristic detection chan-
nels and providing rough estimates of the experimental sensitivity. We stress that our analysis is

°The field content we consider is ¢ ~ (3, 2)%, e~ (3, 2)_%7 X~ (3,1)_z, x¢~ (3, 1)%. See [256, [257] [258] for
electroweak precision constraints on this field content, in the context of modified Higgs couplings.
6See equations 1 D and the discussion between them for the definition of y, y¢, A,, and ¢.
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Figure 8.2: Left: “vector-like lepton” model. Right: “wino-higgsino” model. The horizontal and
vertical axes correspond to the light and heavy mass eigenvalues, respectively. Pink bands denote
the diphoton enhancement p.,. Gray bands denote the vacuum instability cut-off Ayy. Dark
is for y = y° pale is for y = 2y°. The width of the bands (for both p., and Ayy) correspond
to varying the electroweak-conserving mass splitting term A,, (see equation (8.2.3))) from zero to
one. Green dashed band, on the right, denotes the SUSY wino-higgsino scenario.
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Figure 8.3: Same as figure but for ' = 2 copies of vector like fermions.

simplistic, and can by no means replace a full-fledged collider study. Nevertheless, our estimates
provide solid motivation and concrete guidelines for a more dedicated study in the future, should
the diphoton enhancement be confirmed by upcoming data. We limit the discussion to a single
set of vector-like fermions. We use the notation of our “vector-like lepton” example, for simplicity,
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but most of the discussion also applies to the “wino-higgsino” model.

The most important production mode for N" =1 is pp — L{ L. To calculate the production
cross sections we use the FeynRules package [259] interfaced with MadGraph 5 [156]. In the left
panel of figure we plot o(pp — L L7), in the “vector-like lepton” model, as a function of
the lightest charged state mass, setting y = y° and A,, = 0. Other cross sections are generically
smaller, because of the mass gap that is required to enhance the Higgs diphoton coupling. For
example, for mp, = 100 GeV, obtaining p., = 1.5 requires mz, > 368 GeV and my > 234 GeV,
with o(pp — L¥N) ~ 70 fb, o(pp — NN) =~ 29 fb and o(pp — L1Ly) =~ 5 fb at the LHC with
Vs =7 TeV.

In the right panel of figure [8.4] we plot the cross section of the lightest charged state pair
production in the “wino-higgsino” model. The cross section is much larger compared to the
“vector-like lepton” case. The reason is that in the y = y¢, A,, = 0 limit, where the singlet and
doublet components are maximally mixed, the lightest charged state coupling to the Z boson is
accidentally suppressed by a small factor (4sin6%, — 1) ~ 0.08. Thus pp(p) — L7 L; mainly
goes through a photon. The cross section grows away from the y = y¢, A,, = 0 limit, where
the doublet component of the lightest state can be increased (at the cost of reducing the Higgs
diphoton coupling), and the suppression is absent in the “wino-higgsino” model. Thus the left
panel of figure gives the rock bottom lower limit for the cross section expected in our scenario,
while the right panel gives a rough upper limit.
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Figure 8.4: Left: o(pp — L{L7) as a function of the lightest charged state mass in the “vector-
like lepton” model at the LHC7 (green, bottom), LHC8 (black, middle) and LHC14 (purple, top).
Right: same, for the “wino-higgsino” model.

In our models, taken as they are, the lightest charged fermion is stable. For the masses of
interest, however, this possibility is already excluded by searches for heavy stable charged particles
(HSCPs) [260, 261]. It is easy to reach this conclusion by looking at the excluded cross section
in the direct stau production case. The rather model independent cuts on the heavy particle pr,
time of flight and energy loss by ionization should retain a comparable efficiency on our signal.
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We therefore consider two modifications of the minimal set-up:

(A) It is always possible to add one or more extra SM singlets n (“sterile neutrino” or ”bino”
in the “vector-like lepton” and “wino-higgsino” models, respectively), with Yukawa couplings
L = —y,H"Yn — y¢Hy°n + h.c. and mass term %mnnn Mixing with the SU(2) component, N,
makes room for a neutral state, ny, with mass below that of the charged L;. This opens up the
decay mode L, — W®n,, where the W boson can be on- or off-shell depending on the mass
splitting between L; and n;.

(B) Alternatively, a small mass mixing with the SM leptons would induce decays such as L; —
ZIl(t) and Ly — Wv, where | = e,pp and v = v,,v,,v,. Constraints on the flavor changing
processes i — ey and 7 — ey limit the mixing angles to |U. Uyl < 107 and |UerUsr] <
1072 [230]. Additional constraints arise from LEP measurements of the Z widths to leptons [230],
that are roughly known to ~ 1 part in 10* for each of the three generations. We thus require
conservatively |Ur| < 1072 for i = e, u, 7. Note that as long as a mixing angle is bigger than
~ 107*, the decay is promptlZ].

In case (A), the main signature is the pair production of two charged particles decaying to
WOW® LM E7, depicted in the left panel of figure . The closest result we have from the LHC
is a 7 TeV ATLAS analysis targeting final states with two leptons and M Er [268]. After the full
selection in [268], in the mq9 signal region an efficiency ranging between 1% and 7% is observed
for a signal consisting of chargino pair production, while the measured range for slepton pair
production is lower. We take the same efficiency on our signal as that measured in the chargino
case. Note that this is only an order of magnitude estimate, as the decay chains are not identical.

The limit on the cross section (that takes into account the WW leptonic branching ratio) from
the ATLAS mpo signal region (all flavor combined channel) is 42 fb. This should be compared
with the cross sections in figure[8.4 multiplied by the efficiency assumed above. We find that in the
“vector-like lepton” case there is not enough sensitivity to probe cross sections comparable to ours,
while for large enough mass splittings between L; and n; (efficiency ~ 7%) we can already exclude
the interesting mass range in the “wino-higgsino” model (m; < 140 GeV) and it is likely that the
LHC will be sensitive to the “vector-like lepton” model by the end of the year (o x € ~ 31(7)fb
for mp, = 100(140) GeV).

Note that the minimum mass splitting between chargino and LSP considered in the analysis
above is always greater than 75 GeV. In our case, decreasing the splitting between m,, and m,,,
M Er and mqpo cuts quickly loose efficiency and eventually even final state leptons become too soft
to be triggered. The only experimental handles in this case are monojet and monophoton + M Er
searches [269] 270, 271, 272, 273, 274, 275], that can also detect the pair production of the lightest

"Searches for displaced vertices and long lived particles decaying inside the detector are currently ongoing at
the LHC (see for example [262]) and were performed at the Tevatron [263] 264 265], [266], 267], but there is still
no systematic coverage of all the possible lifetimes and final states. We will ignore this possibility in what follows,
even though experimentally it is intriguing and could be the subject of a dedicated study.
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neutral state. Current searches are beginning to probe colored particle production cross sections
for masses in the few hundred GeV range, not having yet sensitivity to electroweak production.
Translating current limits on new signals is a non-trivial task in the monojet case, due to the
large uncertainties on the simulation of ISR [276] and it is even harder to make predictions for the
near future. However it was estimated that the discovery reach of the 14 TeV LHC is about 200
GeV for a gaugino LSP and that masses around 120 GeV can be probed already with 10 fb~! if
systematic uncertainties are kept under control [277, 278, 279]. Monojet estimates must be taken
with caution, for the reasons mentioned above, but it was also shown that at the LHC an ISR jet
has often a companion in the event. Therefore the results from a second channel with two jets and
M Er can be combined with the monojet searches to further increase the sensitivity. Attempts in
this direction have already been made and the CMS “razor” analysis [280] was shown to have a
comparable sensitivity to dark matter production to that of monojet searches [276] 281].

In case (B), several different processes lead to multi-lepton final states with little hadronic
activity. This scenario is depicted in the middle panel of figure [8.50 The CMS multilepton
search [282] is currently the most sensitive to final states with low M Er, and can already exclude
a large fraction of the relevant parameter space. Here, for simplicity, we consider a few decay
modes in single exclusive channels. If we take, for example, BR(L; — Z + 1) ~ 100%, and
assume a flat 70% efficiency times acceptance for each of the four leptons} then we find that our
two models are excluded in the relevant parameter space (my, < 200 GeV). This estimate was
made using a standard CLg technique described in appendix [F| from a single channel 4/ with St
< 300 GeV and a Drell-Yan lepton pair from a Z decay. The limits are weaker for L1 — Z 4 7.
In this case we are sensitive to the “vector-like lepton” model only up to my, ~ 104 GeV, while
we are sensitive to masses up to ~ 155 GeV in the “wino-higgsino” one. Again this estimate was
obtained by looking at a single channel: 31 + 17f| with Sr < 300 GeV and a Drell-Yan lepton
pair from a Z decay. It is clear that the rest of the relevant parameter space can easily be covered
by the end of the year and that, combining different channels and possibly results from the two
experiments, the sensitivity would be increased, covering also more generic scenarios in which the
branching ratio to these final states is not exactly one.

In summary, for N' = 1, an L; decaying to SM leptons is either already ruled out or within
reach of a dedicated 8 TeV search (we have never taken advantage of the combination of multiple
channels). If, instead, Ly — W*n,(v) dominates, the relevant final state is WW+ MEr from
Ly Ly production, which is still unconstrained for the “vector-like lepton” model and for which
we await an 8 TeV update that could start to probe the relevant parameter space. In the worst
case, when L, and n, are nearly degenerate in mass, the monojet searches will be able to exclude
the relevant parameter space at the 14 TeV LHC. In the latter case, other interesting channels,

8From [283] we get an efficiency of the kinematical cuts ~ 0.87. Taking into account the finite acceptance
(somewhat optimistically) we obtain the final 0.7 [284]. Notice that this is a huge simplification of the experimental
set-up that does not even distinguish between electrons and muons, and is thus only intended to give an order of
magnitude estimate.

9 Assuming an hadronic tau identification efficiency, for the HPS algorithm used in the CMS paper, €., = 0.35
[285], [286], 287, 284] and the same 0.7 efficiency as before for any extra lepton.
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especially for N' > 1, would be the WWW+M Er and, to a lesser extent, W Z+M E7 final states
arising from the production of L1 N as depicted in the right panel of figure(8.5l Dedicated analyses,
beyond the scope of this paper, would improve the current sensitivities for some of the channelﬂ.
For our purpose here it suffices to show that if the enhancement of the v rate will be confirmed
and an unnatural theory is responsible for it, then we expect the new fermions involved to be
detected in the next few years, or even months.

Figure 8.5: Feynman diagrams for new fermion production and decay.

Finally, in addition to direct searches, light non-singlet fermions are constrained indirectly by
electroweak precision tests (EWPTSs), especially so given the need for a large electroweak breaking
mass to affect pi,,. Indeed, specializing to the “vector-like lepton” examplﬂ in the minimal
field content specified by equation (8.2.5), we find that ji,, > 1.5 comes along with a sizable T'
parameter, whereas p., > 1.75 would be firmly excluded. Nevertheless, the tension with EWPTs
can be tuned away by means of additional free model parameters. For instance, mixing with a
neutral singlet n, as discussed earlier, produces an opposite contribution to 7' that can bring the
model back to life even for ., = 2. Since this counter effect relies, again, on sizable Yukawa
couplings y,, 35, it comes at the cost of lowering somewhat further the instability cut-off Ayy.

In figure we illustrate this behavior by computing S and T', following [289] and performing
the EWPT fit for m;, = 125 GeV [290]. In the left panel, we indicate with a green shaded area
the 95%CL EWPT exclusion region in the (my,,x,) plane. Here, x, is defined in analogy with
equation as 2 = (2y,y5v?/m3 ), where my,, is the lighter neutral state mass, and my, is the
mass of the heavier charged state. We set my, = 100 GeV, y = ¢, v, = y;, and my, = m, = m,,.
Also plotted are the diphoton enhancement (pink) and values of Ay (gray). In reading the plot,
note that walking on the horizontal axis towards larger my, is equivalent to walking up on the
left edge of the left panel of figure 8.2l We see that with some neutral mixing, it is possible to
tune away the tension with EWPTs, even for large p.,,. In the right panel of figure we show
on the S — T ellipse three sample model points, marked correspondingly on the left.

10Tt is sufficient to think about possible three-lepton resonance searches or monojet searches with the additional
requirement of soft leptons in the final state [279].
'We expect similar results to hold for the “wino-higgsino” model, as can be deduced e.g. from [288].
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Figure 8.6: Electroweak constraints for the “vector-like lepton” model. Left: contours of f,. (pink)
plotted in the (mp,,z,) plane, where my, is the heavier charged state mass and x,, is defined in
analogy with equation as 22 = (2y,ysv?/m? ), with m,, the lighter neutral state mass.
Gray lines denote the vacuum instability cut-off Ay, The green filled area is excluded at 95%CL
or more by EWPTSs. The lighter charged fermion mass is fixed to my, = 100 GeV. Right: Markers
show the model position with respect to the S — T error ellipse, for three sample points in the left
panel. Blue, green and red lines denote the 68.27% C.L., 95% C.L. and 99.73% C.L. ranges.

8.4 Conclusion

For a single set of new vector-like fermions, with large enough Yukawa couplings to give an
enhancement of j,, = 1.5, demanding that the tunneling rate through false vacuum bubbles
of size Ay, ~ (10 TeV)~! is less than the age of the universe requires the existence of a new,
un-colored, charged fermion lighter than about 115 GeV. Even with a very low cut-off scale,
Ayy =1 TeV, an enhancement of p.,, = 2 is impossible.

A larger number N of fermions allows us parametrically to keep a large enhancement for s,
while ameliorating vacuum stability. It is in principle possible, though contrived, to get 1., = 1.5
while deferring the instability scale to Ayy ~ 10 TeV, but even for N' = 2(4) this requires the
fermions to be lighter than 150 (200) GeV.

Furthermore the cases with large A are in great tension with any picture of gauge coupling
unification in the ultraviolet. Let us look at theories which add vector-like matter to split SUSY.
One of the main motivations for split SUSY is maintaining supersymmetric gauge coupling unifi-
cation, but it is easy to see that this feature is lost with a large number of multiplets. Consider
the case where the new vector-like matter is in complete multiplets of SU(5). The “vector-like
lepton” fit inside a full generation + antigeneration; N = 1 of these multiplets are consistent
with perturbative gauge coupling unification, but N’ > 1 are not. Similarly, the “wino-higgsino”
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multiplet can fit in a 24 of SU(5), and again only A/ = 1 is (marginally) consistent with pertur-
bative unification. We can even go as far as to consider complete multiplets of SU(3)3/Z3. The
multiplet (3,1,1) + (1,3,1) + (1, 1,3)+ conjugate contains exactly stable uncolored fractionally
charged particles; these could give a diphoton enhancement but are forced to be so heavy by
HSCP searches that the required Yukawa couplings are too large to be consistent with vacuum
stability even for N' = 1 multiplet. The usual matter multiplet (3,3,1) + (1,3,3) + (3,1,3)+
conjugate is too large even for ' = 1. Finally we can consider (8,1,1) + (1,8,1) + (1, 1,8); this
contains both the “vector-like lepton” and “wino-higgsinos”. But again gauge coupling unification
restricts us to having at most one of these multiplets. We conclude that in any reasonable picture
preserving perturbative gauge coupling unification, we can have either N' = 1 “vector-like lepton”
or “wino-higgsino”, or at most one of each.

We thus conclude that even non-minimal unnatural theories at the weak scale can not explain a
large p, unless they have new charged fermions lighter than about 115—150 GeV. These charged
fermions are so light that in most cases they should be possible to exclude or discover with the
2012 LHC data. If such light states are not discovered, and at the same time a large enhancement
fry ~ 1.5 persists, then there must be new scalars or gauge bosons far beneath the 10 TeV scale.
The CMS results is now approaching the SM value, but it is not inconceivable that the result will
change in the future. In that case an enhanced diphoton rate could be the harbinger of natural
electroweak symmetry breaking within reach of the LHC. Alternately, fine-tuned theories such as
split SUSY or any of its variants unambiguously predict that the hint for an enhanced diphoton
rate and unaffected ZZ rate in the current data must disappear.



Conclusion

Particle physics has been deeply changed by the first three years of LHC operations. The wealth of
data produced can not be ignored and will dominate the field for the years to come. This is pushing
the theoretical and experimental communities to collaborate more closely. However it is still
extremely rare to find theorists that have hands-on experience with the data or experimentalists
familiar with all the most relevant theoretical scenarios for new physics at the LHC. Nonetheless
there are fundamental questions that need both a good understanding of theory and a good
understanding of experiment to be answered. This work addresses one of them: Is electroweak
symmetry breaking natural?

It is clear that the path towards an answer requires an effort in the two fields and this thesis
is a product of experience gained in both. The two aspects are interconnected, but the thesis is
organized into three parts to roughly reflect the division: introduction, experiment and theory.

In the second part we have described a direct search for natural theories. In chapter |3 we
have seen that the LHC has not yet excluded natural supersymmetric models, but the reach at
14 TeV will be enough to say the final word on the MSSM with roughly 10% tuning. At the
same time we have discussed some generic features of natural theories that led us to consider
regions of parameter space that are still relatively unexplored. Therefore we have designed a
search capable of covering natural signatures with low M Er and described it in chapter [ We
did not find any significant excess and interpreted the result in a particular realization of RPV
natural SUSY [118] obtaining a lower bound on the gluino mass: mj > 1 TeV. The bound assumes
BR (g — tbs) = 100%. Clearly the search is much more general than its interpretation and should
be repeated at 14 TeV to contribute to a definite answer on naturalness in supersymmetric (and
to a lesser extent also non-supersymmetric) theories.

In the third part of the thesis we have adopted a different approach to the question of nat-
uralness, studying Higgs boson couplings. In chapter [7| we have shown that sharp predictions
can be made in natural supersymmetric models, in spite of the large number of free parameters.
For instance h — bb in associated production can not exceed its SM rate by more than 1.5 and
a similar upper bound can be obtained for the ratio of h — vy and h — V'V in gluon fusion
production. We have found that Higgs coupling deviations can be described in terms of only
five parameters with limited numerical ranges in vast classes of supersymmetric models (MSSM,
MSSM+ extra D-terms, NMSSM, ...). This allowed to meaningfully test the theories against
current LHC measurements. The most interesting result is a mass exclusion for heavy Higgses in
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the MSSM, which at moderate tan § (< 5) is more stringent than the one emerging from direct
searches. In chapter |8 we have extended the discussion to unnatural theories, identifying a simple
measurement (that of the ratio between h — v and h — V'V that, together with direct searches,
can exclude all models that add to the SM only extra fermions.

In conclusion, we have addressed the question of naturalness at the LHC by proposing new
techniques that can shed light on the tuning of the Fermi scale. It is not yet possible to give a
conclusive answer, but exciting times await us at the beginning of the 14 TeV run.
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Appendix A

More on the reliability of the
background prediction

We have seen that the MC prediction for the shape of the b-tagged jets multiplicity is in good
agreement with the data, even including only the systematic error due to the b-tagging SFs.
However these SF's have been derived in topologies different from our signal regions. For this
reason we study in more detail the dependence of the tagging efficiency and of the shape of Ngets
on the number of jets in the event. We also show that the predictions are not affected by the
lepton flavor in the final state and that other observables (such as jet multiplicity, Hr and M Er)
are well reproduced by the MC in the signal regions.

A.1 Jet multiplicity and b-tagging efficiency

The N, distributions for lower jet multiplicities (= 4 and = 5) are in figure and for
muons and electrons, respectively. Note that contrary to the signal regions plots in chapter [6]
the figures display the ratio of MC over data, rather than data over simulation. The = 4, = 5
jets selections provide good control regions, as can be seen from the signal efficiencies in figure
[A.3] The efficiencies are not completely negligible, but by comparing them to the signal regions
(in figure , taking into account also the background yields, it is clear that anything that
would disturb the = 4 and = 5 jets control regions would disrupt completely the data-MC shape
agreement in the signal regions, showing up as a huge signal. This can also be seen a posteriort,
from the exclusion limit in figure [6.8 For gluino masses that would give a contamination of more
than a few % (i.e. myz < 500 GeV) we exclude a cross-section at least two orders of magnitude
smaller than that of the signal.

The good agreement between data and SF corrected MC, together with the very mild depen-
dence (well within the SF error) of the b-tagging efficiency on the number of jets in the event
(displayed in figure support the claim that we are correctly describing the shape of N, in
our signal regions. Using the same SFs at =4, =5, =6, =7 and > 8 jets we always obtain that
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Figure A.1: Distribution of the number of b-jets , in the muon box, after applying the baseline
selection (excluding the cut on the number of jets) and rescaling the Monte Carlo using the b-
tagging scale factors, for = 4 (left) and = 5 jets (right). The red band in the figures corresponds
to the systematic error obtained varying the scale factors by +1o.

the data are well reproduced by the MC, in general within the SF error alone (not including JES,
matching, renormalization and factorization scale uncertainties). The bin with 1 and 2 b-tags in
the electron 4 jets control region are an exception, but are well within the total systematic error,
as can be seen from table in appendix |Bl The only significant discrepancy between data and
MC that we find is a MC overprediction in the bins with 3 and 4 b-tags at four jets. This effect
is still within the total error, but manifest itself both in the muon and electron box and, in a
different way, also in the dilepton control control region presented in section [6.6f We parametrize
these discrepancies as a mismodeling in the MC of the fraction of 4 b events and include it as a
systematic uncertainty, as discussed in section [6.6]

A.2 Electron and muon samples

In this section we show that the shape of the N, distribution does not depend on the lepton in the
final state. This might not emerge immediately from the plots in section [6.5], but becomes clear
thanks to figure [A.5] There we show the ratios between the shapes of the distributions in the two
channels for the three signal regions. The errors are statistical only, since systematic effects in the
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Figure A.2: Distribution of the number of b-jets, in the electron box, after applying the baseline
selection (excluding the cut on the number of jets) and rescaling the Monte Carlo using the b-
tagging scale factors, for = 4 (left) and = 5 jets (right). The red band in the figures corresponds
to the systematic error obtained varying the scale factors by +1o.

MC cancel in the ratio. The y? for the comparison of the ratios with 1 are

x?/ndof , Data, 6J:043 7J:1.3 8J:1.2
x?/ndof, MC, 6J:0.62 7J:0.12 8J:0.54 (A.2.1)

This further check shows that we are not neglecting a possible additional systematic effect related
to the mismodeling of the lepton efficiencies.

A.3 Additional Data-MC comparisons

In figures and[A.7 we collect Data-MC comparisons plots for jet multiplicity, Hy and M Er for
events passing the baseline selections. We observe a generic good agreement within the JES error
alone. The only exceptions are the high jet multiplicity bins that tend to be slightly overpredicted
by the MC. This does not influence our analysis, since at a fixed jet multiplicity we take the total
yield from data.
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Figure A.4: Uncorrected MC truth tagging efficiency versus number of jets in the event for b (red),
¢ (green) and udsg (blue) jets in the muon box (left) and electron box (right). The systematic
band corresponds to a SF error obtained averaging over all py and n bins.
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Figure A.5: Left: Ratio between the shapes of the N, distributions in data in the muon and
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Figure A.6: Data-MC comparisons for jet multiplicity (left), Hr (middle) and M Er (right) for
events passing the muon baseline selection. The black band is the JES systematic uncertainty.
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Control regions predicted and observed
yields

In this appendix we list for completeness the predicted and observed yields in the control regions
used to estimate the gluon splitting systematic for the analysis presented in chapter [6] The
dilepton control regions always contain a well identified and isolated electron and a muon. The
single lepton control regions contain either an electron or a muon and veto the presence of extra
“tight” leptons. The yields for the dilepton control regions with 4 and 5 jets are in tables and
[B.2] respectively. The single muon and single electron results can be found in tables to [B.6]
The error does not include the gluon splitting systematic that was estimated from these control
regions. The symbol _ in the tables stands for zero predicted events with zero systematic error
and a Poisson uncertainty of —log(0.12) ~ 0.5 that we round up to 1.

EleMu + 4 jets 1 bjet 2 bjet 3 bjet 4 bjet 5 bjet
tt + jets 367+173 | 288+81 21+15 2.2+3.5 ,
W +jets 8.448.4 , , _ i}
Wbb 0.85+0.52 , i} , i}
tHWw 4.6940.46 | 3.2940.39 | 0.4940.12 | 0.00040.020 | _
ttZ 2.88+0.30 | 2.14+0.21 | 0.41£0.12 | 0.028+0.030 | _
DY +jets 2.94+1.7 _ _ _ _
SingleTop 15.6+3.6 | 7.342.2 | 1.210+0.49 _ ,
QCD , , , _ ,
Total MC 4024174 | 301+£82 23+15 2.243.6 ,
| Data | 415 | 275 | 34| 5 0 |

Table B.1: Predicted and observed event yield for different b-jet multiplicities and exactly 4 jets,
in the ele-mu control region defined in section
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EleMu + 5 jets 1 bjet 2 bjet 3 bjet 4 bjet 5 bjet
tt + jets 91+48 75+38 8.843.9 0.83+£0.39 | 0.46+0.54
W+jets _ _ _ _ _
Wbb 0.2240.35 i} 0.31£0.28 , ,
tHW 1.54+40.28 | 1.1340.19 | 0.14440.069 | 0.00040.022 ,
ttZ 1.2440.21 | 1.0940.15 | 0.17040.072 | 0.06740.085 ,
DY +jets - _ _ 0.0+1.9 _
SingleTop 4.6+2.2 | 2.3+14 , 0.73+0.35 ,
QCD , , , N ,
Total MC 99+48 8038 9.1943.10 1.542.1 | 0.4640.54
| Data | 93 [ 8 | 11 \ 1 |0 ]

Table B.2: Predicted and observed event yield for different b-jet multiplicities and exactly 5 jets,
in the ele-mu control region defined in section

Mu + 4 jets 1 bjet 2 bjet 3 bjet 4 bjet 5 bjet

tt 27073+£4520 | 19834+2861 | 1868+255 73460 -
W+jets 14714217 : 14£15 1764207 :
Wbb 2045794 | 603+2210 42+19 5411 :

tHw 66.5+3.7 | 38.6+£3.1 | 4.01+0.49 | 0.198+0.077 | -

ttz 48.2423 | 33.1£2.6 |5.510£0.60 | 0.67+0.28 :
DY+jets 937+123 154427 6.7+7.1 28+32 -
SingleTop | 22754481 | 11754224 | 10127 7412 :
Total MC | 398987300 | 2217443190 | 2698+514 | 2914316 -

| Data [ 41032 | 21977 [ 2007 | 45 | 0 |

Table B.3: Predicted and observed event yield for different b-jet multiplicities and exactly 4 jets,
in the muon control region defined in appendix
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Mu + 5 jets 1 bjet 2 bjet 3 bjet 4 bjet 5 bjet
tt 881243241 | 7167+2297 | 917+260 58427 12+18
W+jets 137486 : 0.0+5.4 : 13422
Wbb 400+169 147467 | 13.645.8 | 3.4+4.0 0.6+1.3
tHw 40.1£3.5 | 27.8+2.2 | 3.82+0.53 | 0.12640.073 | 0.000-£0.058
ttz 31.2+3.3 | 24.10£3.2 | 5.10£0.66 | 0.71040.28 | 0.057£0.047
DY+jets 195426 26+10 | 2.09+3.10 | 0.00£1.10 1.542.8
SingleTop 5124116 342498 | 39.2+8.7 | 3.9+6.4 | 0.0040.16
QCD 700+272 | 2984215 | 3.54+3.5 - 0.000+£0.051
Total MC | 108293437 | 80342403 | 985272 67436 27441
| Data | 11352 | 7473 | 1061 | 54 \ 2 |

Table B.4: Predicted and observed event yield for different b-jet multiplicities and exactly 5 jets,
in the muon control region defined in appendix

Ele + 4 jets 1 bjet 2 bjet 3 bjet 4 bjet 5 bjet

tt 23194+3583 | 1738942245 | 1701301 | 8681 -
W+jets 16884534 - 0439 40+147 -
Wb 19724743 | 6154235 39+16 8+15 -
tHw 53.1£2.9 | 33.68+1.10 | 4.092+0.610 | 0.34+0.29 |  _

ttz 41.441.8 29.941.5 | 5.03+£0.42 | 0544021 |

DY +jets 14094262 276+55 17.10£7.4 | 12+28 -
SingleTop | 19724434 | 10254205 100427 17417 -
QCD 1256+703 | 5094303 9.10£4.9 0414 -
Total MC | 3158845365 | 1987942779 | 18774361 | 1674251 |

| Data [ 34225 | 17763 | 148 [ 3 | 0 |

Table B.5: Predicted and observed event yield for different b-jet multiplicities and exactly 4 jets,
in the electron control region defined in appendix [A.1]
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Ele + 5 jets 1 bjet 2 bjet 3 bjet 4 bjet 5 bjet
tt 6988£2464 | 58921790 | 7724274 | 61+43 16+23
W+jets 433+114 25+38 0425 0+11 15424
W bb 346+146 | 135+59 | 8.5+4.5 | 1.1+2.1 1.741.8
ttw 29.3+3.1 | 22.10+2.1 | 3.58+0.42 | 0.35+0.18 | 0.058+0.074
ttz 25.3+1.9 | 19.74+1.5 |4.34+0.38 | 0.85+0.22 | 0.12+0.18
DY +jets 228+58 68+19 3.0+1.9 - 0.0+£2.5
SingleTop | 417+119 | 266+58 38+11 | 4.8+44 3.2+3.4
QCD 601289 | 18.86+7.10 | 5.5+6.7 | 0.26+£0.25 | 0.7+15
Total MC | 90702720 | 64501869 | 836288 | 68£58 37+53
Data | 9390 | 6215 | 809 46 | 1

Table B.6: Predicted and observed event yield for different b-jet multiplicities and exactly 5 jets,
in the electron control region defined in appendix




Appendix C

Background and signal systematic
uncertainties

C.1 JES

To evaluate the effect on the signal efficiency and the background shape of the jet energy scale,
we vary it by +1o. The systematic associated to the background is small, as can be seen from
figures and [C.2] This is not suprising since we are taking the yields at fixed jet multiplicities
from the data and extracting just the shape of the b-tagging distribution from the MC.

C.2 Renormalization, factorization and matching

The MC samples we are using are generated with a choice of renormalization and factorization
scales. In addition to that also a minimum pr is required for the partons to be matched after
showering (20 GeV for the MadGraph samples used for ¢t). Changing these parameters has an
impact on the shape of the b-tagged jets multiplicity distribution. We compute the systematic error
from these two separate sources by running our selection on tt+jets samples with the matching
scale shifted by a factor of 2 and 1/2 and by doing the same for renormalization and factorization
scales. In the 8 jets and 7 jets signal regions the study is done requiring a MC truth lepton
originating from a W rather than following the lepton selection described previously. This reduces
the statistical error of the MC samples. For the same reason we use samples with at least two
MC-truth leptons originating from a W to compute the systematic error in the Ele-Mu 5 jets
control region.

In analogy with the JES uncertainty, the error induced on the shape is very small, as can be
seen in figures and for muons and electrons, respectively. The error on the yield is clearly
much larger, going up to 50%. However this does not affect the sensitivity of the analysis that
takes the total yield from data.

11
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Figure C.1: Distribution of the number of b-jets, in the muon box, after applying the baseline
selection and rescaling the Monte Carlo using the b-tagging scale factors, for the = 6 (left), = 7
jets (middle) and > 8 jets (right) signal regions. The black band in the figures corresponds to the
systematic error obtained varying the JES by *+1o.
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Figure C.2: Distribution of the number of b-jets, in the electron box, after applying the baseline
selection and rescaling the Monte Carlo using the b-tagging scale factors, for the = 6 (left), = 7
jets (middle) and > 8 jets (right) signal regions. The black band in the figures corresponds to the
systematic error obtained varying the JES +1o.

C.3 ISR and FSR

In typical SUSY analyses an ISR systematic plays an important role close to the diagonal of the
mother particle—LSP plane. In our case, also in absence of an LSP, the large number of jets in
the final state requires some attention. The signal, once one of the W’s from the tops decays
leptonically, has eight partons that can potentially be reconstructed as jets. However a significant
fraction of the events that we select has one or two outside of the acceptance (|n| < 2.5) as can
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Figure C.3: Systematic error due to the matching threshold (blue) and renormalization and fac-
torization scales (red) in the muon box, after the baseline selection. For events with exactly 6 jets
(top left), 7 jets (top right) and >8 jets (bottom) in the MC t¢ sample.

be seen from the left panel of figure If we further impose a 30 GeV pr cut on the partons
the fraction of selected events with as many partons as reconstructed jets decreases even more as
it is shown in the right panel of the same figure.
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Figure C.4: Systematic error due to the matching threshold (blue) and renormalization and fac-
torization scales (red) in the electron box, after the baseline selection. For events with exactly 6
jets (top left), 7 jets (top right) and >8 jets (bottom) in the MC t¢ sample.

For this reason we include in the analysis the uncertainty from the MC modeling of ISR and
FSR. We divide the events in bins of pr of the mother particles and assign to each event the
uncertainty in table The resulting impact on the signal efficiency can be see in figures
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Figure C.5: Fraction of events selected in the three signal regions: 6 (purple), 7 (red), > 8 jets
(orange) with all the partons contained within the acceptance |n| < 2.5 (left) and with all the
partons within the acceptance and above a 30 GeV pr threshold (right).

PR+ ¥ Uncertainty
(40,100] GeV 6%
(100, 150] GeV 10%
(150, 0] GeV 15%

Table C.1: Uncertainty in the Pythia modeling of ISR and FSR as determined from CMS in a
separate study.

and [6.7 The effect is larger for a larger number of jets and becomes more important at small
gluino masses, where additional radiation is needed for most events to pass our selection. Going
from intermediate masses to larger ones the error increases slightly again, reflecting the growth of
the average pr of the system with the gluino mass.



Appendix D

Results of the five dimensional fit to
Higgs couplings

This appendix collects the one dimensional profiles of the x? obtained from the five dimensional fit
described in section [7.6.3] In figures and we show them with the 68% and 95% intervals
marked in orange. The details of the profiling are discussed in section [7.6.1} 7, entering only at
loop level in well measured rates, is essentially unconstrained due to the compensating effect of
rg and 7.

0] i ] i i i
0.0 0.5 1.0 15 2.0 25 3.0
It

Figure D.1: Ax? profiles for the fifth parameter of the fit: r,. Heights corresponding to the 68%
and 95% confidence levels are marked in red.
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L

07 08 09 10 11 12 13 0.8 10 12 14 16
Ic r),

Figure D.2: Ax? profiles for four of the five parameters of the fit (rg,r,,7v, 7). Heights corre-
sponding to the 68% and 95% confidence levels are marked in red.



Appendix E

Renormalization group equations for
Yukawa couplings

Here we list the renormalization group equations for Yukawa couplings for theories constructed
by adding to the SM extra leptonic multiplets. These results are relevant to chapter [§

Vector doublets + singlets (“vector-like lepton”). For our “vector-like lepton” scenario
in chapter [§ allowing for an additional neutral singlet n ~ (1,1), with Yukawa couplings £ =
—ynHYn — y, H°n + h.c., and including N copies with identical couplings, the relevant RGEs

read [291) 292]

dy

16722

1672

1672

1672

dt

dyn

dt

dy,

dt
aX
dt

3
y(g (yQ—yi)+N(y2+y02+yi+yﬁ2)+3yf—7—7

Yn (— (2 =)+ N (V +y? +yp +yd) +3y; — == — =1

Uy v 1)
3 3

2 c2 2 c2

9 2
A (24/\ — 993 — % + 1297 + 4N (2 + ¥ + ¢ +y02)) -
4 c4 4 c4 4 3 4 5 | 307 ’
2N (gt 4y bt unt) O g 20+ (g ) ) (B0
The RGEs for y© and y;, are similar to that for y and y,. The gauge beta functions are
41 6N 19 2N
bh=—+—, bp=—F+—, bg=-T. E.0.2
Tt 2T T T (£0-2)

Vector doublets + triplet (“wino-higgsino”). For our “wino-higgsino” scenario, including
N copies with identical couplings and allowing for an additional singlet n, the relevant RGEs

18
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19 YUKAWA COUPLINGS
read [293]
dy 5, 1, 1 N 9 , 33
162_: Cnc “.2 T2 .2 _32 362 2 c2 32__2__2
U yyyn+y(4y + 1Y =5y S B3y ) + 3y — g — o )
dy 3., 3 3., N 9 9
162_n:3cc n_2 <2 0,2 _32 3c2 2 c2 32__2__2
U Ynyy© +y (4yn+2yn + 9+ S B 3y ) + 3y — 50— 792 )
diy N 9 17 9
1628 _ N (302 4302 + 12 + 1) 4 22 — 82 — —L 2 22
d\ N
167 = = A(24A 42N (39" + 3y + i + o) +1257) — 5 (5y" + 55"+ +ur) —
—2Nynyryy® = Ny +yl)(y? +y3) — 6y, —
2
91 2 20 4,9 545 9,
-9\ [ = — — —q,. E.0.3
( 5 ‘|‘92> + 20091 + 209291 + 892 ( )
41 2N 19
by=—+—, by=——+2 by = —T. E.0.4
1 10 + 5 ) 2 6 + Na 3 ( )
We take as initial conditions, at a scale u = 100 GeV,
2
g1 = 0.361/5/3, go = 0.65, g5 = 1.2, y, = 0.99, A = % —0.129. (E.0.5)
v
The vacuum stability cutoff scale Ayy is determined by [294]
27T2 AUV
A(A = ————=-0.065(1-0.021 —_ E.0.6
3log v

with the Hubble constant H = 70km/s/Mpc = 1.5-107*? GeV. We comment that for the problem
under study, Landau poles of the Yukawa couplings appear at much higher scales, beyond the scale
where the vacuum instability sets in, posing no additional constraint.



Appendix F

Estimates of the collider constraints on
charged leptons

In this appendix we present our estimates of the LHC bounds on ¢ x € for new charged leptons,
where € includes acceptance, trigger and identification efficiencies, efficiencies of the kinematical
cuts and the branching ratio to the relevant final state. We use a standard CLs technique to
obtain the bounds and we take the number of observed events and the predicted background with
its error from the CMS mulitlepton search at 8 TeV performed with an integrated luminosity of
9.2 fb~! [282]. To get the excluded cross section, we first construct the likelihood as

L(n|ns +ny) = P(n|ng + np)G(np|nd®, o), (F.0.1)

where P is a Poisson distribution and we take a gaussian ansatz G for the background. Then we
compute the CL;,
_ CLsyy  P(n < nglng +ny)

CL, = =
CL, P(n < ngney)

where P is the probability obtained marginalizing the likelihood, ng is the number of events
observed in the data, n, the number of background events and n, the number of signal events.
Requiring CL; < 0.05 fixes n, to its 95% C.L. excluded value. In this way we obtain the cross
section limits in Table [E.1l

(F.0.2)

Selection obs | background | (0€)exa(fb)
4l, Sp < 300 GeV, Z 0 | 1.20£0.38 0.4
3l+17, Sp <300 GeV, Z | 18 | 18.0%5.2 1.6

Table F.1: Estimated bounds on (0€)eca of multi-lepton final states [282] (see Sec. [8.3)). [ refers
to electrons or muons and Z denotes two opposite sign leptons from a Z decay.
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