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Abstract

In this thesis we study possible deviations from the electroweak symmetry break-
ing mechanism as predicted by the Standard Model (SM), and we introduce a new
framework to analyze hadronic final states at colliders.

In the first part, we begin by considering supersymmetric extensions of the SM
and by studying the connection between electroweak symmetry breaking and super-
symmetry breaking. Contrary to the common lore, we show that a visible dynamics
in the Higgs sector can contribute to supersymmetry breaking, as long as soft masses
receive contributions also from one or more hidden sectors. A striking feature is the
presence of a light pseudo-goldstino in the spectrum. We study potential collider
signatures of visible supersymmetry breaking in Higgs and neutralino decays.

Then, we move to a study of the Higgs data collected at the Large Hadron Col-
lider (LHC). By using both measurements of the Higgs boson couplings, and limits
on Higgs-like states at higher masses, we investigate whether the data support the
possibility that the SM Higgs is mixed with another scalar. We consider fits to sim-
plified models and we find that mixing angles with sin% @ > 0.2 are disfavored at 95%

“CL over a scalar mass range 200 — 1000 GeV.

In the second part, we propose a new way to define inclusive jet (and subjet) based
observables at colliders. We introduce a new class of event shapes that characterize the
jet-like structure of the event by using only information in the neighborhood of each
particle. We show that conventional jet-based observables such as jet multiplicity,
summed scalar transverse momentum, and missing transverse momentum can be
recovered within this approach. We show that in this framework trimming can be
recast as a particle weight assignment, without explicit jet identification. Finally, we
comment on potential applications of the method both at trigger and analysis level.
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Chapter 1

Introduction

1.1 The Standard Model: Successes and Limits

The Standard Model (SM) of particle physics is a quantum field theory that describes
the interactions of fundamental constituents of matter. Since its original formulation
in the sixties by Glashow, Weinberg, and Salam [103, 161, 146, 147} a variety of
experiments have probed its validity at increasingly higher energies. The SM provides
a description of electromagnetic, weak, and strong interactions approximately up to
energies E ~ O(10? GeV), or equivalently distances d ~ O(107'® m). It is able to
describe at unprecedented accuracy an enormous variety of phenomena at subatomic
and subnuclear distances. However, as experimental evidences for the theory were
building up, a series of open questions also started to emerge. This motivated, over
the past twenty years, an intense theoretical and experimental effort in studying
extensions of the SM, which generically go under the name of Beyond the Standard
Model physics (BSM). In this thesis we will present results both within the SM and
BSM frameworks.

Let us begin by briefly recall the structure of the SM. The SM is a gauge quantum
field theory based on the gauge group

SU(Q)L X U(l)y X SU(3)C (11)
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SU(2), x U(1l)y describes electroweak interactions, and SU(3)c describes strong

interactions. The lagrangian can be written schematically in a few lines:

1 -
Lsy = —=F2 F*° 4 jah Pof

4
+|D,H|? - V(H) (1.2)
+ )\ij’(zi’l/)jH + h.c.

The first line describes the dynamics of the gauge fields and their interactions with
fermions. The second line describes the spontaneous breaking of the electroweak
symmetry through the Higgs field H. Finally, the last line describes interactions of
the fermions with the Higgs field, including fermion mass terms. We will refer to these
interactions as the flavor sector. The form of the lagrangian Eq. (1.2) is dictated by
locality, Lorentz invariance and gauge invariance under Eq. (1.1).

The Higgs sector has been only partially probed so far. Indeed, electroweak sym-
metry breaking takes place at energies E ~ O(10? GeV), which are being explored
for the first time by the Large Hadron Collider (LHC). At present, the major dis-
covery of the LHC has been the observation of an elementary scalar with a mass
my, ~ 126 GeV, consistent with the Higgs boson, the scalar excitation of the Higgs
field H [9, 51].

As said, there are several open questions in the SM. Some of them are more
concerned with the theoretical structure of the theory, others more related to experi-
mental evidences. Broadly speaking, with “theoretical issues” we mean unsatisfactory
features of the SM given its matter and interaction content. Let us mention a few

examples:

e Charge quantization. If one regards the symmetry Eq. (1.1) as classical, the
hypercharge assignment under U(1l)y is arbitrary. That is, abelian gauge in-
variance does not constrain charges, as opposed to non-abelian gauge invari-
ance where the couplings of different matter representations with the gauge
bosons are fixed in terms of a single coupling constant. Hypercharges of dif-

ferent fermion representations have to be set by hand to match the observed
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electromagnetic charges. This arbitrariness is partially resolved when consider-
ing the full quantum theory. In this case, the cancellation of anomalies for the
gauge group in Eq. (1.1) requires the quantization of the charge. However, it
suffices to modify the matter content of the SM by adding a single Weyl spinor
(e.g. aright-handed neutrino field) to relax the quantization condition and allow
again for arbitrary charges, while keeping the theory anomaly free. As pointed
out, the failure of the SM in predicting unambiguously charge quantization is
inherent to the abelian factor in Eq. (1.1). The most promising solution to this
problem consists of embedding the SM gauge group into a larger non-abelian

group, with SU(5) being the minimal candidate.

Strong CP problem. Quantum chromodynamics (QCD) is the part of the SM

that describes strong interactions. Due to its non-trivial vacuum structure,

QCD lagrangian contains a term Ly = 169"2 F I‘j,,l?' e with 0 < 8 < 27 specifying
the vacuum of the theory. Since Ly violates CP, the size of  is experimentally
constrained (mainly) by neutron electric dipole moment measurements. Current
limits are as stringent as § < 107!°. The fact that this unnaturally small value
has to be set by hand is known as the strong CP problem. Several solutions

have been studied, probably the most well known is the introduction of a new

dynamical field called the axion [139, 140, 163, 162].

Naturalness. The naturalness problem is related to the presence of a scalar in
the spectrum of the SM. Specifically, the mass of the scalar is not protected by
any symmetry, so that it potentially receives quantum corrections proportional
to high energy thresholds (as opposed to fermions for which chiral symmetry
limits the sensitivity to energy thresholds to be only logarithmic). This would
set the natural value for the Higgs mass at the scale of this high energy thresh-
olds (for example at Mpianck, Where quantum gravity becomes relevant). The
unexplained hierarchy between the Higgs mass (or equivalently the electroweak
scale) and the Planck scale (or any other lower threshold) is known as the natu-

ralness problem. A large fraction of particle physics research has been devoted
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to study solutions to this problem over the past two decades. Remarkably, so-
lutions to the naturalness problem require the presence of new particles and
interactions at energies not too far from the electroweak scale. This is what
ultimately motivated the construction of the LHC. On one side, the discovery
of what seems to be an elementary Higgs boson by the LHC, reinstates the
naturalness problem. On the other side however, the lack of any evidence of
new physics, puts naturalness as a guiding principle for new physics under in-
creasing pressure. Supersymmetry is one of the most appealing solutions to the
naturalness problem. In particular, we shall return to supersymmetry and its

connections to electroweak symmetry breaking in Chapter 2.

Flavor puzzle. Fermion masses and mixings between generations show a non
trivial hierarchical structure. Such a structure is accounted for in the SM by
setting by hand the appropriate yukawa couplings \;; in the last line of Eq. (1.2).
The origin of such structure, which could possibly originate from a symmetry

breaking pattern, is known as the flavor puzzle.

Cosmological constant. Measurements of the Cosmic Microwave Background
(CMB) and of the current acceleration of the universe indicate a non vanish-
ing, albeit small, cosmological constant. The measured vacuum energy density
is pp ~ O(meV*). Depending on the choice of the cutoff, known contribu-
tions from the SM to the vacuum energy density are off by 60 to 120 orders of

magnitude. This discrepancy is known as the cosmological constant problem.

These “theoretical issues” are all related to free parameters of the SM that need to

be fixed by some experimental measurement. One might think that these represent

minor problems, in the sense that once the parameters are fixed we are left with a

well-defined and predictive theory. Indeed, if we regard the SM as an effective field

theory, using experimental data to fix parameters is a standard procedure. However,

we could rephrase the issues above by asking whether and how these parameters are

linked to some fundamental symmetry of the theory at higher energies. Then, we
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would like to know what the cutoff of the effective theory is and whether we will be
able to probe the more fundamental structure of the theory.

A second category of shortcomings of the SM are related to direct experimental
evidences that (most likely) require an extension of the matter and/or interaction

content. Examples are:

e Dark Matter. Astrophysical measurements (e.g. rotational curves of galaxies,
CMB anisotropies spectrum, gravitational lensing) show very strong evidence
for a non-baryonic component of matter in the Universe. Such a component,
named dark matter, makes up 26% of the energy content of the Universe today.

Dark matter cannot be accounted for within the SM field content.

e Neutrino mass and matter-antimatter asymmetry. Neutrino flavor oscillations
suggest that neutrinos have mass. There are several ways to implement a neu-
trino mass which either require the extension of the SM field content (e.g. with
right-handed neutrinos) or the introduction of higher dimensional operators in
Eq. (1.2), which again would signal new physics above some cutoff scale. Also, a
related problem in the flavor sector, is the amount of CP-violation. CP-violation
in the SM seems to be not enough to explain the observed matter-antimatter
asymmetry in the Universe. Again, this would require some modification of the

SM.

e Quantum gravity. The SM can be augmented with classical general relativ-
ity to account for gravitational interactions. More generally, at energies £ <
Mpiank ~ 1018 GeV, quantum gravity effects can be consistently included within
an effective field theory approach. However, above Mpianck, a full quantum the-
ory of gravity is required. As general relativity is not renormalizable, a modifi-
cation of the SM is necessary. As pointed out in [121], the recent observation of
primordial gravitational waves through B-mode polarization of the CMB [16],
if confirmed, would represent a genuine quantum gravity effect thus confirm-
ing that gravity, like the other interactions, must obey the laws of quantum

mechanics and a coherent quantum description must exist.
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There are several other open questions in the SM. The goal here is to provide the
reader with a sense of the vibrant and active research environment of particle physics
today, rather than giving a complete inventory. Moreover, one expects those two
“theoretical” and “experimental” categories to be connected, with the ultimate goal
of solving all the issues within a unique and coherent framework. There are several
examples of this interplay, let us mention a few. Supersymmetry provides a solution
to the naturalness problem, but also provides candidates for dark matter and hints for
a unification of the couplings. Axions would solve the strong CP problem, but would
also be dark matter candidates. A theory of quantum gravity could help solving the

cosmological constant problem.

In searching for solutions to the SM shortcomings we need inputs from experi-
ments. Current experiments are commonly grouped according to three categories.
Experiments at the energy frontier probe previously unexplored energy scales. The
LHC is the largest experiment at the energy frontier and it explores for the first time
the electroweak scale up to 14 TeV. At the intensity frontier experiments accumu-
late intense beams of particles to study rare processes. Although the typical energy
scale is much lower than for experiments at the energy frontier, studying very rare
processes gives access to higher dimensional operators in the SM and so can give indi-
rect information about the physics at very high energy scales, typically much higher
than those directly accessible at the energy frontier. Finally, the cosmic frontier is the
realm of astrophysical observations and measurements. Basically, the visible Universe

itself serves as a laboratory.

A separate discussion concerns the theory of strong interactions. Although QCD
is a complete and well established theory of strong interactions and it has been probed
by several experiments over the past fifty years, we do not fully understand its incred-
ibly rich dynamics yet. At high energies QCD is essentially a theory of free quarks
and gluons (this property is known as asymptotic freedom). Interactions can be ac-
counted for in a systematic way by using perturbation theory. Instead, at energies
E 5 Agep ~ 200MeV (or distances roughly larger than the size of the proton), QCD

exhibits confinement and we observe colorless bound states. In this regime the the-
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ory becomes strongly coupled and much harder to treat analytically. Several tools
have been developed, like lattice simulations, large-N expansion, AdS/CFT corre-
spondence, effective field theories valid in particular regimes (e.g. chiral perturbation
theory, heavy quark effective theory, soft collinear effective theory). Such a rich dy-
namics is reflected into a complex phase diagram. Dedicated experiments explore

exotic phases of QCD, such as the quark-gluon plasma.

On the other hand, QCD has a crucial role in collider experiments that search
for new physics at the electroweak scale. Colliding particles can be hadrons, as for
the case of the LHC, but even more importantly quarks and gluons can be produced
in the final state of the collision. As an example, a SM Higgs boson with a mass
mp ~ 126 GeV, has a branching ratio into pairs of b-quarks BR(h — bb) ~ 57%.
Because of confinement, we can only observe hadrons in the final state. Jets are
clusters of hadrons and are used as a proxy for the original partons produced in the
hard interaction. For a center of mass energy Fom 3> Aqep, jet physics is remarkably

for the most part based on perturbative QCD.

In this thesis we will focus both on BSM extensions of the electroweak symmetry
breaking mechanism, and on jet physics. In the next section we will introduce the

reader to the topics studied in this thesis in more detail.

1.2 Outline

Chapters 2 and 3 of this thesis are concerned with the electroweak symmetry break-
ing mechanism. In Chapter 2 we will analyze the relationship between electroweak
symmetry breaking and supersymmetry breaking and its phenomenological and cos-
‘mological consequences [34]. In Chapter 3 we will use Higgs measurements performed
at the LHC to constrain non minimal Higgs sectors [33]. In Chapter 4 we will intro-

duce a new way to treat hadronic final states at hadron colliders [32].
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1.2.1 Visible Supersymmetry Breaking

Spontaneously broken supersymmetry (SUSY) is an appealing solution to the natu-
ralness problem. In particular, by relating fermionic and bosonic states, it enforces
cancellations in radiative corrections to the scalar masses and weakens their sensitiv-
ity to higher energy thresholds. Supersymmetry must be broken in Nature, as we do
not observe partners of known particles with the same mass and with different spin.
Essentially, the many different ways SUSY can be broken give rise to the plethora of

different supersymmetric models studied in literature.

A crucial question for SUSY phenomenology is how SUSY breaking is communi-
cated to the Supersymmetric Standard Model (SSM). The well-known supertrace sum
rule prohibits SUSY breaking from occurring directly in the SSM through renormal-
izable tree-level interactions [108, 132, 128]. This observation has led to the standard
two-sector paradigm, where a hidden sector is responsible for SUSY breaking, and

the visible sector (i.e. the SSM) feels SUSY breaking indirectly via messenger fields.

Recently, it has been argued that the standard two-sector paradigm may be too
restrictive, as there could exist multiple hidden sectors which independently break
SUSY [58]. A striking signature of this proposal is that if SUSY is broken by N
independent sectors, then there is a corresponding multiplicity of “goldstini”. One
linear combination is eaten to form the longitudinal component of the gravitino, while
the remaining N — 1 modes remain in the spectrum as uneaten goldstini.> Motivated
by the possibility of multiple SUSY breaking, we reexamine the usual assumption that
SUSY cannot be broken in the visible sector. As long as there are one or more hidden
sectors contributing to SSM soft masses, then the supertrace sum rule constraint does
not apply, and SUSY can indeed be broken in the SSM at tree-level. This leads to
an uneaten goldstino in the visible sector. The uneaten goldstino mixes with SSM
fields, but despite this mixing, there is still a light mass eigenstate which we refer

to as a pseudo-goldstino. For concreteness, we study the simplest example of visible

1The phenomenological implications of goldstini have been studied in detail in Refs. [58, 57, 69,
133, 54, 116, 22, 154, 56]. The idea of pseudo-goldstinos first appeared in the context of brane-worlds
in Ref. [29].
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(b)

Figure 1-1: Left: In the standard paradigm, SUSY is broken in the hidden sector and
communicated to the visible sector via messenger fields. The hidden sector goldstino
is eaten by gravitino G. Right: SUSY can also be broken in the visible sector, giving
rise to a visible pseudo-goldstino (. To evade the supertrace sum rule, there must
be additional SSM soft masses mediated from the hidden sector. While the standard
assumption is that this mediation is R-violating, we will also consider R-symmetric
mediation.

sector SUSY breaking from Ref. [116], where the minimal R-symmetric SSM [122] is
extended to allow for F-term breaking. The generic setup we envision is shown in
Fig. 1-1.

The phenomenology of the pseudo-goldstino depends sensitively on its mass, which
in turn depends on how hidden sector SUSY breaking is mediated to the SSM. In the
usual case with R-violating SSM soft parameters, the pseudo-goldstino has a mass
of @(10 MeV — 1 GeV), which implies significant cosmological constraints. Thus,
the standard lore that SUSY cannot be broken in the ( R-violating) SSM is essentially
correct, albeit not because of the supertrace sum rule but because of pseudo-goldstino
overproduction in the early universe. That said, there are small corners of parameter

space with healthy pseudo-goldstino cosmology.

On the other hand, if the mediation mechanism préserves an R-symmetry, then
the pseudo-goldstino will only get a mass from (R-violating) supergravity (SUGRA)
effects proportional to ms;. Thus, if the gravitino Gis sufficiently light (as expected
to avoid the cosmological gravitino problem [137]), then the pseudo-goldstino is also
cosmologically safe. There are potential collider implications for the R-symmetric
limit, since the light pseudo-goldstino ( is typically accompanied by a light pseudo-
sgoldstino ¢. We find that, if kinematically allowed, the physical Higgs boson h° would
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dominantly decay invisibly as h® — ¢¢ — Cé( é, affecting Higgs phenomenology at
the LHC.

1.2.2 Constraints on Singlet Extensions of the Higgs Sector

The discovery of the Higgs boson [9, 51] represents a fundamental step forward in our
understanding of the dynamics of electroweak symmetry breaking. A crucial question
is whether the observed Higgs boson shows deviations from the couplings predicted in
the SM. From a theoretical perspective some modification of Higgs physics has long
been expected, since substantial theoretical motivation for BSM physics is aimed at
resolving the naturalness problem, which is concerned with the Higgs sector. Solutions
to this problem often require the existence of additional electroweak-charged states
and/or additional scalars coupled to, or mixed with, the Higgs.

Even if one abandons the naturalness problem as motivation there is always the
possibility that additional hidden sectors exist, perhaps related to dark matter or
baryogenesis. The Higgs sector of the SM contains a super-renormalizable Lorentz
and gauge invariant operator, which can easily accommodate couplings to new hidden
sector physics, the so-called ‘Higgs Portal’ [149, 134, 38, 75, 138, 131, 19, 143, 112,
129, 94, 27, 82, 130]. Such couplings may allow for Higgs decays to neutral particles,
leading to an additional invisible width for the Higgs. The main consequence of this
scenario is that all detectable branching ratios become equally suppressed, leading to
a democratic reduction in the Higgs signal rates. In addition to this, hidden sector
scalars can also mix with the Higgs through the Higgs portal interaction.

Motivated by these simple considerations we study the implications of the LHC
Higgs searches on simple models of a singlet scalar mixed with the Higgs. If additional
neutral scalars mix with the Higgs the mass eigenstates and interaction eigenstates
are not aligned and the properties of the Higgs are altered, similar to the so-called

‘Higgs look-alike’, or ‘Higgs Friend’ scenario [79, 98, 115, 78, 107].2 If this mixing

2 Although we do not assume that the neutral scalars have couplings to extra colored particles,
as in [98], the scenario considered here is sufficiently similar in spirit to the proposals in [98] that
we adopt the ‘Higgs Friend’ terminology.
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alone is present the individual branching ratios of the Higgs remain the same and
the production of the Higgs is suppressed. The overall effect is thus, at the level of
the current Higgs searches, indistinguishable from the case where the Higgs has an
additional invisible width. However, with careful study the two can be distinguished.
For example, an invisible width can be measured by searching for mono-jet signals
coming from initial state radiation in Higgs production [87, 81, 76, 77, 152, 82]. On the
other hand, mixing with a neutral scalar can be confirmed more directly by searching
for the extra scalar, exploiting the fact that it inherits many properties of the Higgs.
In this work we are concerned with the latter scenario. We assume a Higgs boson
with mass of 125.5 GeV, and then consider limits from the Higgs searches on a Higgs
friend. Of course, it is plausiblc that the friend might be much more massive and
thus effectively decoupled, in which case it would be very difficult to unambiguously
confirm its presence. We consider fits to this scenario as well. We will also consider
the addition of charged vector-like fields, which could be scalar or fermionic, and
couple to the Higgs friend.> This interaction enhances the coupling of the friend to
photons at one-loop. Once the Higgs mixes with the friend this can enhance the Higgs
decays to photons. We call this the ‘Higgs accomplice’ scenario.

Although simplified, we believe these models should map on to some theoreti-
cally motivated scenarios, such as the Next to Minimal Supersymmetric Standard
Model (NMSSM) where the Higgs mixes with an extra singlet which has and induced
coupling to photons through its Yukawa coupling to charged Higgsinos.

In order to test the viability of the Higgs friend and Higgs accomplice scenarios it
is necessary to confront these models with data. There has been significant interest in
determining how best to extract Higgs couplings from the data, leading to a number
of studies [24, 45, 96, 100, 23, 127, 65, 99, 37, 86, 135, 95, 46]. We do this by ap-
proximating the likelihood functions for the Higgs signal strength in particular decay
channels by using the best fit values provided by the collaborations. This information

can then be used to estimate confidence contours for the models considered. We also

31t is often the case that additional electroweak-charged fields are present in extensions of the
SM Higgs sector, so the introduction of extra charged fields is a plausible augmentation of the Higgs
friend scenario.
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define a method to estimate the cross contamination between the two Higgs-like sig-
nals due to finite mass resolution. Given that the contamination cannot be precisely
quantified, we determine a mass region where it can be safely neglected.

We find that, even if still compatible with data, both the Higgs friend and Higgs
accomplice scenarios are already very constrained. Mixing angles with sin® 4 > 0.2 are
excluded at 95% CL over the mass range 200 — 1000 GeV. A substantial improvement
in sensitivity comes from combining Higgs coupling measurements with exclusion

limits set at higher masses.

1.2.3 A New Approach to Jets

When quarks and gluons are produced in high energy particle collisions, they undergo
a process of showering and hadronization, and the resulting final state can be orga-
nized in terms of clusters of hadrons called jets. Jets play a key role at experiments
like the LHC, both for testing SM physics and for searching for new phenomena be-
yond the SM. At present, most jet studies at the LHC are based on jets identified with
a jet algorithm [88, 148]. Algorithms such as anti-kg [42] cluster final state hadrons
into jet objects, whose four-momenta are then used as inputs for subsequent analyses.
An alternative approach is provided by event shape observables, which are functions
involving all final state hadrons in a collision event. Event shapes were extensively
used for precision tests of QCD at ete™ colliders [74, 113, 13, 15, 12], and various
event shapes have been proposed and used at hadron colliders [25, 26, 11, 118, §].
Here, we will blur the distinction between jet algorithms and event shapes by
constructing jet-like event shapes. These event shapes incorporate a jet-like radius
R as well as a jet-like transverse momentum cut prey;, and they can be viewed as
counterparts to some of the most commonly used jet-based observables. While these
event shapes do not involve any kind of clustering procedure, they are correlated with
their jet-based cousins and yield comparable information about the jet-like structure
of an event. We will mainly discuss jet-like event shapes, but the generalization to
subjet-like jet shapes is straightforward, with potential applications in jet substruc-

ture studies [14, 17].
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We will start by constructing three jet-like event shapes that mirror the three
inclusive jet observables—jet multiplicity, summed scalar transverse momentum, and
missing transverse momentum—that appear ubiquitously in jet studies at both the
trigger and analysis levels. For example, we will construct the jet multiplicity event

shape as

]vjet(pTcuta R) = Z Pri @(pTi,R - pTcut): (13)

i€event Ti,R

where pr; g is the transverse momentum contained in a cone of radius R around
particle i. Our technique for building jet-like event shapes can be generalized to a
broad class of inclusive jet observables, namely observables built as a sum over all

jets in an event.

We will then show how to manipulate these event shapes to characterize individual
jets. By inverting ]’\VGet, we can characterize the pr of the n-th hardest jet without
explicitly identifying the set of hadrons that form that jet. Of course, for practical
jet studies, one often wants to know the actual constituents of a jet. Since our
jet-like event shapes do not have a natural clustering interpretation, we develop a
hybrid method that incorporates local jet clustering into an “event shape density”.
The integral over this density gives the corresponding event shape, but the density

distribution itself has spikes in the direction of candidate jet axes.

A perhaps surprising application of our method is for jet grooming [40, 92, 93, 123].
Jet grooming methods aim to mitigate the effects of jet contamination from initial
state radiation, underlying event, and pileup by removing soft wide-angle radiation
from a jet. In the case of pileup, one can use jet grooming in concert with area
subtraction techniques [41, 43, 151]. Here, we show how jet trimming [123] can be
recast as an event shape. Our method is equivalent to assigning a weight to every

particle in the event of

pT'v i
w; = © ('& - fcut) @(pTi,R - pTcut)- (14)
Pri,R
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This “shape trimming” method involves the same f.,; and Ry, parameters as the
original “tree trimming” procedure, but does not require the explicit identification of
jets or subjets.

There are a number of potential applications for these jet-like event shapes. At
the trigger level, they offer a “local” way to characterize the gross properties of an
event. By local, we mean that the event shape is defined as a sum over regions
of interest of radius R, without needing global clustering information. This local
structure allows for efficient parallel computation of the event shape. If desired, one
could even include (local) pileup suppression at the trigger level by incorporating
(local) trimming. At the analysis level, these event shapes offer an alternative way to
characterize jets in regions of phase space where jets are overlapping. In particular,
whereas standard jet algorithms always give an integer value for the jet multiplicity
Njet, the corresponding event shape Njet in Eq. (1.3) typically returns a non-integer
value, reflecting the inherent ambiguity in defining jets. At minimum, one can use
these event shapes to test the robustness of standard jet selection criteria, since a cut
on the jet-like event shape should give similar results to a cut on jet objects for the
same value of R and prc,. Ultimately, one would like to study the analytic properties
of these jet-like event shapes in perturbative QCD, though such studies are beyond
the scope of the work presented here.

We also provide an implementation of all event shapes described in this chapter
as an add-on to FASTJET 3 [44] as part of the FASTJET contrib project, which can

be found at http://fastjet.hepforge.org/contrib/.
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Chapter 2

Visible Supersymmetry Breaking

This chapter is organized as follows: in Sec. 2.1, we describe the simplest model of
visible sector SUSY breaking, and discuss R-violating and R-symmetric mediation.
In Sec. 2.2, we calculate the mass and lifetime of the pseudo-goldstino for both types
of mediation. We discuss cosmological constraints in Sec. 2.3 and LHC signatures in
Sec. 2.4. We conclude in Sec. 2.5, leaving calculational details to the appendices. We
will use the superfield formalism, for a pedagogical introduction refer to e.g. [132, 35].

This chapter is based on [34].

2.1 Breaking Supersymmetry in the Visible Sector

There are a variety of models which break SUSY at tree-level, generalizing the familiar
O’Raifeartaigh model. To truly have SUSY breaking in the visible sector, SUSY
breaking must involve SSM multiplets in some way. Because gauge quantum numbers
restrict the types of interactions possible, it is most natural for SUSY breaking to
involve just the Higgs multiplets of the SSM.

In this section, we review the minimal model of visible sector SUSY breaking
previously studied in Ref. [116], and identify the pseudo-goldstino mode. We then
introduce the effects of the hidden sector, and explain why the pseudo-goldstino
remains light even in the presence of SSM soft masses. Though we will confine our

discussion to the minimal model, more general SUSY breaking scenarios are likely
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Q, U D L, E°
Rtn Rd, X 2

Table 2.1: The R-charge assignments for the minimal model of visible sector SUSY
breaking.

to share much of the same phenomenology, since our analysis is largely based on the
symmetries of the low energy theory. The key ingredient is a pseudo-goldstino of R-
charge 1 that can mix with higgsino and gaugino modes after electroweak symmetry

breaking.

2.1.1 Visible Sector SUSY Breaking

The minimal model of visible sector SUSY breaking is [116]
W = Wyikawa + X(AH Hy — &) + po Hy Ry + paHgRa, (2.1)
where the standard Yukawa interactions are
Wyukawa = YuQ@HLU® + yaQHaD® + y. LH, E°. (22)

Like the minimal R-symmetric SSM, there are two sets of Higgs doublets H, 4 and R, 4
with vector-like mass terms. Like the next-to-minimal SSM, there is a gauge singlet
field X. This superpotential respects a U(1)g symmetry with the charge assignments
in Table 2.1. We will not dwell on the ultraviolet (UV) origin of the mass parameters
in Eq. (2.1), though such mass terms are often dynamically generated in composite
Higgs theories {111, 49, 80, 70, 71].1

In the absence of SSM soft masses, Eq. (2.1) spontaneously breaks SUSY. The

1'We note that the y-terms in Eq. (2.1) are consistent with being generated by the Giudice-Masiero
mechanism [101], however & is not.
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electromagnetically neutral part of the tree-level scalar potential is:
Viis = Vr + Vp, (2.3)
where
Vi = | MRS — &|* + | Azhd + warS|” + |AzhS + pard]” + 62 [RS|* + 13 |hY°, (2.4)

1 2
Vo= 5g®+ ™) (B[ — [m3]" + [r8* - |r3[") (2.5)

and we use a notation where lower-case characters stand for the scalar components
of the corresponding superfield.

Since there is no way to simultaneously satisfy all of the F-term equations of
motion, SUSY is spontaneously broken. At tree-level, there are two types of minima

in terms of (z, h2, h9, 7%, r9):

b TR

e SUSY breaking but gauge-preserving minima: Min; = ({(z),0,0,0,0);
e SUSY breaking and gauge-breaking minima: Miny = ({z}, (R3), (h9), (r9), (r9)).

Formulas for the gauge-breaking minima appear in Ref. [116]. In both cases, the =
flat direction is lifted by quantum corrections and the vacuum expectation value (vev)
(x) is stabilized at zero. Since (rl) and (r9) are proportional to (z), both kinds of
minima preserve the R-symmetry of Table 2.1.

Notice that the R-symmetry predicts three massless neutral fermions at tree level.
This is because only two linear combinations of the the R-charge +1 fermions (Z, 72,
7, B, Ws) can marry the two R-charge —1 fermions (A%, h9) to make R-invariant
Dirac masses. Therefore, three linear combinations of the R-charge +1 fermions must
be massless. Spontaneous SUSY breaking ensures that one of the three massless states

is the visible sector goldstino:
Xvis = (Fx)Z + (Fr,)F0 + (Fr,)73 + (Dy) B + (D3) W, (2.6)

where (Fg,), (Fr,), (Dy), and (D3) are only non-vanishing for the gauge-breaking
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minima. Note that because of the preserved R symmetry, the H, 4 multiplets do
not have F-components in the vacuum. The other two massless fermions correspond

roughly to the bino and wino of the SSM.

2.1.2 Hidden Sector SUSY Breaking

In order to evade the supertrace sum rule, Eq. (2.1) must be augmented by hid-
den sector SUSY breaking. Regardless of the details of the hidden sector dynamics,
this implies a hidden sector goldstino xnia in addition to the visible sector goldstino
Xvis- One linear combination is eaten via the super-Higgs mechanism to form the
longitudinal component of the gravitino

Fvis vis T Fi i
Xeaten = ( >X F< hd)th, (27)

where Fi;s = +/Viis and Fyiq = v/ Vhiq are the respective contributions to SUSY break-
ing from the visible and hidden sectors, and the total amount of SUSY breaking

is

F = \/(Fu)® + (Fua)® (2.8)

In the limit where the visible and hidden sectors are completely sequestered, the

orthogonal combination of fermions

Fi vis — Fvis i
Xuneaten = ( hd)X F< >th (29)

is an uneaten goldstino. After zeroing the cosmological constant, the gravitino mass

is

F

My = —— 2.10
3/2 \/ﬁMPl ( )

and the uneaten goldstino gets a mass proportional to mg/; from SUGRA effects

[58, 56].
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Taking mg/; to be much smaller than the weak scale, the fermionic spectrum
contains two light states, the gravitino and the uneaten goldstino. For the rest of the
chapter, we assume (Fyi) < (Fiia) such that Xeaten ™ Xhid and Xuneaten = Xvis i0l the

sequestered limit.

2.1.3 Soft Terms

To generate SSM soft terms, the hidden and visible sectors cannot be completely
sequestered and must interact via messengers. The leading phenomenological effect of
the messenger sector can be captured by the resulting SSM soft terms. The soft terms
consistent with SSM charge assignments but not nccessarily with the R-symmetry in

Table 2.1 are

1. =x 1. e 1.
['soft = - *2-M1BB — §M2WW - —2-M3gg +h.c.

— Apzh,hg — Byhyry — Bghgrg — Tz + h.c.
h d dNdrd (2.11)

— i, [hal® = Wy, hal® — W, ral® — i, Iral® — % |2

Matter
+ £soft ’

where £Maer stands for SSM matter field soft terms. For simplicity we have elided
soft terms that do not have any counterpart in the superpotential Eq. (2.1) and off-
diagonal scalar soft masses.? If the mediation respects an R-symmetry, then only the
soft masses m? are generated.3

In the presence of SSM soft terms, the H, 4 multiplet can now obtain non-zero

F-components, deforming the visible sector goldstino away from xuis:

X:ris ~ Xvis + <FHu>TLg + <FH4>77’2' (2'12)

28uch terms do not arise if SUSY breaking is mediated to the visible sector solely through a
superfield of R-charge 2, where the R-symmetry is spontaneously broken by its vev. This is indeed the
case, for instance, in gauge mediation and anomaly mediation. More generally, although additional
soft terms like B,r,rq or Brhyhg do modify the vacuum structure, the mass of the goldstino is not
substantially modified, as explained by the persistent zero mode argument in Sec. 2.1.4.

3Majorana masses for the gauginos violate the R-symmetry, necessitating new field content to
achieve Dirac gaugino masses. We will discuss this in more detail in Sec. 2.2.3.
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However, since the soft terms affect the vacuum structure, there is no guarantee that
X4 Will even be a mass eigenstate, but we will see that there is still a light fermion

in the spectrum.

2.1.4 A GeV-scale Pseudo-Goldstino?

There are two facts which conspire to ensure a light fermion in the visible sector
spectrum. This state is generically different from Eq. (2.12), so we will refer to it as

a pseudo-goldstino and denote it by (.

e Persistent Zero Mode in Wess-Zumino Models: In the absence of gauge
interactions, the visible sector superpotential in Eq. (2.1) is an example of a
(renormalizable) Wess-Zumino model. With a minimal Kéhler potential, the
fermionic mass matrix is

*wW

Map(¢) = 96.00," (2.13)

and because Eq. (2.1) spontaneously breaks SUSY, det Mg ({(¢)) = 0 in the
vacuum. Moreover, for Wess-Zumino models that spontaneously break SUSY,

det My (¢) = 0 for arbitrary scalar field configurations.®

Now consider adding SSM soft masses. At tree-level and in the absence of
gauge interactions, the only effect of adding Eq. (2.11) is to change the vacuum
configuration of the visible sector fields. However, since det Mg (¢) = 0 for
all field configurations, there is guaranteed to be a massless fermion at tree-
level. Thus, the pseudo-goldstino can only get a tree-level mass through gauge
interactions, namely through mixing with the gauginos. We will see that this
mixing angle is quite small, thus the leading pseudo-goldstino mass is loop

suppressed.

4In addition, the messenger sector generically introduces new fermionic mass terms that mix the
hidden sector and visible sector goldstinos. In the (F,;s) < (Fhiq) limit, we can safely ignore such
effects.

5This result is reasonably well-known in the literature, though much of it unpublished. See
Ref. [158] for a straightforward argument using the Witten index [164].

32



e R Symmetry: As discussed in Sec. 2.1.1, the visible sector R-symmetry im-
plies three massless fermions. Thus, the pseudo-goldstino mass is proportional
to the degree of R-violation. If the mediation preserves an R-symmetry, then
at minimum, the pseudo-goldstino will get a mass from SUGRA effects propor-
tional to ms/2. In the usual case that R-symmetry is broken by SSM soft masses,
the pseudo-goldstino mass will depend on the R-violating gaugino masses, A-
terms, B-terms, and z tadpole. As already mentioned, the tree-level effect is
small because it is proportional to the small goldstino/gaugino mixing angle.
The R-violating scalar soft terms contribute to the pseudo-goldstino mass only

at loop level.®

To illustrate these points, consider a hidden sector field S with R-charge 2 and
the visible sector field X also of R-charge 2. In the (Fi) < (Fhiq) limit, we can
apply the arguments above to understand the mass of the visible sector fermion in
X. Integrating out the messenger sector at loop level leads to non-minimal Kéahler

couplings between the hidden and visible sectors. The Kéahler operator
%(s +sh(xtx) (2.14)

is an example of an R-violating operator which contributes to SSM soft terms. How-
ever, this term does not contain a fermion mass for X so it does not evade the first
point.” The R-symmetric Kahler operator

Co

A7 (XTX)? (2.15)

does contain a fermion mass for X proportional to (z), but it cannot induce a mass
unless the R-symmetry is broken by another operator to give a non-zero value of (z).
Therefore, only when both types of operators are present can a pseudo-goldstino mass

be generated.

6In addition, the R-violating scalar soft terms themselves are often suppressed (notably in gauge
mediation), leading to an additional suppression of the pseudo-goldstino mass.

7This operator appears to induce a Dirac mass between the fermion in S and the fermion in X,
but this mass must vanish in the vacuum to have a massless true goldstino.
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To summarize, even after coupling the visible sector to a hidden source of SUSY
breaking, a light pseudo-goldstino persists as a remnant of the original visible SUSY
breaking dynamics. Its tree-level mass is suppressed because it is only induced by
small mixings with the gauginos. At one loop, its mass is protected by the R-
symmetry. These two effects imply that the pseudo-goldstino mass is typically a
loop factor below the scale of R-violation in the SSM soft parameters, putting it in
the (cosmologically dangerous) mass range O(10 MeV — 1 GeV). For R-symmetric
mediation, the mass is suppressed and proportional to ms/, (and cosmologically safe
for mz/» < 1 keV). Since the above arguments are based mainly on R-symmetry and
SUSY, one expects them to hold on quite general grounds independent of the details
of the visible SUSY breaking dynamics.

The cosmological bounds in Sec. 2.3 on the R-violating scenario would be weak-
ened if the pseudo-goldstino could be made heavier than a few GeV. In principle, and
at the price of tuning electroweak symmetry breaking, the loop-induced mass could
be raised above naive estimates by increasing the size of the R-violating soft param-
eters, though arbitrarily large soft terms will spoil electroweak symmetry breaking.
We could try to increase the size of R violation by considering visible sector SUSY
breaking which spontaneously breaks R [120], but by the Wess-Zumino zero mode
argument, this R violation would feed into the pseudo-goldstino mass only at loop
level. Finally, we note that the mass of the light fermion can be raised with an oper-
ator W D mX2. Of course, with such an operator, SUSY is no longer broken in the
visible sector, and there is no sense in which the light fermionic state can be referred

to as a pseudo-goldstino.

2.2 Properties of the Pseudo-Goldstino

As discussed in the previous section, the properties of the pseudo-goldstino are
strongly influenced by the SUSY breaking mediation mechanism. In the case of
R-violating mediation, there are significant one-loop corrections to pseudo-goldstino

mass. Conversely, if the mediation is R-symmetric, the mass of the pseudo-goldstino
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is proportional to mg/, but typically lighter than the gravitino. We begin by calcu-
lating the mass and width of the pseudo-goldstino in the presence of R-violation, and

then study the R-symmetric case.

2.2.1 Mass with R Violation

For arbitrary vevs of the neutral scalars, the tree-level neutralino mass matrix in the

basis
v = (12, 7,7%,7%, B, W) (2.16)
1s
(0 AR AR 0 0 0 0\
AR 0 AMz) 0 LU oo
M) Az 0 0 p LD D
M= 0 w0 0 0 -ZEd o . (21
0 0 Hd 0 0 %32 _ﬁ\;_gl
0 ﬂ\/%?‘—) _ 9'31543) _g \/r;) g'\(/rif}) M 0
\ o -dp LB e _dd o gy )

As argued in Sec. 2.1.4, the tree-level pseudo-goldstino mass is induced only by
mixing with the gauginos. Expanding in the gauge couplings, the first-order (unnor-

malized) mass eigenstate is

Ahg) X)) g M) g A(r)
Bu a2 My /2 M,

¢ (1,0,0, -~ ) + O(g%, (2.18)

where we have defined the R-charge 2 combination
= 2ry— —2r,. (2.19)

The tree-level mass of the pseudo-goldstino is

w22 (L4 L) o (2:20)
T M, g, ) :
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Figure 2-1: Estimate of the loop correction to the pseudo-goldstino mass. Fermion
and scalar insertions come from the superpotential Eq. (2.1) and from the Aj term
in Eq. (2.11). The fermion insertion is A(z) and the scalar insertion is 2A\x — Ap{(z) —
A2(h2)(hY). The full set of diagrams appear in Fig. A-1.

After solving for the vacuum configuration, we find that for typical weak-scale val-
ues for the soft masses and superpotential parameters (((100 GeV)), the pseudo-
goldstino mass is m¢*® ~ O(1 — 10 MeV). In particular, as long as all of the Higgs
sector soft parameters have a similar scale, then there is a cancellation in Eq. (2.19)
which yields a small value of (r’}, and thus a small pseudo-goldstino mass.®

Given the small tree-level effect, we need to take into account loop corrections.
At this order, the contribution from gauginos is small, and the pseudo-goldstino can
be treated as a linear combination of Z, 70, and 7. Throughout this chapter, we will

use the notation
B (2.21)
to denote the mixing angle between the gauge eigenstate g and the mass eigenstate

m. The diagram shown in Fig. 2-1 gives a naive estimate for the one loop correction:

loop 2’\26:%@ /\(‘T) (2AK’ — Ah<$> — Az(hg)(h’g)) )

om, P =
¢ 1672 L

(2.22)

Here, A?/(1672) is a loop factor and the 2 accounts for both neutral and charged
particles in the loop. The fermion mass insertion A{z) and the scalar mass inser-

tion 2Ak — Ap{z) — A2(h2)(hY) come from Eq. (2.1) and Eq. (2.11), and meg is the

81t is possible to increase the tree-level pseudo-goldstino mass to @(1 GeV) by imposing a large
up/down hierarchy on the Higgs sector soft parameters. That said, this larger mass is still constrained
by the cosmological bounds in Sec. 2.3.
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Figure 2-2: Left: mass of the pseudo-goldstino as a function of BY? = B;/ 2. For
concreteness, we fix mj;, = M}, = my, = My, = (600 GeV)?, u, = 200 GeV,
ta = 300 GeV, M; = 100 GeV, M, = 150 GeV, and A = 1. The value of k is chosen
to obtain the correct value of mz, and all other soft parameters are set to zero. The red
line indicates the mass including one loop corrections and the dashed line is the naive
estimate according to Eq. (2.22) with mZ%; = m};, +m};, + p2 + pj. For comparison,
the green line shows the small tree-level contribution. The value of (z) is shown as
a reference, since this vev controls the mass according to Eq. (2.22). For R-breaking
soft terms around the weak scale, the mass falls in the range O(10 MeV — 1 GeV).
Right: mass of the pseudo-goldstino as a function of Ay with B, = By = (70 GeV)?

and all other soft parameters as in the left figure.

characteristic mass scale for the particles in the loop.

A full calculation of the one-loop pseudo-goldstino mass appears in App. A, but
we can estimate the size of the effect from Eq. (2.22). If we take x > (h3)(h3), An{(z)

we find

X6%, (z)k

2
4m? mg

A\ 0:0\2 [ (&) K 300 GeV'\*
= 100 Mey (ﬁ) (0.7) (35 GeV) ((100 GeV)2)( Me ) ’

where we have indicated typical values for the parameters.® This loop correction

5mioo

(2.23)

90ne might be tempted to lift this mass by raising x, however this implies large fine tuning for
electroweak symmetry breaking.
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Figure 2-3: Effective mixing angle of the pseudo-goldstino with gauginos as defined in
Eq. (2.27). The left and right plots use the same parameters as Figs. 2-2a and 2-2b,
respectively. The blue line represents the exact tree-level result and the dashed line
shows the naive estimate according to Eq. (2.18). As a reference, the value of (1) is
shown, since this controls the mixing angle in Eq. (2.18). Notice that in right plot,
(r') is small compared to the left plot and almost constant. According to Eq. (2.18),
this leads to a smaller and almost constant mixing angle (and tree-level mass).

almost always dominates over the tree-level mass. Fig. 2-2 compares the the full

one-loop calculation to the estimate in Eq. (2.22).

2.2.2 Width with R Violation

In the presence of R-violating soft masses, the pseudo-goldstino mixes with the bino
and neutral wino states. From Eq. (2.18), we see that this mixing is suppressed,
both by gauge couplings and by the small size of the R-violating parameter (r’). The
typical mixing angle can be read off from Eq. (2.18) by normalizing the state. The
full expression is not insightful, however for weak-scale soft parameters we generally

obtain

O5, ~ O ~ O(1072 - 1079, (2.24)

where the range is set by the size of (r’) as illustrated in Fig. 2-3.

This small mixing with the gauginos induces a coupling of the pseudo-goldstino
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to the gravitino and photon, permitting the decay ¢ — v + G as shown in Fig. 2-4.
Since no other final states are kinematically allowed, this is the dominant decay mode

of the pseudo-goldstino.

We can calculate the pseudo-goldstino width using the goldstino equivalence theo-
rem. The longitudinal gravitino Gy (approximated by the true goldstino in Eq. (2.7)),

couples derivatively to the supercurrent:
1. ...
L= F(aﬂGL)]“ + h.c. (2.25)
The supercurrent contains the coupling of the pseudo-goldstino ¢ to the photon
) —%(awaﬂgf)mm (2.26)
2v2

where the effective “photino” mixing angle is determined by the weak mixing angle
O,
Oest = 080,05 . + sin 0,0 .- (2.27)

Using various equations of motion, the interaction term Eq. (2.25) contains

6eff -~
LD 7_2——F—m§(GL0“(T)AM +h.c (2.28)

where m¢ is the physical mass of the pseudo-goldstino. The width of the pseudo-

goldstino is thus'®

leeff|2 ms
167F2 ¢

I(¢—~v+GL)= (2.29)

10Tnstead of using a derivatively coupled basis for the true goldstino, one could use a non-derivative
basis where the goldstino coupling is proportional to the gaugino soft mass M. One might worry
that in the non-derivative basis, the decay width would scale as m}M?/F? instead of scaling as
mg /F?. However, one can show that a cancellation occurs when proper mixing angles are taken
into account, namely cos 8,0 B¢M +sin ewe“w“,qM? = m¢Oef, and the two bases give consistent
results.
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Figure 2-4: Dominant decay mode for the pseudo-goldstino in the R-violating case.
This decay occurs through the (small) mixing angle between the pseudo-goldstino
and the neutral gauginos.

The lifetime of the pseudo-goldstino is

1 1073\ 2 F 2 /100 MeV \°
== B 10 2;
T I 0" sec ( (_)Eﬂ) (1010 GeVz) ( me ) ) (2.30)

which is generically a cosmological problem, as discussed further in Sec. 2.3.

2.2.3 The R-symmetric Case

Because of the cosmological difficulties in the R-violating case, it is worthwhile to
consider the possibility that the visible sector R-symmetry is not violated by SUSY
breaking mediation from the hidden sector. In this case, only the soft masses m? in
Eq. (2.11) are relevant. As in the minimal R-symmetric SSM [122], we can generate
Dirac gaugino masses by introducing chiral superfields ®; in the adjoint representation

of the SM gauge groups [97]:

/ d299°;\D Wed;, (2.31)

where 0,0’ is a D-type spurion with R-charge 1, and the index ¢ runs over the SM
gauge groups. The fermionic components of ®; marry the SSM gauginos with a Dirac
mass term proportional to D'/A.1

As touched on in Sec. 2.1.2, an exact R-symmetry in the visible sector implies an

11 A similar mechanism could generate a Dirac mass for the pseudo-goldstino, a possibility we will
not pursue.
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exactly massless state, which in the sequestered limit corresponds to the goldstino
of the visible sector. Of course, there is an irreducible contribution to R-violation
from SUGRA, since canceling the cosmological constant by hand explicitly violates
any R-symmetry. In Ref. [58], it was argued that if two sequestered sectors indepen-
dently break SUSY and couple solely through SUGRA, then one linear combination
of the goldistini is eaten by the gravitino, while the orthogonal combination obtains
a mass 2mg/s. However, in the present case, the SUSY breaking sectors are not even
approximately sequestered, since the hidden sector is necessary to achieve weak-scale

superpartners and evade the supertrace sum rule.

It is straightforward to calculate the SUGRA contribution to the pseudo-goldstino
mass (for example, using the methods introduced in Ref. [55, 56]), but a toy model is
sufficient to understand the parametric scaling. Consider a visible sector Lagrangian

with a single chiral multiplet X

1
K=X'X- o2 (xXtx)*,  W=pX. (2.32)
In the absence of SUGRA, the higher-dimensional Kahler term stabilizes the sgold-

stino z at 0 with a mass

isy2 13
(my®)" = A—;, (2.33)
where the “vis” superscript indicates that this is the contribution from the visible
sector alone. For small field vevs, the Kdhler term also implies a mass term for the

pseudo-goldstino!?

iz (2!
AZ

me = —2 (2.34)

where the factor of 2 is a Majorana symmetry factor. The leading SUGRA effect is

12For larger field vevs, we would have to account for the change in kinetic normalization of the X
multiplet. We are implicitly assuming (z) < A.
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to generate a tadpole term for = proportional to ms/,,'?

The z scalar is then stabilized away from zero due to this tadpole, giving rise to a

pseudo-goldstino mass in agreement with Ref. [58],

z A?
Visible Sector Only : (z) = _(_rrif’-i_sﬁms/z = —’u—m;;/z, me = 2mg/2. (2.36)
x &

If SUSY breaking is mediated from the hidden sector, this will generate an addi-

hid

hid)2|z|2.4 The new scalar mass is:

tional soft mass term for z, (m
(mg*)? = (my)? + (mg)”. (2.37)

Thus, in the presence of the hidden sector, z is stabilized at a different (typically

smaller) field value:

vis\2

Visible & Hidden Sectors: (z) = ——— (mioh)?
mw

The degree to which the soft mass from the hidden sector dominates the visible sector
Kahler mass is the degree to which the pseudo-goldstino is lighter than 2mg/,. This
feature of the toy model is shared by the model in Sec. 2.1 albeit with complications
coming from the fact the pseudo-goldstino is a linear combination of the visible sector
fermions and the sgoldstino is generically not a mass eigenstate. Numerically, the

pseudo-goldstino ends up being a few orders of magnitude lighter than the gravitino.

13In the conformal compensator formalism, these terms arise from W — ®2(u.X) where & =~
1+ 8%mg s2- For large field vevs, there are additional contributions to the mass from the Kéahler
potential discussed in Ref. [69] and detailed in Ref. [56].

14We are considering the limit {Fi;) < (Fhia) so we can ignore modifications to the fermion mass
matrix from the hidden sector goldstino.
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2.3 Cosmological Constraints

It is well known that long-lived particles with masses above 1 keV can be cosmolog-
ically dangerous if they are produced in the early universe; this is the usual grav-
itino problem [137]. This implies significant cosmological constraints on the pseudo-
goldstino in the R-violating case, since it has a mass in the range O(10 MeV —1 GeV)
and a lifetime that is typically longer than a second. In contrast, R-symmetric medi-
ation yields a pseudo-goldstino lighter than the gravitino, which can be as light as a

few eV. We discuss the cosmological implications of each scenario in turn.

In the R-violating case, stringent bounds apply to the pseudo-goldstino because
it is generically a long-lived hot relic. From Eq. (2.30), the pseudo-goldstino has a
lifetime which is typically much longer than the time at which Big Bang Nucleosyn-
thesis (BBN) begins (¢tgpn ~ 1 sec). In principle, a long lifetime is not constrained
as long as the energy density stored in the pseudo-goldstino is much smaller than the
radiation energy density at the time of BBN. However, this is not the case, as shown
in App. B. The pseudo-goldstino has couplings which are strong enough to allow it
to be in thermal equilibrium with the SSM when the temperature of the universe is
above the weak scale. But the couplings of the pseudo-goldstino are sufficiently small
that the pseudo-goldstino freezes out while it is still relativistic, leading to a large
number density n; oc 7% and a correspondingly large energy density p; o m¢T? which

is grossly at odds with BBN for masses in the range O(10 MeV — 1 GeV).

The only way to avoid these BBN constraints is for the pseudo-goldstino to decay
more quickly.’® In fact, for sufficiently low hidden sector breaking and large enough
R-violation (in the form of {z) and (r’)) the lifetime can be short enough to decay
before BBN. With a maximally favorable spectrum with the lowest scale of SUSY

breaking, we can achieve

7 x 10732 F 2/1GeVY’®
A 1072 :
¢ &= 5 x 107" sec ( O ) ( 108 GeVQ) ( e ) ) (2.39)

15 Alternatively, one could try to arrange additional annihilation channels for the pseudo-goldstino
such that it becomes a cold relic.
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which is cosmological safe (though perhaps unrealistically optimistic). Note that the
decay rate scales as the fifth power of the mass, but the arguments in Sec. 2.1.4
preclude a pseudo-goldstino heavier than a few GeV. Alternatively, it is possible that
the universe did not reheat up to the weak scale, in which case our cosmological
considerations are not applicable.

A more favorable cosmology occurs if the mediation is R-symmetric. As discussed
in Sec. 2.2.3, the pseudo-goldstino is then much lighter than the gravitino. For light
gravitino masses that evade cosmological constraints (ms; < 1 keV), the pseudo-
goldstino is also cosmologically safe.!® This is because the pseudo-goldstino never
carries an appreciable fraction of the total energy density of the universe, and its

contribution at late times is further diluted by the QCD phase transition.

2.4 Collider Phenomenology

With visible sector SUSY breaking, there can be dramatic effects on collider phe-
nomenology from the presence of new light states below the weak scale. We have
seen that there is always a light pseudo-goldstino in the spectrum. As we will explain
in more detail in Sec. 2.4.1, there is also typically a light complex scalar which is
related to the sgoldstino and denoted by ¢.

These light pseudo-(s)goldstino states affect the decay widths of SSM particles.
As is evident from the superpotential in Eq. (2.1), the only couplings of the pseudo-
(s)goldstino to the SSM are through the Higgs sector and the gauge sector. Therefore,
the presence of these light states generically alters the decay width of the Higgs boson
and the lightest neutralino (since it is a linear combination of fields originating in the
Higgs and gauge sectors).

A detailed discussion of modified Higgs decays appears in Sec. 2.4.2. We will find
that Higgs decays are potentially modified by pseudo-sgoldstino channel, if kinemati-

8In the case that the gravitino is much heavier (O(100 GeV)), the bounds discussed in the
R-violating case would apply to the pseudo-goldstino. In particular, R-symmetry is no longer a
good symmetry since the pseudo-goldstino feels substantial R-violation from anomaly mediation
[144, 102], pushing its mass above 1 keV.
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Figure 2-5: An illustration of the pseudo-sgoldstino mass as a function of the soft mass
myx. We fix m}y, = m} = mp, = mp, = (140 GeV)?, p, = 300 GeV, pq = 500 GeV,
B, = By = (100 GeV)?, A =1, k is fixed by mz, and all other soft parameters are
set to zero. Shown are the masses of both the scalar and pseudo-scalar components
of ¢, which split as mx increases. Since X is a singlet, mx is expected to be small in
many mediation schemes. In the R-symmetric case (i.e. B, = By = 0), the behavior
is qualitatively similar except Re ¢ and Im ¢ are degenerate.

cally allowed. In Sec. 2.4.3, we discuss the lightest observable-sector supersymmetric
particle (LOSP), focusing on the case of a neutralino LOSP. In contrast to typical
light-gravitino phenomenology, a neutralino LOSP dominantly decays to the pseudo-

goldstino rather than the gravitino, and typically in association with a Z.

2.4.1 The Pseudo-Sgoldstino

Spontaneous SUSY breaking in a Wess-Zumino model leads to a sgoldstino, namely,
a complex scalar that is massless at tree-level and which is the superpartner of the
goldstino. Its mass is in general lifted by loops within the sector that breaks SUSY.
Thus, if the hidden and visible sectors were completely sequestered, we would expect
a light complex scalar that corresponds to the pseudo-sgoldstino direction.

In the presence of soft masses generated from hidden sector mediation, the pseudo-
sgoldstino ¢ can get a weak-scale mass. Here we will focus on the case where X

has a relatively small soft mass, as in this case we would have the most dramatic
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consequences for collider phenomenology. One motivation for a small X soft mass is
that if the gravitino is light, then SUSY breaking mediation is most easily achieved
via gauge interactions, and therefore it is reasonable to assume that the soft mass for
X is small relative to other SSM soft masses since it is a gauge singlet. With this
assumption, the pseudo-sgoldstino is mostly aligned along the X direction and is the
lightest scalar in the spectrum. In Fig. 2-5, we show how the mass of ¢ changes as

the X soft mass is varied.

A light pseudo-sgoldstino has important consequences for collider phenomenology
because it opens new decay modes for the Higgs boson and the LOSP. We discuss
this further in the following subsections, currently focusing on the decay modes of the

pseudo-sgoldstino itself.

If the soft parameters violate the R-symmetry, typically z, r2, and r9 get vevs
proportional to a linear combination of B, and By. This implies that all of the neutral

scalars (z, h3, Y, r%,r9) mix, which in turn gives the light pseudo-sgoldstino decay
d'w'd

modes to SM fermions through the SSM Yukawa couplings. The pseudo-sgoldstino
is generically more massive than the bb threshold and tends to decay through this

channel. The width is

3 4m? 2
b
F¢—>bl_> = 167T2yg|8hg’¢|2m¢ ( - —-—mi ) 5 (240)

where y, is the bottom Yukawa coupling. This decay is prompt on collider scales for

any reasonable value of 9h3,¢-

In the case that the mediation is R-symmetric, there is an irreducible contribution

to R-violation from SUGRA effects. At tree-level in SUGRA, the soft terms
By =~ mg/apiy, Bg ~ mg/apq, T =~ 2mgak, (2.41)

are generated. After electroweak symmetry breaking, this implies that ¢ will have
small mixings with the neutral Higgses and can therefore decay to SM fermions. In

particular, the mixing angle ©yg 4 in Eq. (2.40) scales as ©y0 4 ~ m3/apta/ (u3+m3,),
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Figure 2-6: Representative diagrams that modify the Higgs width. On the left, we
show the dominant decay mode of the Higgs when the pseudo-sgoldstino is light:
h® — ¢¢. The pseudo-goldstino decays dominantly as ¢ — bb in the R-violating
case (middle), while it decays as ¢ — (G in the R-symmetric case with a sub-keV
gravitino (right).

leading to

a1 Wb \2 [ maz\? (300 GeV)?
[Cyp5 = 10” sec (0_05) (1 keV) ( ”
(2.42)
X ~1 ( Mg )
14+m; /u3 ] \50 GeV

However for the cosmologically preferred region m3/; < keV, the R-symmetric decay

¢—C G dominates over ¢ — bb. The width of this channel is

1 2 TG,
T4 = 167 19240l 77

0.9z \2 (1keV\? / my \5
z 1 4 —1 ¢|m -'L';C ¢
U sec ( 1.0 M3/ (50 GeV) ’

where we have neglected mixing with the R; fields. Since mg/, is expected to be

(2.43)

lighter than 1 keV to avoid the cosmological gravitino problem, we expect ¢ to have

an invisible decay in the R-symmetric case.

2.4.2 Modified Higgs Decays

One interesting prediction of visible SUSY breaking is that the Higgs boson will
cascade decay through two pseudo-sgoldstinos if it is kinematically allowed. This

statement is independent of the mediation mechanism because the interaction between
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Figure 2-7: Left: the Higgs branching ratios as a function of its mass in the R-
symmetric case. We fix m} = m}, = (140 GeV)?, my, = my, = (150 GeV)?,
ty = 150 GeV, A = 1, k is fixed by mz, and all other soft parameters are set to
zero. We have traded pg4 for myo, and the corresponding value of my is indicated for
reference. When kinematically allowed, the decay h°® — ¢¢ is dominant. Right: the
branching ratio for h° — ¢¢ as a function of m, and the mixing angle © according
to Eq. (2.45). Here, we have fixed mpo = 140 GeV, A = 1, and assumed SM decay
widths to bb, ZZ*, and WW*.

the Higgs boson and the pseudo-sgoldstino arises from the (R-symmetric) F-term
potentials from H, and Hy. The decay h® — ¢¢ is reminiscent of certain regions of
NMSSM parameter space [48].

The final state of the Higgs cascade decay depends on the amount of R-violation
in the visible sector. The decay h® — ¢¢ — bbbb is expected in the R-violating case,
and the invisible final state h® — ¢¢ — ¢ é( G is expected in the R-symmetric case
with a light gravitino, as shown in Fig. 2-6.

The interaction leading to a modified Higgs decay is

Lint D X|z)? (|ho)? + |hQI?) » (2.44)
which yields a decay width
M6 3 4m3\ "2
g = EW (. __¢ 2.45
Th = 94) 16w mpo m?, ’ (2.45)
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where vgw = 1/(h0)? + (h3)? and © ~ ©0 1,002 , . We find that © is typically of
0(0.3) or greater. We estimate the width as

o e A 2<g>2(1z5GeV)
T'(h° — ¢¢) ~ 10 GeV(l.O) 3) (T ) (2.46)

which can easily dominate over SM decay channels. In Fig. 2-7, we illustrate the
branching ratios of h — {¢¢, bb, WW®  ZZM®} for a representative sweep of
parameter space. As advertised, if h — ¢¢ is kinematically allowed, then it dominates
the width.}” We note that the physical Higgs mass can be significantly larger than
mz because A contributes to the Higgs quartic coupling. This fact is reflected in
Fig. 2-7a.

In addition to the SM-like Higgs, the enlarged Higgs sector can give rise to a
rich phenomenology. While a full study is beyond the scope of this work, we wish
to highlight some interesting features. In the R-symmetric case, heavier scalars in
the Higgs sector are neatly separated between R, 4-like states and H, g-like states
because the mixing is proportional to mgs,. Searching for R, g4-like states would
help to distinguish our scenario from the NMSSM. While single production of R, 4
is heavily suppressed by (rg’d) Jvew < 1, R, 4 can be produced in the decays of
heavier states, as well as through electroweak pair production [60]. The neutral R, 4
like scalars typically decay to k%@ or x°C, where x° is the lightest neutralino.!® The
charged R, 4 states typically decay to xE¢ or WER?, where R? is the lightest R, 4-like
neutral state, so one expects the R, 4-like decays to be invisible or semi-invisible.

Among the H, 4-like states, the heavy CP-even and CP-odd Higgs-like states H 0
and A° dominantly decay to tt for the same parameter sweep as Fig. 2-7a. Since the
Higgs decays invisibly but the heavy Higgs state is visible, the heavy Higgs could be a
“Higgs impostor”, although with altered branching ratios with respect to a SM Higgs
boson of the same mass [28, 79, 98]. There do exist regions of parameter space where
the heavy Higgs-like states are below the tf threshold, in which case they dominantly

decay to an R, g4-like scalar and A® if kinematically allowed, leading to an invisible

17Depending on the region of parameter space, this can even be true above the WW threshold.
18gyubsequent decays of the x° are discussed in Sec. 2.4.3.

49



(a) (b)

Figure 2-8: Representative diagrams contributing to the decays of a neutralino LOSP:
x° = @C (left), x® = h°¢ (middle), x° — Z( (right). The relative size of the decay
widths is sensitive to the scale of R violation, with x® — ¢#¢ becoming suppressed in
the R-symmetric limit. The full set of diagrams appear in Fig. C-1.

or semi-invisible decay of the heavy Higgs. The charged H, 4-like states dominantly

decay to tb or tb for the same parameter sweep as Fig. 2-7a.

2.4.3 Modified Neutralino Decays

As in usual SUSY theories, pair- and associated-production of superpartners result
in cascade decays that terminate in two LOSPs. This follows from the R-charge
assignments in Table 2.1 and the fact that R-parity is conserved regardless of whether
the R-symmetry is broken. Thus, it is important to identify the decay modes of the
LOSP, since this decay will appear in every cascade decay. For simplicity, we will
assume that the LOSP is a neutralino, though other LOSP possibilities can also
result in modified phenomenology.

For simplicity, we will ignore decays to gravitinos because are suppressed by the
hidden SUSY breaking scale. We will also ignore decays to photons, since they
arise only from higher dimensional operators (since the neutralino is neutral).!® The
dominant diagrams contributing to these modes for a neutralino LOSP are shown in

Fig. 2-8:
x° = {#¢, R°¢, Z¢}. (2.47)

The presence of these decay modes are independent of the R-symmetry properties

19The decay x° — ¢ can occur from mixing between the visible and hidden sector goldstinos,
but this is suppressed by (Fyis) / (Fhid)-
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Figure 2-9: Left: branching ratios for a neutralino LOSP as a function of its mass
myo in the R-violating case. We fix mj = mj = m? = = (140 GeV)?,
pu = 500 GeV, B, = By = (70 GeV)?, M; = M2 = 400 GeV A = 1, k is fixed
by mz, and all other soft parameters are set to zero. We have traded pg for m,.
Right: branching ratios for a neutralino LOSP in the R-symmetric case. We use the
same parameters as in the left figure, except we set the Majorana gaugino masses and
B-terms equal to zero, and we set the Dirac mass for gauginos mp = 1 TeV. The
dominant decay mode for the neutralino LOSP is x° — Z( over much of parameter
space.

of mediation, however the resulting widths are not. The R-symmetry forbids mixing
between the gauginos and the pseudo-goldstino and also forbids mixing between the
pseudo-sgoldstino and h%/hY. This effect suppresses x° — ¢¢ in the R-symmetric

case.

The explicit formulae for the decay widths are given in App. C. We find that in
most of the parameter space, x° = Z( is the dominant channel for either mediation
scheme, as illustrated in Fig. 2-9. Moreover, this result is largely independent of the
higgsino vs. gaugino fractions of the LOSP. One can understand this by examining
Fig. 2-8 and noting that the typical mixing angles in the x° — Z({ diagram are O(1).
In contrast, the diagrams contributing to x° — ¢(¢ have at least one suppressed

mixing, and the decay to Higgs bosons is phase space suppressed.

Our LOSP decay is similar to a wino-like decay in ordinary gauge mediation,
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Wg - Z+G. However, a distinctive feature is that Z + ( dominates even if the
mass of the LOSP is comparable to mz. In ordinary gauge mediation, such a decay
is phase space suppressed and W;} — v+ G becomes dominant. Therefore, observing
this decay without an accompanying v + G channel could provide evidence for the
pseudo-goldstino if the LOSP is not too much heavier than mz.2° Similar modified
LOSP decays were studied in Ref. [154], and a recent study of neutralino LOSP decays

in gauge mediation can be found in Ref. [145].

2.5 Conclusions

The possibility that SUSY could be broken in multiple sectors challenges the standard
lore concerning the SSM sparticle spectrum. In particular, the SSM can feel SUSY
breaking at tree-level without being constrained by the supertrace sum rule. The
immediate consequence of tree-level SUSY breaking in the SSM is the presence of a
light pseudo-goldstino state which mixes with SSM gauginos and higgsinos.

In this chapter, we have studied the simplest extension of the SSM that affords
tree-level SUSY breaking. We expect that many of the conclusions hold in more
generic visible sector SUSY breaking models, since the pseudo-goldstino mass and
couplings are largely determined by symmetries. Phenomenologically, the most im-
portant symmetry to understand is a U(1l)r symmetry, and we have argued that
the properties of the pseudo-goldstino are sensitive to whether the R symmetry is
preserved when hidden sector SUSY breaking is mediated to the SSM.

In the usual case of R-violating soft parameters, the pseudo-goldstino mass is typ-
ically one loop factor suppressed relative to the weak scale, and the pseudo-goldstino
inherits modest couplings to SSM fields through mixing with the gauginos and higgsi-
nos. The cosmological constraints on such a state are severe, since a pseudo-goldstino
in thermal equilibrium at early times implies overclosure at late times. In this way,

the common assertion that SUSY cannot be broken at tree-level in the SSM still holds,

20An additional distinguishing characteristic is that, depending on the mass of the gravitino,
neutralino decays in gauge mediation can be displaced whereas decays to the pseudo-goldstino are
prompt.
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but the reason is pseudo-goldstino cosmology rather than sum rules. That said, this
scenario can be phenomenologically viable if the reheat temperature is O(GeV) such
that the pseudo-goldstino is never in thermal equilibrium. Also, there are small cor-
ners of parameter space where the pseudo-goldstino decays before BBN.

Conversely, if the mediation respects the visible sector R-symmetry, then the mass
of the pseudo-goldstino is protected. The R-violating effects come only from SUGRA,
and the pseudo-goldstino mass is proportional to (but generically smaller than) the
gravitino mass. The same region of parameter space that solves the gravitino problem
also prevents cosmological overproduction of the pseudo-goldstino.

The distinguishing collider signatures of the simplest visible sector SUSY breaking
scenario involve modified Higgs and neutralino decays. Generically, there exists a light
pseudo-sgoldstino ¢ that would dominate the Higgs width through h® — ¢¢. If the
mediation is R-violating, then this state has mixing with h, and hy4, and the four-
body final state h® — ¢¢ — bbbb is the dominant decay mode. This is similar to the
Higgs phenomenology in some regions of the NMSSM. On the other, if the mediation
is R-symmetric, then the Higgs boson dominantly decays invisibly to (é(é. Since
the invisible final state involves the gravitino and the pseudo-goldstino, the Higgs

sector becomes an interesting probe of spontaneous SUSY breaking dynamics.
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Chapter 3

Constraints on Singlet Extensions

of the Higgs Sector

In this chapter we will present an updated version of the analysis in [33] that includes
combined 7 and 8 TeV Higgs data. The content is organized as follow: we will briefly
review our extended Higgs sector model in Sec. 3.1 and our statistical methods in
Sec. 3.2. We will present results in Sec. 3.3. We also consider precision electroweak

constraints in Sec. 3.4 and draw conclusions in Sec. 3.5.

3.1 Higgs Friends and Accomplices

We consider a simple set-up in which an extra field, s, mixes with the neutral Higgs
through a Higgs portal coupling. In the mass-eigenstate basis the two neutral scalars

are h and §, which are related to the interaction eigenstates through

o

h cos@ —sinf
= . ) (3.1)
s sinf cosé

Y13

This is the Higgs friend scenario. We also consider the Higgs accomplice scenario in

which s couples to additional charged particles. At one loop this leads to a coupling

L = acpysFPF,, 3.2
Y 7
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where ¢, is the usual SM coupling of the Higgs to photons, and o parameterizes
deviations from this coupling.! Without loss of generality we impose 0 < 6 < /2.
We will refer to the scalar at 125.5 GeV, h, as the Higgs.

All relevant Higgs production cross-sections at the LHC now come suppressed by
a factor of cos? @ and every decay width is suppressed by the same factor, with the
exception of decays to photons which are now accompanied by a factor of (cos® +
asin §)?. Since decays to photons are far subdominant then, to a good approximation,
all branching ratios remain the same as the SM Higgs, with the exception of the
branching ratio to photons which is accompanied by the factor (1 + atan#)2. Thus
for the search channels h — bb, 77, WW, ZZ the total event rate normalized to the
event rate for a SM Higgs, otherwise known as the strength modifier, y, is simply
p = cos? 0 and for h — vy it is p,, = (cos + asin §)2.

Production of the Higgs friend, 3, is suppressed by a factor of sin? @ compared to
SM Higgs production. Whenever m; < 2mj,, the strength modifier for the friend in
the diphoton channel is (sin# — a cos )% and is sin® 8 for all other channels.

Whenever m; > 2m;, the trilinear scalar interactions allow for the decays § — 2h.
These decays could lead to interesting signatures, such as 4b final states, however such
signals are not currently accessible at the LHC. As we are considering the sensitivity
of the dedicated Higgs searches to Higgs friends and accomplices we can treat this
additional width as invisible. Given the physical masses, mixing angle, and scalar
potential parameters, one can determine the magnitude of this interaction, which is
essentially a free parameter, and the resultant width (see e.g. [94]). As the trilinear
coupling is a free parameter we do not lose generality by taking the invisible branching
ratio as a free parameter.? We can express this branching ratio in a model-independent

Sense as

2\ 1/2
- 7 my
BR(§ = 2h) =« (1 - 4mg> , (3.3)

1In general « can either be positive or negative.

2Both h and § could also have additional widths to invisible states. For 3 this is automatically
accommodated in this analysis since the invisible width is a free parameter. For h the overall effect
is to democratically reduce event rates.
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where k is the branching ratio in the limit m; — oo and the kinematic factors are

included such that the branching ratio vanishes at threshold.

Hence for a Higgs friend or accomplice the strength modifiers become

. m; . 2 ms
p=sn*f{1—«x 1—4ﬁ y Hyy = (sinf —acosf)* |1 -k 1—4mg (3.4)

for the § = bb, 77, WW, ZZ and § — -y channels respectively.

Counting parameters, we have the recently determined parameter of the SM, m;,
along with four new free parameters m; o, 6 and k. We set m; = 125.5 GeV
and consider the mass range 120 < mz < 1000 GeV. As argued above, to a good
approximation, the only search channel sensitive to the parameter « is for the decays

h — vy.

One could also consider coupling the scalars to additional colored fields, which
would lead to enhanced production in the gluon fusion channel. We will not consider
this scenario here for two reasons. Since the enhancement of the diphoton channel,
and suppression of the non-diphoton channels, can be easily accommodated in the
Higgs accomplice scenario there is little to gain by boosting the Higgs production in
this way and the introduction of this additional parameter will not lead to a signif-
icant improvement in fitting the data. Also, all Higgs production cross-sections in
the models considered here are re-scaled in the same way, so above 150 GeV, where
the diphoton searches are not sensitive, one can employ the reported fits for all sub-
channels combined. Whereas to consider boosting gluon fusion alone means that all
production sub-channels should be treated independently and the relative contribu-
tions of gluon fusion and vector boson fusion should be considered independently. As
these relative contributions and subsequent likelihoods must be estimated somehow,

this leads to the introduction of further error.?

3For a treatment of this scenario with the friend decoupled see [135, 46).
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3.2 Statistical Methodology

3.2.1 Likelihood Estimation

Before considering scenarios with multiple Higgs-like scalars we briefly review some
methodology regarding Higgs signal strength likelihood functions, which determine
the compatibility of Higgs-like signal with the Higgs search results. Within a particu-
lar search channel, limits on a single Higgs particle of mass m;, are expressed in terms
of the strength modifier p, which relates the signal strength to that of a SM Higgs
at a given mass, u = n,/(n,)%™, where n, is the number of signal events expected
for the particular search channel. Given the number of observed events n.s, one can
construct the likelihood function L£(nqs|u, @) which is a function of the parameters p
and 0. Here 8 stands for a set of nuisance parameters, which are fitted from the data
to account for systematic effects and unknown background estimation parameters.
The standard quantity used to test hypotheses or set limits on p is the so-called

profile likelihood ratio [68]

- £(nobs|u7 é)

Aw) —
ﬁ(nobslu; 9)

) (3.5)
where @ is the value of @ that maximizes the likelihood for a specified value of u, while
i1 and 0 are the maximum likelihood estimators for u and 0 respectively. We do not
have access to the full likelihood functions £;(n.s|u, 8;) for the different channels, but
given the information available from the experimental collaborations we can recon-
struct approximate profile likelihood ratios A;(#). In order to combine results from
multiple search channels and different experiments, one should in principle calculate
the profile likelihood ratio from the combined likelihood, which can be taken as the

product of the different likelihoods if the channels are independent. Given that we

4Throughout we employ a frequentist approach. Employing a Bayesian approach allows the
likelihoods for strength modifiers to be turned into probability density functions when one includes
priors. In this case, if strength modifiers depend on additional parameters then a Jacobian must be
used when changing variables, so that the mode of the probability density function may not occur
at the same place as the maximum of the likelihood (see for example [67]). The non-invariance of
Bayesian estimators under reparametrization motivates our choice of a frequentist approach.
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do not know the full likelihood functions, we will take the combined profile likelihood

ratio as the product of the A\;{(11) reconstructed from single channels or experiments
Ac(p) =~ H)\i(ﬂ) : (3.6)

It should be noted, however, that this approximation introduces an additional source
of error if significant correlations between channels arise, possibly through the nui-

sance parameters.

In an abuse of terminology, we will henceforth refer to A(x) as the likelihood for
p. In order to reconstruct A;(u), we note that, as described in {160, 68, 24], in the
limit where the number of events is sufficiently large, with nes = 10, the likelihood

~

for a given channel can be approximated by
A(#) ~ e-(y’_ﬂ)2/2a§bs , (3.7)

where o4, is in general a function of p. For the 7 TeV run the best fit strength
modifier 1 and the error o4, in individual ¥y, 71,bb, WW and ZZ search channels
are reported by the ATLAS and CMS collaborations [1, 2] as a function of the Higgs

mass.

For most channels the Gaussian approximation, which assumes that oy is in-
dependent of p, works well and using the best fit parameters and uncertainties the
95% confidence limits can be reproduced well. However in the ZZ — 4l channel
the likelihood function is clearly not Gaussian, as can be seen from the asymmetric
confidence contours in 1, 2]. Thus the Gaussian assumption is not valid and its use

can introduce artificial bias into parameter fits.

We choose to approximate A(u) as a two-sided Gaussian, since this captures the
approximately Gaussian nature of the likelihood and employs the three pieces of
information available at a given mass, namely the best fit point and two values of
the log-likelihood away from the best fit point. Using the 7 TeV data we can test
this approximation by taking o on either side of the best fit value of p from the
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1o values (CMS [2]), or A(—2log)) = 1 contours (ATLAS [1]) provided for the
individual channels. Although this approximation is crude, using the 7 TeV data we
find that when combining all channels and comparing with the reported combined
best fit values the two-sided Gaussian assumption fares reasonably well, and typically
better than the standard Gaussian approximation with symmetrized errors. It should
be kept in mind that errors of O(10—15%) are typical using this approach, combined
with an inherent error due to digitization of the data, which we estimate to be as

large as O(10%).

In some cases p is the only free parameter, however in more complicated models
involving modified Higgs couplings or additional invisible decay widths 1 becomes a
function (in general different for different channels) of the additional parameters of
the model, p*(w) where w denotes all the additional parameters and the superscript
denotes the particular search channel. One can find best fit parameters by maximizing
the likelihood function and, since the quantity —2log A should approximately follow
a chi-squared distribution [68], one can also test the hypotheses of different models

or signal strengths.

3.2.2 Likelihood for Multiple Scalars

Thus far we have only been concerned with models in which the hypothesis is of
a single Higgs particle. However in this work we consider models containing two
Higgs-like scalars of mass mj and m;, and we must estimate a combined likelihood

for both.

The individual searches have differing mass resolutions, from as small as 1 — 3%
in the h - vy and h —» ZZ — 4l channels up to 20% in the h — 77 and h —
WW channels. Whenever masses are greatly separated, i.e. |mj; — ms| > o; the
hypothesized signal from one does not contaminate the search for the other, making

the searches effectively independent. In this case the likelihood can be taken as the
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product of the two independent likelihoods®

AC' [#;1, Hs, W, My, mé] = /\C [ufn w, m}';,] X >‘C [/1’51 w, m§] - (38)

Whenever the Higgs and friend or accomplice are separated by mass splittings within
or close to the mass resolution of a given search channel, jmj —m;| S o, the situation
becomes more complicated. Without performing a full simulation we can still estimate
the likelihood in such a scenario based on the mass resolutions provided. However,
in a conservative approach, we will not use this estimate to make precise statements
about fits in regions where the signal from both scalars overlap, but will instead use
it to determine the mass range in which the factorized likelihoods for the scalars can
be trusted.

To understand how we estimate the combined likelihood whenever |mj —ms| < oi,
one can first focus on a single search channel and consider a hypothetical situation
in which signal from a SM Higgs, of mass mj, is present in the data. Performing
a search for a Higgs of mass my, with cuts optimized for this mass, one expects
to observe a certain number of signal events n,(ms), and to reconstruct a strength
modifier at that mass of u(my) = 1, up to statistical and systematic errors. However,
due to the finite mass resolution, a certain number of events, originating from the
Higgs of mass my, may also pass the cuts for a Higgs search for a different mass
m),. Hence looking at searches for different masses one expects to observe a certain
number of events n,(m}) < ns(m;) and to reconstruct a strength modifier at that
mass pu(m}) < p(ms), even though the true Higgs mass is ms. This makes intuitive
sense: for a SM Higgs at mass mj,, with a finite amount of data one would not expect
the reconstructed strength modifier to be a precise delta-function but rather it should
follow some distribution which is peaked at mp,.

Given that we know p  (ngs —np) = ng then, regardless of the mass-dependence

of the backgrounds, we need only know the dependence of the eventual signal on the

5The parameter dependence of the individual likelihoods is not necessarily independent. In the
case considered here one might wish, for example, to increase the mixing, which increases the signal
from 3§ to explain some excess at mz 3> mj. However doing so decreases the signal from A, which
may be disfavored by the likelihood for h.

61



Higgs mass if we want to reconstruct the mass dependence of u(my). We choose to
approximate the functional form to be Gaussian, such that if a SM Higgs is present
at mass my the number of signal events observed when applying the cuts, and hence

searching, for a Higgs of mass m}, is

—(m} —my)?

ne(ml) = ng(mp)e 27— | (3.9)
where o is the mass resolution for that search. For the case of multiple scalars the
ATLAS h — WW search has been studied in [107]. The mass-dependence of the
signal after cuts has been calculated and is shown in Fig 2. of {107] for hypothetical
Higgs-like scalars of mass 125 and 170 GeV. One can see that due to the nature of
the search the signal is not a delta-function centered at the Higgs mass but is rather
a smooth distribution peaked at the true mass. We find that a Gaussian provides
a good fit to the data, and so we assume that p(m;) follows the same functional

dependence.

Since the signal strength modifier is, by construction, normalized such that if a
SM Higgs of mass m;, is present in the data the strength modifier must be pu(my) =
1, we normalize the Gaussian distribution to have a peak value of 1. Given this
assumption, combined with the approximate experimental resolution of the search
channel, o;(m), we estimate the strength modifier contributed by a SM Higgs of mass

my, in a particular search channel to be

, —(m—my)?

p(m) = e ) (3.10)
where the normalization is chosen for a SM Higgs. Clearly, to extend this to a non-SM
Higgs one includes dependence on any additional parameters by rescaling production
cross-sections and branching ratios accordingly. Now to construct a likelihood for two

Higgs scalars of mass mj; and m; we estimate overlap of strength modifiers through
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the combination

(mz—m;)?

i, ) = () + (e 11

4, m15) = ) + ()™ T
In this way, if the mass splittings far exceed the experimental resolution the strength
modifiers become independent and the likelihood factorizes into individual likelihoods
for the independent scalars. However as the masses approach one another signal
overlap becomes important, and in the limit where the masses are equal the strength
modifiers simply add together, as expected. Alternatively one can think of this as the
signal from one scalar acting as known background in the search for the other. This
method is clearly approximate, however it should give a reasonable estimate of the
combined likelihood given the available information and is useful to determine the

mass range in which the factorized likelihoods can be trusted.

We are combining multiple channels and so we must use different resolutions
for each channel. CMS reports the approximate mass resolution of the individual
channels in [50], which we use, taking the maximum value whenever a range is quoted.
We use 3% for the ZZ channel since this is the largest resolution in the individual ZZ
sub-channels which are sensitive to a light Higgs. Our results will not be sensitive
to this choice, since the dominant source of signal overlap is in the low-resolution
channels unless m; =~ m;. For ATLAS some resolutions are reported in [1] which
are similar to those for the CMS searches. When not reported, we assume the same
resolution as in the CMS searches. This assumption does introduce additional error
whenever considering limits on scenarios where the scalars are close in mass, however
in this region the dominant ATLAS sensitivity is in the h — vy and h — ZZ channels,
with published resolutions, and the h — WW channel for which, by comparing with
the results of [107], the assumption of 20% mass resolution is valid. As a result it is
likely that the overall error introduced into the combined limits and fits through this
assumption is subdominant to other sources of error. The chosen mass resolutions

are detailed in Table 3.1.
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Channel Resolution [%)]
Y 3
Z7Z 3
bb 10
TT 20
wWw 20

Table 3.1: Approximate light Higgs search mass resolutions

3.2.3 Estimating the Importance of Signal Overlap

To estimate the impact of signal overlap on best fit parameters we consider the case
with pure Higgs-singlet mixing, setting o = 0. In this case strength modifiers for
different search channels re-scale in the same way, simplifying the analysis. To perform
this estimate we only use the 7 TeV data since best fit parameters and confidence

contours are available for both CMS and ATLAS for the h — bb,77, WW, ZZ and

h — 7 search channels.

W4 ////

a=0,x=0
0.8 = Includes Overlap
== No Overlap
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Figure 3-1: The best fit mixing angle as a function of the Higgs friend mass, mj, for
the combined likelihood with signal overlap included (red) and omitted (black). 95%
confidence bands are also shown. Above m; ~ 210 GeV the difference between both
methods becomes negligible, demonstrating that above this mass the simple product
of individual likelihoods can be trusted. Below this mass the overlap of signal becomes
important, suggesting that the simple individual likelihood products lose accuracy.

In Fig. 3-1 we plot, in red, the best fit mixing angle as a function of the singlet

mass, mg, for the combination of likelihoods of both scalars with signal overlap in-
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cluded according to Eq. (3.11). Due to a deficit in background events a negative Higgs
event rate is, at some masses, preferred by the data. However, since we are fitting
to a model restricted to real mixing angles, such negative event rates are not within
the parameter space of the model, and these points usually correspond to a best-fit
value of § = 0. We calculate 95% confidence bands by finding the mixing angle
at which A(—2log)) = —2(log A(1) — log A(1)) = 3.84. As argued in the caption,
for mz < 210 GeV the overlap in signal clearly becomes important, and the simple

product of likelihoods should not be used.

However, since the best fit values shown in red do accommodate the signal overlap
to some degree, we can still extract some qualitative features. Typically for masses
mz < 200 GeV the preferred mixing angle is § ~ 0. This is due to two dominant
effects. First of all, small mixing angles are preferred for the fit of m; = 125.5 GeV
to the 7 TeV data since the signal at this mass prefers u4 ~ 0.8, and larger mixing
angles which reduce the signal further are penalized. Second, the strong limits for
mz < 200 GeV also prefer the signal from the friend to be small, requiring a small
mixing angle. One can also see that for m; ~ m;, the mixing angle essentially becomes

unconstrained. This is due to the fact that in this case each strength modifier is almost

independent of 6 since p ~ sin?(8) + cos?(f) ~ 1.

3.3 Results

3.3.1 Data

As demonstrated in Sec. 3.2.3, for m; 2 210 GeV we can effectively treat the likeli-
hoods for the scalars individually, taking the product to find the combined likelihood.
In this mass range the diphoton search is not sensitive, so we use WW and ZZ
channels. Whenever available we use best fit values and confidence contours for the
strength modifier. When best fit values are not directly provided we employ expected
and observed 95% confidence limits. In [68] it is shown that the best fit strength

modifier can be simply approximated by the difference of the observed and expected
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upper limits, and the error is given by o =~ p3ox/1.64. We use combined 7 and 8 TeV
data from ATLAS and CMS [4, 64, 63, 6, 7, 62].

For the Higgs likelihood at 125.5 GeV we use again the 7 and 8 TeV combined best
fit values and corresponding errors for the couplings from ATLAS and CMS [3, 5].

We also use the recent Tevatron data [106], taking the best fit values and uncer-
tainties for the vy, WW and bb channels.

With this information we can estimate the full likelihood for both scalars to de-
termine whether a social Higgs allows for any improvement in fitting the data when

compared with a SM (antisocial) Higgs.

3.3.2 Higgs Friend and Higgs Accomplice Scenarios

First we consider the friend scenario, where the Higgs is mixed with a singlet scalar.
On the left-hand panel of Fig. 3-2 we plot the 95% CL contours for the mixing angle as
a function of the singlet mass for mz > 200 GeV. The contour for vanishing invisible
width is shown in red. We also plot results allowing for the decays BR(5 — 2h)
following Eq. (3.3) with ¥ = 0.5 in green. Constraints are weakened by this effectively
invisible width due to suppression of the signal, and fits previously requiring some
mixing now require greater mixing due to dilution of the signal at high masses.

On the whole, sin? 8 > 0.2 is excluded at 95% CL over the entire mass range. As
a reference, the dashed line shows the limits that we would get by using only the
Higgs couplings data at 125.5 GeV. It is interesting to note that the Higgs searches
are already sensitive to relatively minor modifications of the Higgs sector.

Whenever we allow for enhancement of the decays h — ~~ by coupling the friend
to photons then, regardless of the value of 8, we can always choose the coupling,
a, such that p,, > 1 can be reproduced for the Higgs signals at 125.5 GeV. The
other search channels only constrain 6. Furthermore, as the diphoton searches look
for resonances below 150 GeV, for m; > 150 GeV the likelihood function for § is
independent of . This allows to accomodate better the slight excess in the diphoton
channel reported by ATLAS without degrading the fit to the Higgs friend.

On the right-hand panel of Fig. 3-2 we show the 95% confidence contours for § as
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Figure 3-2: 95% confidence limits on the mixing angle as a function of the scalar
mass, m;z, at high masses. The limit of vanishing § — 2h branching ratio is shown
in red and for x = 0.5 (see Eq. (3.3)) in green. On the left panel we set a = 0 and
allow only mixing with the Higgs friend, with 95% confidence contours determined
via A(—2logA) = 3.84. On the right panel we allow for enhanced h — 47y decays
in the Higgs accomplice scenario and find the best fit values of # and a. In this
case we find 95% confidence contours by finding the maximum value of 6 for which
A(—2log ) = 5.99. On both panels it is clear that due to strong limits the SM is
preferred over both scenarios over the entire mass range.

a function of m;z. Although the limits are less stringent compared to the Higgs friend
scenario, there is no significant improvement over the SM.

In Fig. 3-3 we show the best fit values as well as 68% and 95% confidence contours,
corresponding to A(—2log \) = 2.28 and A(—2log \) = 5.99, for a and sin®(#) when-
ever § is decoupled and doesn’t contribute any signal in the search window. Again,
there is no preference for the accomplice scenario as the SM (8 = 0, a = 0) lies within

the 68% confidence contour.

3.4 Electroweak Precision Constraints

As pointed out in [36], if the Higgs mixes with a friend then precision electroweak ob-
servables are altered in comparison to the SM. In particular, W and Z boson couplings
to the Higgs are suppressed, and the friend can also enter at one loop into self-energy

graphs. Here we study the differences in the S and T parameters [141, 142] relative
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Figure 3-3: Best fit points and 68% and 95% confidence contours, corresponding to
A(—2log X\) = 2.28,5.99 for the specific scenario of a Higgs accomplice beyond collider
reach. The SM, sin?(#) = 0, is within the 68% confidence contour, showing no fit
improvement of the accomplice scenario over the SM.

to the SM for the Higgs friend model. We calculate these differences at one loop by
taking the Higgs contributions to S and T from [109, 110] and re-scaling them by
cos?(#). We also add a similar contribution for the friend and then subtract off values

for a SM Higgs at 125.5 GeV.

500 300 400 500 600
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Figure 3-4: Contours of AS = S(h,5,0) — S(h) and AT = T(h, 5,60) — T(h), for the
simple Higgs friend model. We have set mj = m;, = 125.5 GeV. For the majority of
parameter space this model is consistent with electroweak precision data at lo.

In Fig. 3-4 we show contours of the change in the S and T parameters relative to the

SM with a Higgs at 125.5 GeV. In [31] for a Higgs mass in the range 115.5 < my, < 127
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GeV the S and T parameters are given as S = 0.007073 and 7' = 0.021913, so in this
model deviations from the SM are typically within lo, even with relatively large
mixing angles, hence electroweak precision places no strong constraints on models
with a relatively light Higgs friend. Heavier Higgs friends are less consistent with
electroweak precision constraints, however agreement at close to 1o can still be found
for friends with masses greater than 1 TeV [36].

Statements about precision electroweak observables are model-dependent and if
additional electroweak-charged fields are present, as in the Higgs accomplice scenario,
or as would be expected in a complete model which addresses fine-tuning issues, then
further alterations to the S and T parameters would arise. In either case one must
then consult the particular model to establish consistency with electroweak precision
data. As such, the bounds shown here should be considered a demonstration of
consistency in the friend scenario, rather than a reflection of the consistency of a

possible underlying theory.

3.5 Conclusions

Only analyses of future data can convincingly determine whether or not the Higgs
boson observed at the LHC is indeed the SM Higgs. However, since there is currently
no strong evidence to the contrary, it is now possible to constrain scenarios where the
Higgs properties are significantly altered. Furthermore, null results in Higgs searches
at other masses already place strong bounds on neutral scalars with Higgs-like pro-
duction and decay properties. Motivated by this observation, in this chapter we have
examined the impact this has on two simple models, the Higgs friend and Higgs ac-
complice scenarios, which may act as simplified models for theoretically motivated
extended Higgs sectors, such as arise in the NMSSM. Both scenarios are still com-
patible with the data, however mixing angles with the gauge singlet are strongly
constrained. Mixing angles with sin® @ > 0.2 are typically disfavored at the 95% level
over the mass range 200 GeV < m; < 1000 GeV.

The analysis presented in this chapter is an update of the analysis in [33], and
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includes combined 7 and 8 TeV Higgs data. At the time of the original analysis, the
Higgs accomplice scenario provided an improvement on the fit to the data compared to
the Standard Model, mainly because of an excess in the vy channel reported both by
ATLAS and CMS. At present time, only ATLAS observes a moderate excess in the vy
channel, with the CMS measurement consistent with the SM. As shown, with current
data, the Higgs accomplice scenario does not provide any statistically significant

improvement over the SM fit, and the mixing angle can be strongly constrained.
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Chapter 4

A New Approach to Jets

In this chapter we will define a new class of event shapes that capture the jet-like
structure of the event. It is worth noting that our approach shares some of the same
goals and features as other jet-like methods. For defining jet observables through
event shapes, there has been previous work showing how to construct effective jet
clustering procedures via optimization of event shapes [89], most recently in taking
N-jettiness [153] and minimizing over the choice of jet axes [156]. The difference
here is that our jet-like event shapes do not have an obvious clustering interpretation.
There are also methods that cast jet finding as a more general optimization problem
[30, 20, 21, 105, 104, 53, 124, 159, 90, 117], often with a probabilistic interpretation
of an event. The difference here is that we (uniquely) assign an event shape value to
each event. A set of variables that avoids explicit jet clustering are energy correlation
functions [126], which can characterize an event’s structure without reference to even a
jet axis (in contrast to N-jettiness), though different correlation functions are needed
for different jet multiplicities. The difference here is that we need not specify the jet
multiplicity of interest, though we do need to choose the jet radius R and threshold
Preus- Finally, for giving a global characterization of an event, there has been recent
work to describe the jet-like nature of an event by summing over the contributions of
large radius jets [114, 61, 85], though these observables make explicit use of tree-like
recursive jet algorithms. The difference here is that we can achieve a similar global

characterization through an inclusive sum over all particles in an event.
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The chapter is organized as follows: we define event shapes for inclusive jet ob-
servables in Sec. 4.1 and perform Monte Carlo studies to demonstrate the correlations
present with their jet-based cousins. We then show in Sec. 4.2 how to manipulate
and modify these event shapes to characterize the properties of individual jets, in
particular how to find the jet constituents using a hybrid event shape density with a
“winner-take-all” recombination scheme. We describe our shape trimming technique
in Sec. 4.3 and show how it is closely correlated with ordinary tree trimming. We
suggest possible generalization of our method in Sec. 4.4 and draw conclusions in

Sec. 4.5. This chapter is based on [32].

4.1 Event Shapes for Inclusive Jet Observables

Jet multiplicity (Nje), summed scalar transverse momentum (Hr), and missing trans-
verse momentum (¢T) are three of the most ubiquitous observables used to globally
characterize an event with jets in the final state. Given jets identified through some

jet algorithm with characteristic radius R, they are defined as

]vjet(pTcut; R) = Z 9(ijet; - pTcut)u (41)
jets

HT(pTcut: R) = Z PTiet @(ijet - pTcut); (42)
jets

PT(pTcut, R) = ZﬁTjet O(Prjet — PTeut)| > (4.3)

jets

where prie¢ is the transverse momentum measured with respect to the beam axis,
Priet = |Priet], and prey is the pr threshold for the analysis.! We have made the
arguments prew and R explicit in anticipation of the discussion in Sec. 4.2. These

three observables are part of a broader class of inclusive jet observables

]:(pTcuta R) = Z ]:jet @(ijet - pTcut); (44)

jets

L Typically, P would include non-hadronic objects in the event as well, but we will not need that
for the case studies here.
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where Fie, = f({P};ejet) depends on the kinematics of the individual jet constituents.

As written, F is intrinsically tied to a given jet algorithm. Here, we wish to build
a corresponding event shape F which makes no reference to a clustering procedure.
The first step is to effectively replace the sum over jets with a sum over particles,

using the fact that

1= L ZPT@ ZZ:' Z: (4.5)

PTiet i€jet jets i€jet i€event

where we now use a more convenient definition pries = Eiejet pr; such that the first
expression is a strict equality,? and the second expression has an implicit restriction
to particles i which are part of a jet cluster. The second step is to convert jet

measurements into measurements on jet-like cones of radius R around each particle:

Fiet = f({P;"}jejet) = Fir= f({p;l O(R — ARij)}jEevent): (4.6)
DTjet = ZpTz = DriR= Z pr; O(R — ARy), (4.7)
i€jet j€event

where AR;; = /Anj; + A}, is the distance in the rapidity-azimuth plane, and prir
is the sum of transverse momentum contained in a cone of radius R around particle
1. Applying these two steps, we derive the event shape associated with the generic

inclusive jet observable in Eq. (4.4):

Floran R) = Y. ”T; Fi.r ©(pri,R — Prow)- (4.8)
i€event &

Because of the weight factor pr;/prir, this definition avoids double-counting, even
though the jet-like cones around each particle are overlapping. As long as the original
Fiet was infrared/collinear safe, then F will also be infrared/collinear safe (assuming
Preus > 0). Our general strategy is depicted in Fig. 4-1.

Following this logic, we define the following jet-like event shapes corresponding to

ZNote that the two definitions pries = |Prjet| vs. Ziejet pr; yield the same value for infinitely
narrow jets. Instead of pr, one could accomplish the same goal using the energy relation 1 =

(1/Ejet) 2icies Bi-
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Figure 4-1: Instead of defining inclusive jet observables by summing over jet regions
according to a jet algorithm (left), our event shapes sum over the contributions from
cones of radius R centered on each particle ¢ (right). The weight factor pr;/pri g in
Eq. (4.8) avoids double-counting despite overlapping cones. For infinitely narrow jets
separated by more than R, the two methods yield the same result.

Niet, Hr, and p:

= Pri
Njet (pTcut; R) = Z e(pTi,R - pTcut.)a (49)
i€event Ti,R
Hr(preu, R) = > pri®(prir — Prew); (4.10)
i€event
Pr(prew, R) = | D Pri©(priR — Preat)|, (4.11)
i€event

where pr; g is defined in Eq. (4.7). For the sake of simplicity, in Eq. (4.11) we
approximated pr; g & prir Pri, which is strictly true only for infinitely narrow jets.?
For events consisting of infinitely narrow jets separated by more than R, the event
shapes ﬁjet, I?T, and ET yield identical values to their jet-based counterparts Nje,
Hr, and p,. We describe applications and generalizations of this procedure to other
inclusive jet (and subjet) observables in Sec. 4.4.

To get a sense for how these event shapes behave, it is useful to study how they

correlate with their jet-based counterparts. For this study, we generate event samples

for the v/s = 8 TeV LHC in MADGRAPH 5 [18], with showering and hadronization

3 Alternatively, one could recover Eq. (4.11) by noticing that if we assume Fiet = Priet =~
2_jejet PTj, then we can skip the first replacement in Eg. (4.5), and directly convert the double
sum into a sum over the event.
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Figure 4-2: Jet multiplicity (i.e. Nje) for QCD dijet events. Fig. 4-2a shows the
distribution of the number of anti-kr jets with R = 0.6 and pre. = 25 GeV (green
dashed curve), and of the corresponding event shape with the same values of R and

Preut (red curve). Only events with Njey > 1 or Njer = 0.5 are shown, and a parton
level cut of phere™ = 25 GeV is employed to give a reasonable sample of both one jet
and two jet events. Whereas Nje; takes on only integer values, the event shape Nig
is continuous, albeit with spikes near integer values. Fig. 4-2b shows the correlation
between the two observables, where the area of the squares is proportional to the
fraction of events in each bin. In the correlation plot, events that fail one of the jet
cut criteria are assigned the corresponding value of zero.

carried out in PyYTHIA 8.157 [150].% For the standard jet-based observables, we use
FASTJET 3.0.2 with the anti-kr jet algorithm [42] with a jet radius R = 0.6 and
Prewt = 25 GeV. For the event shapes, we use the same value of R and prcy.
In order to (artificially) highlight the behavior of our event shapes on both one jet
and two jet events, we set the minimum pr at the parton level in MADGRAPH to
Feat =25 GeV.®

In Fig. 4-2, we compare Njg; versus I‘\'Tjet for QCD dijet events. Whereas Nje; takes
on discrete values, ﬁjet yields a continuous distribution, though the observables are
correlated on an event-by-event basis. Here and in the following plots we only show

events with Nj > 1 and j\'rjet > 0.5; the choice of the lower limit on J’\Fjet will be

4Unless otherwise specified, this will be the standard setup for Monte Carlo studies throughout
the chapter.
SWithout a phe, " cut, there would of course be more one jet than two jet events. We checked

that the event shape distributions remain correlated with their jet-based counterparts as phec " — 0.
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Figure 4-3: Summed scalar transverse momentum (i.e. Hy) for QCD dijet events.
The jet parameters, formatting, and cuts are the same as for Fig. 4-2. Because of the
smoother behavior of the event shape Hyp, the peaks rising at preys and 2 prey are
less pronounced than for Hr.
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Figure 4-4: Missing transverse momentum (i.e. p,.) for Z(— v¥) + j events. The
jet parameters, formatting, and cuts are the same as for Fig. 4-2. Again, we see a
smoother turn on behavior for g, compared to Pr
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Figure 4-5: Average jet transverse momentum (i.e. Hr divided by Nje) for QCD dijet
events. The jet parameters, formatting, and cuts are the same as for Fig. 4-2.

justified in Sec. 4.2.1. In Fig. 4-3, we compare Hr versus FIT again for QCD dijet
events. Because of the prcy = 25 GeV cut, Hr exhibits two spikes that rise starting
at 25 GeV (for one jet events) and 50 GeV (for two jet events), whereas Hyp is
smoother in this turn-on region.® In the tail region, the distributions of Hr and ﬁ'[‘
are very similar. In Fig. 4-4, we compare p,. versus ET for Z plus jet events where
the Z decays to neutrinos. Again we see a spike that rises starting at 256 GeV for
P, which is milder in the event shape }?T, though the distributions are quite similar
throughout.

Just as for ordinary jet-based observables, one can construct interesting composite
functions with the event shapes. For example, one can consider the average pr of the
jets in an event, and we compare Hp/Nje versus fIT/ﬁjet in Fig. 4-5. Another useful
composite variable is missing pr significance [119, 136], and we compare pT/ VHr
versus AﬁT/ Hy in Fig. 4-6.

The differences between the jet-like event shapes and their jet-based counterparts
reflects the intrinsic ambiguity in how to define a jet, seen most strikingly in the fact

that Kfjet does not take on integer values. For jet observables that are inclusive over all

SWith phero® — 0, the same features are visible, albeit with the one jet spike being much larger
than the two jet spike.
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Figure 4-6: Missing transverse momentum significance (i.e. p,, divided by v/ Hr) for
Z(— vv) + j events. The jet parameters, formatting, and cuts are the same as for
Fig. 4-2.

jets, Krjet, fIT, and ﬁT characterize the global properties of the event without defining
a clustering procedure, and appear to give very similar information to Nje, Hr, and
Pr for the same values of R and pr... Of course, because there is no clustering, one
cannot determine the kinematics of any individual jet with the event shape alone (see
however Sec. 4.2 below). In terms of computational costs, the bottleneck is calculating
prir in Eq. (4.7) for every particle 4, which naively scales like N2 for an event with
N hadrons, though the computational costs are dramatically reduced if one has an
efficient way to determine which particles are within a radius R of particle i.” In
practice, calculating Kﬁet using our FASTJET 3 add-on with a standard laptop takes
about as long as calculating Nje; with anti-kr. Moreover, Kﬁet can be parallelized
since it only depends on the contributions from particles within a radius R (i.e. it
is defined “locally”). This feature makes it possible to implement ﬁjet in a low-level
trigger for sufficiently small R. The key question at the trigger level is whether an

event-shape-based trigger has better properties (e.g. turn-on, stability, calibration,

"In our FASTJET add-on, we make a crude attempt in this direction by partitioning the event
into overlapping blocks of size 2R x 2R and by caching the results of repeated calculations. Our
implementation could potentially be further optimized by using, for example, an alternative distance
heuristic.
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etc.) than a jet-based trigger, but a detailed study of this issue is beyond the scope

of this work.

4.2 Characterizing Individual Jets

While inclusive jet observables are useful for characterizing the gross properties of an
event, one would still like to gain more exclusive information about the kinematics of
individual jets. In general, our jet-like event shapes do not yield that kind of exclu-
sive information, but we will demonstrate a novel way to extract the (approximate)
transverse momentum of individual jets by using the full functional form of j‘\;}let. We
will then define a hybrid event shape density that incorporates (local) jet clustering

information in order to determine the constituents of individual jets.

4.2.1 Jet Transverse Momentum

Consider the jet multiplicity event shape ]’\‘;jet(pTcut, R). As shown in App. D, there
is a computationally efficient way to find the pseudo-inverse of this function with
respect to pPreut, namely pTcut(JVjet, R).®2 We will see in a moment that it is useful to

introduce an offset nyg, so we define
pr(n, R) = prew(n — nog, B) with 0 S neg S 1, (4.12)

where the default value of n,g is 0.5. The corresponding function for ordinary jets is
denoted pr(n, R).

The function pp(n, R) effectively gives the pr of the n-th hardest jet. That is, it
gives the value of the pr threshold needed to include the n-th jet’s contribution to
]A\?jet. For infinitely narrow jets separated by more than R, pTcut(]%et, R) takes discrete
jumps as JA\/"jet increases by integer values. More generally, the offset nog accounts for

the fact that an event with n jets most likely returns a value of ﬁjet between n — 1

8The reason this is a pseudo-inverse is that j\;;jet (pTcus, R) is a monotonically decreasing step-wise

function of preut, so there is a range of values of preyt with the same N}et. Once the values of pri r
are known, the algorithm in App. D scales like N log N for N particles.
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Figure 4-7: Number of jets Nj as a function of pre, for fixed R = 0.6, for three
QCD dijet events. Figs. 4-Ta, 4-7h, and 4-7c show example events with 1, 2, and 3
anti-kr jets with pr > 25 GeV, respectively. The anti-kr curve (green dashed line)
takes integer steps at values of pr, corresponding to the pr of the jets. The event
shape curve (red line) takes smaller steps, and it roughly intersects the anti-kr curve

at Njo. = {0.5,1.5,2.5}.

and n.

Using the same QCD dijet event samples as in Sec. 4.1, we can see how well
pr(n, R) corresponds to pr(n, R). First in Fig. 4-7, we show the function Jn\fjet (Preut, R)
for individual events compared to Njet(preut, R), fixing R = 0.6. Besides the obvious
point that Nje, takes integer steps whereas Kﬁet takes smaller steps, we see that the
curves roughly intersect at values of N’iet = 0.5, 1.5, 2.5, justifying the default value
nog = 0.5. In Fig. 4-8, we compare pr(n, R) versus pr(n, R) for n = 1,2, 3, where we
see that they are highly correlated, as expected from the correlations already seen in
the inclusive observables in Sec. 4.1.

Besides just measuring the pr of the n-th hardest jet, pr(n, R) can be used to
mimic analyses that require a fixed number of jets. For example, one may wish to
measure Hp on just the n hardest jets above a given prcy. To do that with the event
shape, one has to find the value of a new scale pf.,, such that (n + 1)-th jet would
not contribute to Hr but the n-th jet is largely unmodified. A convenient choice for

that scale is

pa"cut = max{pTcut,ij(n + 1)}; (413)
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Figure 4-8: Transverse momentum of the three hardest jets (i.e. pr(1), pr(2), and
pr(3) from left to right) for QCD dijet events. The top panels shows the transverse
momentum distributions for anti-kr jets with R = 0.6 and prew = 25 GeV (green
dashed curve), the corresponding event shape pr(n) with the same R and prey (red
curve), and the weights wg;), returned by the hybrid event shape with the same R
but prewt = 0 (purple dotted curve, see Sec. 4.2.2). The bottom panels shows the
correlations between pr(n) and pr(n), with the area of the squares proportional to
the fraction of events in each bin. For plots of the {1st,2nd, 3rd}-hardest jets, the
corresponding selection criteria are N, > 1,2, 3 (for anti-kr) and ﬁ'jet >0.5,1.5,2.5
(for the event shape).

and we will use pf,, in some of the studies in Sec. 4.4.

By using an algorithm similar to the one described in App. D, one could also try to
invert the number of jets KGet(R) as a function of R, for fixed preys. Strictly speaking
this inverse is not possible, since ]‘\fjet(R) is not guaranteed to be a monotonic function
of R. Still, we expect that the R dependence of the event shapes could be exploited

much in the same way as for telescoping jets [59]. For example, one could measure
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Figure 4-9: Number of jets ]‘\I’jet as a function of R for a single QCD dijet event.
Shown are three values of preye = {26 GeV,40 GeV,60 GeV}.

the volatility of an event shape (a la Q-jets [90, 117]) as R is varied. A detailed study
of R dependence is beyond the scope of this work, but in Fig. 4-9 we show an example
of Kﬁet(R) for a QCD dijet event, which suggests that there is interesting information
to be gained by looking at multiple R values.

4.2.2 Jet Axes and Constituents

By themselves, the event shapes do not have a clustering interpretation, so in order to
(uniquely) assign particles to jets we will build a hybrid event shape that incorporates
some kind of clustering procedure. Before doing that, though, it is helpful to introduce
the concept of an “event shape density”.

Consider the following probability density for a jet axis to lie in a given direction

71, as determined by a standard jet clustering algorithm:

P () = 3 8(7 = ) ©(Priec = Pres), (4.14)

jets
where the superscript r reminds us that we must choose a recombination scheme for
defining the jet axis fif, in terms of the constituents of that jet. For example, in
the standard E-scheme, the jet axis lies in the direction of the summed constituent

four-momenta. The reason py,, is a density is that if we integrate over all directions
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f then [ d*7 py,,, = Njet, but py;,, itself has delta function spikes at the jet locations
7 identified by the jet algorithm. Similarly, we can define a transverse momentum

density,

prr () = szjet O(7 — Tjer) ©(PTiet — PTeut), (4.15)

jets

where [ d*7 pg, = Hr and the height of the delta functions correspond to the pr of

the corresponding jets.

Following the general strategy outlined in Sec. 4.1, we can define corresponding

event shape densities:

Pre(@) = 3 E-5( — AL ) O(Pri.R — Prewt), (4.16)
1€event pTi’R
ﬁHT(ﬁ) = Z Pri J(ﬁ - ﬁ':’R) 9(pTi,R - pTcut)7 (417)

i€event

where [d°0py,, = Ny and [ & py, = Hp. Here, 7] p is the direction of the
recombined momenta in a cone of radius R around particle ¢, which of course depends
on the recombination scheme r. If we choose to do recombination via the E-scheme,
then py,, and Py, can still be considered event shapes, since 7] g can be written in
closed form (i.e. in terms of the four-vector sum of constituents). For more general
recombination schemes, though, py,, and py, are hybrid event shapes, since the
specific direction of 7] ; depends on the recombination algorithm (which in general
cannot be written in closed form). In contrast to standard jet clustering algorithms,
finding 7l g is a “local” procedure since it only requires knowledge about particles

within a radius R of particle i.

Whereas the jet-based densities have n delta function spikes for an n-jet event, the
event shape densities typically exhibit a more continuous distribution. In particular,
the distribution will still show peaks corresponding to jet directions, although smeared
because nearby particles will typically have (slightly) different values of A z. In this

way, the event shape densities are similar in spirit to the jet energy flow project [30],
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since they effectively give a probability distribution for the jet axis locations.

Concretely, if we let {rh}} be the set of distinct directions in {#] p}, we can rewrite

the distributions in Eqgs. (4.16) and (4.17) as
Px(A) = wx;jd(h—m;), X = N, Hr. (4.18)
J

The coeflicients wx; can be thought as weights corresponding to each candidate jet

axis 7 and are given by:

Pri
Whiees = Z — O(pri,r — PTeut) 6{ﬁf’R;m;}7

i€event pTi’R

(4.19)
Wi = Y Pri©®(PriR — Prout) Ofar psmr}>

i€event
where 847 ;mry is @ Kronecker delta over the discrete sets of directions {A]} and
{m}}. The weights wy,,; indicate the (fractional) number of jets that should be
associated with a given axis, while wgy,.; indicate the associated transverse momentum.
For an isolated narrow jet, a typical recombination scheme will yield a single axis m"
with wy,,, = 1 and wh; = Priet-

We emphasize that in this hybrid approach, a separate clustering algorithm is
applied to each particle ¢, using just the particles within its neighborhood of radius
R. For an event with N final state hadrons, one has to run N clustering algorithms,
yielding N values of 7] i, though not all of them will be distinct. In practice, it is
inconvenient to have O(N) candidate jet axis locations, so ideally we want a recom-
bination scheme that returns O(n) unique axes 77} for an n-jet event.

For this purpose, we will use a “winner-take-all” recombination scheme when per-
forming the local clustering around each particle.® This scheme guarantees that the
recombined direction will always coincides with one of the input particles, dramati-

cally decreasing the number of unique 7} values. In the context of a pairwise cluster-

9We thank Andrew Larkoski, Duff Neill, and Gavin Salam for discussions on this point. The
winner-take-all scheme is also discussed in Ref. [125] in the context of recoil-free observables.
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ing algorithm like anti-kr, the recombination scheme determines how two pseudo-jets
p1 and pg will be merged to form a combined pseudo-jet p,.. In the winner-take-all
scheme, the transverse momentum of p, is given by the sum of the two pseudo-jets,

but the direction of p, is given by the hardest pseudo-jet:

. f1  if pr1 > pre,
Prr = P11+ Pr2,) Ny = (4.20)

fig  if pre > pr1.

For simplicity, we take p,. to be a massless four-vector. When used with an in-
frared/collinear safe clustering measure (anti-kr in the later plots), the winner-take-
all scheme is also infrared/collinear safe. Because the winner-take-all scheme always
returns a jet direction aligned along one of the input particles (often the hardest par-
ticle), the set of recombined jet directions {rn}} is much smaller than the number of
hadrons in the final state.l® Of course, for later analysis, one probably wants to use
the summed four-vector of the jet constituents instead of the jet axis.!!

Another practical consideration concerns the value of prcy. As stated above, one
can think of wy,; in Eq. (4.19) as the transverse momentum associated with jet j,
so that a way to find the n hardest jets is by taking the n highest values of wgy,..
However, although the sum of the wy, returns ﬁT, Preut Would distort the jet pr
spectrum. The reason is that the prey requirement in Eqgs. (4.16) and (4.17) vetoes
particles near the periphery of jets which would be captured using standard clustering
procedures. Note that this effect is relevant only for jets close to the preu threshold.
This effect was not seen in Fig. 4-8 for pr(n) because there we could compensate for
the loss of peripheral particles by using n.g = 0.5 in Eq. (4.12). This effect is visible,

however, in Fig. 4-3a for Hy where the peaks in the event shape Hr (corresponding to

10To further reduce the number of jet directions, we could further insist that the winner-take-all
axes are globally consistent. That is, if particle ¢ has winner-take-all axis aligned with particle b,
but particle b has winner-take-all axis aligned with particle ¢, then we could assign particle a the
axis aligned with c (recursing further if necessary). This consistency criteria would ensure that the
final set of jet directions {r71}} are their own winner-take-all axes. It would also imply that the jet
regions can expand beyond a cone of radius R from the jet axes. This option is available in the
FASTJET add-on, but not used in the following plots.

1 Unlike in the E-scheme, the jet axis and the jet four-momentum (i.e. the summed four-momenta
of the jet constituents) will not typically be aligned in the winner-take-all scheme.
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Figure 4-10: Two QCD dijet event displays with R = 0.6. The anti-kr jet axes
(green) are compared to the ones obtained using the hybrid event shape approach
with prews = 0 (blue). The standard E-scheme is used for the anti-kr jets, whereas
the hybrid event shape uses the winner-take-all recombination scheme, as explained
in Sec. 4.2.2. The light blue shaded region corresponds to (passive) ghost particles
which are clustered to the given axis, and the dashed green curve gives the anti-kp
boundary. The weights wy,, =~ 1 and wg, = prje; associated with the event shape
axes are also shown.

jets at threshold) are below the peaks for the jet-based Hr because of leakage towards
smaller values of fIT. The most convenient way to restore the vetoed particles is to
simply take prewt = 0 in Eq. (4.19), in which case the sum of the wg,. yields the total

sum of scalar pr in the event (though the sum of the wy;,, is no longer infrared safe).

We now compare standard jet clustering to the hybrid event shape approach. For
anti-kr jets, we use the standard E-scheme recombination, whereas for the hybrid
event shape, we use the anti-kz clustering measure with winner-take-all recombination
for the local clustering around each particle. In Fig. 4-10 we show two QCD dijet
events comparing the two hardest jets from anti-kr with the jets defined by the two
highest weights wg,. (With pret = 0). We also show the corresponding values of wy;,,
and wy,.. The displayed jet regions are determined by adding (passive) ghost particles
[43]. There are differences between the jet axes caused by the different recombination

schemes, and differences in the jet regions from the different effective jet splitting
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criteria. But overall, there is a good correlation between the two methods, and the
fact that wx,,, =~ 1 is a nice cross check.

Turning to the QCD dijet event sample, back in Fig. 4-8 we showed distributions
for the three highest weights wy,., which correlate strongly with the three hardest jets
from anti-k7 (and with the inverse multiplicity pr(n)). In Fig. 4-11, we compare the
direction of the axis of the hardest jet found with both methods, again seeing good
agreement, apart from a small set of events where the azimuth differs by 7 because the
choice of hardest jet is ambiguous. In the three panels of Fig. 4-12, we show various
effects on the hardest jet of having prewt = 0 versus non-zero prey. The (passive)
jet areas are shown in Fig. 4-12a, where the jet area distribution is peaked around
7 R? for ppcy = 0 (similar to anti-kr) whereas the area is smaller for non-zero preut
because of peripheral vetoes. The same effect is seen in Fig. 4-12b, where a non-zero
Preut decreases the wy, value. The effect is less visible for wy,, in the Fig. 4-12c,
since most events peak at 1, but there is a shift to lower wy,,, as preus is increased.
We thus conclude that prc,; = 0 gives results that are closer to the expectation from
standard jet clustering.

In terms of computational cost, the hybrid event shape approach is significantly
more costly than anti-kr, since one has to effectively run a separate jet clustering
procedure for each particle ¢ to determine the direction 7] z. On a standard laptop, it
is roughly a factor of four slower on dijet events. Despite the speed issue, this approach
to identifying candidate jet regions might still be appropriate for trigger-level analyses
because of the parallelizable and local nature of the hybrid event shapes. The winner-
take-all recombination is crucial for this approach to work, since it ensures that only
a small number of candidate jet axes are identified. It also has the nice feature that

a given jet axis is guaranteed to align along one of the input particle directions.

4.3 Shape Trimming

Thus far, we have only discussed event shapes for observables built as a sum over

all jets in an event. As discussed further in Sec. 4.4, the same basic strategy can
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Figure 4-11: Position of the hardest jet axis for QCD dijet events, using the same jet
clustering as Fig. 4-10. The (7, ¢1) coordinates correspond to the jet axis identified
with anti-k7, and (ﬁl,al) are the coordinates found with the hybrid event shape.
The area of the squares is proportional to the fraction of events in each bin. There
is a slight difference in the jet direction due to the different recombination schemes
(E-scheme for anti-kr, winner-take-all for the hybrid event shape). Note the (small)
accumulation of events at |¢; — 51| = 7, which occur when the two algorithms disagree
about which of the dijets is the hardest.
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Figure 4-12: Comparison of the hardest jet found with anti-k7 (green dashed curve),
the hybrid event shape result with prc, = 0 (blue dotted curve), and the hybrid event
shape with prew = 25 GeV (purple curve), all for QCD dijet events with R = 0.6.
Left: Passive jet area, where the first two methods peak at mR?. Center: jet pr (or
wry)- Right: fractional jet weight wy,,, where all methods peak at 1. In all cases,
the preut = 0 event shape is closer to the anti-kr result, since it restores peripheral
particles that are vetoed with non-zero preyt.
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be applied to observables which are a sum over all subjets in all jets in an event.
A simple application of this is to implement jet trimming [123] via an event shape.
We refer to traditional jet trimming as “tree trimming” and the corresponding event

shape version as “shape trimming”.

In tree trimming, one first clusters particles into jets of radius R and prje >
Preut, typically via the anti-kr algorithm. For each jet, one reclusters its constituents
into subjets with characteristic radius Ry < R, typically via the CA algorithm
[83, 166, 165] or kr algorithm [47, 91]. Subjets whose transverse momentum fraction
DTsub/PTiet are above a certain threshold f.,, are kept, while the remaining subjets

are removed. The four-momentum of a trimmed jet can be written as

PTsub

tiey, = Z pgube( s.u - fcut) ) (4.21)
subjets PTjet

where p., is the four-momentum of the subjet, preu is the corresponding trans-

verse momentum, and prie is the transverse momentum of the un-trimmed jet. The

trimmed four-momentum of the entire event is

PTsub

tgvent = Z t_;:;te(ijet - pTcut) - Z Z p:ube ( s‘u - fcut) 8(ije'c - pTcth4-22)
jets jets subjets PTjet

Along with the clustering algorithms used, the trimming procedure is specified by the

jet parameters {preut, R} and the subjet parameters {feut, Rsub}-

To recast trimming as an event shape, we can follow the strategy outlined in
Sec. 4.1, but adding an extra step to deal with the presence of subjets. Since p, =~
D iesubjes Pi Can be written as a sum over subjet’s constituents, we can skip the first

replacement in Eq. (4.5), and directly make the replacement

DD P DA (4.23)

Jjets subjets i€event
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Moreover,

PTiet — PTi,R, PTsub ~7 PTi,Raup (4-24)

where pri g, is analogous to pr; g in Eq. (4.7), except it only includes particles
contained in a cone around particle ¢ of radius Rg,p. The trimmed event shape

corresponding to the overall four-momentum is therefore

E;l:ent = z pf S/ (% - fcut) 6(pTi,R - pTcut)- (425)

i€event p Ti.R

For defining more general event shapes (or for use in other jet-based analyses), we

can interpret t* . as defining a weight for each individual particle:

w; = S (% - fcut) 6(pT'i,}‘i! - pTcut)' (426)
Pri,R

Here w; is either 0 or 1, but one could generalize w; to take on continuous values
by smoothing out the theta functions. In practice, we implement Eq. (4.26) as a
Selector in our FASTJET add-on, which takes a collection of particles and only
returns those particles with w; = 1. Instead of applying trimming event wide (“event
shape trimming”), one could first find jets with an ordinary jet algorithm and then
apply Eq. (4.26) with pr; r replaced by prjer; we have implemented this “jet shape

trimming” option as a Transformer in FASTJET.

One could also use the weights directly in the event shapes. For example, we could

define the trimmed jet multiplicity as

]’\\fjt;gm(pTcut: R; fcuty Rsub) = Z P S} (pTi,RSUb - fcut) 6(pTi,R - pTCUt)’ (427)

icevent P1i,R Pri,r

and one could define the trimmed inverse p¥'™(n, R; feu, Rsup) accordingly. Note that
applying the weights in Eq. (4.26) first and then calculating ]Vjet is not the same as
calculating JVJggm directly, since in the former case, the value of pr; g is affected by

the weights. In most cases, one gets better performance by using the weights first,
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Figure 4-13: Boosted top sample (left) and corresponding QCD background (right)
from the BOOST 2010 event samples [14]. For ordinary tree trimming, we identify
jets anti-kr jets with R = 1.0 and pre. = 200 GeV, and then applying trimming
with R = 0.3 and fo, = 0.05. For shape trimming, we apply event-wide trimming
using the same Ry, and f., parameter before clustering with anti-k7. In both cases,
we plot the masses of the two hardest jets per event.

especially if the jet observable Fje is non-linear in the inputs (as is the case for jet

mass studied in Sec. 4.4.1). For ]“V'TJ‘ert““ there is only a mild difference, so we use ]'\7';’;““

for simplicity in some of the case studies in Sec. 4.4.

To compare the behavior of ordinary tree trimming and shape trimming, we use
event samples from the BOOST 2010 report [14]. In particular, we analyze a boosted
top signal and the corresponding QCD background in the pr bin 500 GeV < pr <
600 GeV.'? In Fig. 4-13, we show the effect of trimming on the jet mass spectrum for
the boosted top signal and the corresponding QCD background. For tree trimming,
we build anti-kr jets with R = 1.0 and preye = 200 GeV and trim with Reyp, = 0.3
and fc,, = 0.05. For shape trimming, we use the same set of parameters to trim the
entire event according to weights from Eq. (4.26), and then build anti-kz jets with
R = 1.0 and preye = 200 GeV. We see that the behavior of both trimming methods

is very similar, and that both methods emphasize the boosted top mass peak while

2Event samples from BOOST 2010 and details about events generation can be found
at http://www.lpthe. jussieu.fr/~salam/projects/boost2010-events/herwig65 and http://
tev4.phys.washington.edu/TeraScale/boost2010/herwigf5. These events are for the 7 TeV
LHC generated with HERWIG 6.510 [66], with underlying event given by JIMMY [39] with an AT-
LAS tune [157].
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Figure 4-14: Pileup mitigation for Z(— vv) + j events. Shown is the mean of the
hardest jet mass distribution as a function of the number of primary vertices Npy.
In all cases we use Rgup = 0.3, with foy = 0.05 for tree-trimming and feu = 0.07 for
the two shape trimming options.

suppressing the high-mass QCD background. Jet shape trimming is not shown in
Fig. 4-13 as it performs very similarly to event shape trimming.

One important application for trimming is pileup mitigation [52, 10]. To study its
effectiveness, we take our sample of Z(— vv)+j events from Sec. 4.1 and overlay Npy
soft QCD events generated with PyTHIA 8.157 [150].}* We consider three options:
ordinary tree trimming, shape trimming applied to the individual jets (jet shape
trimming), and shape trimming applied to the entire event (event shape trimming).
Fig. 4-14 shows the average of the hardest jet mass as a function of Npy, where the
jets are built using anti-k7 with R = 1.0 and prew = 500 GeV. Taking Rg,p, = 0.3
in all cases, we find a comparable degree of stability against pileup for tree trimming
with fot = 0.05 (as was done in Ref. [10]), jet shape trimming with f.,, = 0.07,
and event shape trimming with f. = 0.07. Note that event shape trimming has the
largest variation with Npy, as expected since pr; g is typically lower than prje;, and
therefore does not groom as aggressively. Part of the reason we need a different feus
value for tree trimming versus shape trimming is that the effective subjet areas of the

two methods are different.

parton __

13Here, the minimum pr for the hard process at generator level has been reset to pr.,, =

350 GeV.
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A complementary way to do pileup mitigation is via area subtraction [41, 43, 151].
It is straightforward to correct the trimming weights in Eq. (4.26) using area sub-
traction, because pri g, and prir are defined in terms of fixed-radius regions, and
therefore have fixed areas mR2, and mR? respectively. At present, our FASTJET im-
plementation of shape trimming does not include area subtraction, but we anticipate

including that functionality in a future version.

4.4 Generalizations

4.4.1 Other Jet-like Event Shapes

The general procedure to build event shapes F from single jet observables Fie; was

given in Sec. 4.1. Here we give a few more examples beyond Jﬁ\dfjet, ﬁT, and ;T.

As a simple generalization of Nje and Hr, consider the jet-based observable

Hg‘(pTcuta R) = Z pgjet 6(ijet - pTcut); (428)

jets

where n = 0 (n = 1) corresponds to Njet (Hr). Using the method in Sec. 4.1, the

corresponding event shape is

ﬁ;(pTcut, R) = Z pT’i (pT'i,R)n 9(pT'i,R — pTcut)- (429)

i€event Ti,R

In Fig. 4-15, we compare H}(prcut, R) to I?}i(pTcut,R) for n = —1 in QCD dijet
events, using the same event generation scheme as Sec. 4.1.
A more complicated example is the sum of jet masses in an event,

MJ(pTcutn R) = Z Myet, e(ijet - pTcut)- (430)

jets
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Figure 4-15: Summed transverse momentum inverse (i.e. H3 with n = —1) for QCD

dijet events. The jet parameters, formatting, and cuts are the same as for Fig. 4-2.
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Figure 4-16: Summed jet mass analysis for M7 that mimics Ref. [85]. Shown is
a QCD four-jet sample with the (trimmed) summed jet mass of the four hardest
jets. For the anti-kr version, the trimmed jets have R = 1.2, prey = 50 GeV,
Rgup = 0.3, and foyr = 0.05, requiring at least four such jets and the hardest jet above
100 GeV. For the event shape version, the event selection criteria is Nj™ > 3.5
and pEFm(1) > 100 GeV with the same jet and trimming parameters above, and
the observable is M% defined in Eq. (4.32), calculated after the trimming weights in

Eq. (4.26) are applied.
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The corresponding event shape is given by

=~ Pri
MJ(pTcuh R) = Z T m; R @(pTi,R - pTcut): (431)

i€event Ti,R

where m; g = 4/|P}g>- One could of course raise m;r to a power in analogy with
~n
HT.

Summed jet mass is a potentially powerful variable to study high jet multiplicity
events at the LHC [114], and can be combined with other substructure observables to
control QCD multijet backgrounds to new physics searches [61, 85]. As an example,
it is instructive to see how to mimic aspects of such an analysis using event shapes. In
Ref. [85], events were clustered into fat jets with R = 1.2, the fat jets were trimmed
(Rewp = 0.3, feur = 0.05), and events were retained if they had at least four fat jets
above preut = 50 GeV and the hardest jet above 100 GeV. Then the (trimmed)
summed jet mass was taken for just the four hardest jets. To mimic the selection
procedure, one would take events with N;;gm (PTeuts B; feut, Rsub) > 3.5 (see Eq. (4.27))
and p¥'™(1) > 100 GeV. To mimic the observable, one would first apply the shape
trimming weights from Eq. (4.26), and then define

Mj} (pTcuh R) = MJ(p{T’cut? R)’ pITcut - ma‘x{pTcuta ’ﬁ;‘rim(S)}: (432)

where pf.., effectively picks out the four hardest jets (see Eq. (4.13)). In Fig. 4-16,
we compare the distributions of the (trimmed) summed mass calculated using the
two different methods on a QCD four-jet sample. Despite the somewhat complicated
form of the event shape version, there are clear correlations between the methods.

We will discuss the subjet counting aspect of Ref. [85] in Sec. 4.4.3.1

14The event-subjettiness variable of Ref. [61] is defined as a geometric mean of N-subjettiness
ratios [155, 156] measured on individual jets. To convert that to an event shape, we would first take
the logarithm, since that would correspond to a sum over the logs of individual jet observables, and
is therefore in the form needed in Eq. (4.4).
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4.4.2 Subjet-like Jet Shapes

Thus far, we have focused on jet-like event shapes, but it is clear that the same
technique can be applied to subjet-like jet shapes. These jet shapes would probe the
substructure of a given jet, and can be defined according to Egs. (4.4) and (4.8) with
“jet” replaced by “subjet” and “event” replaced by “jet”. Concretely, given a jet
found using an ordinary jet algorithm, consider a subjet-based observable built from

subjets of radius Ry, above prsubeut!

g(stubcut; Rsub) = Z gsubjet @(stub - stubcut): (433)

subjets

where Goubjet = g({p;-‘ }jesubjet) depends on the kinematics of the individual subjet

constituents. The corresponding jet shape would be

g(pTouh Rsub) = Z : gi,Rsub e(pTi,Rsub - stubcut)7 (434)
i€jet PTi.Rowy

where G; r,,, = 9({P} O(Raub — ARij)}jeser)-

As an example, a jet shape that counts the subjet multiplicity is

Nsubjet(stubcuty Rsub) = Z P @(pT'i,Rsub - stubcut)- (435)

i€jet  Rsub

In Fig. 4-17 we study subjet multiplicity for the same boosted top sample analyzed
in Sec. 4.3. Starting from anti-kr jets with R = 1.0 and prews = 200 GeV, we
count the number of subjets in three different ways. First, we count the number
of Cambridge-Aachen subjets left after trimming is applied with Rgy = 0.3 and
feut = 0.05. Second, we re-run anti-kz clustering on the jet with Rgyp = 0.3 and
DPTsubcut = Sfeut PTiet- 1hird, we use the jet shape Nsubjet with the same value of Ry
and Prsubeut- Lhe first two methods necessarily yield integer values, whereas Nsubjet is
continuous. All three methods peak at Ngpjer = 3, as expected since this is a boosted

top quark sample.
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Figure 4-17: Subjet multiplicity (i.e. Nsupjet) on the boosted top sample from BOOST
2010. The jet selection is the same as in Fig. 4-13, and we count subjets either with
Cambridge-Aachen clustering, anti-kr clustering, or ]—\'Tsubjet. In all cases, we take
Reup = 0.3 and preubeut = 0.05 prjet. In the case of Cambridge-Aachen clustering, this
is equivalent to counting the subjets left from (CA) trimming with Rg,, = 0.3 and
fcut - 005

4.4.3 Subjet-like Event Shapes

Our final generalization is to observables that are inclusive over the subjets in an
entire event. That is, we want to start from an observable defined in terms of the
constituents in a subjet, summed over all subjets in each jet, and then further summed
over all jets in the event. Consider an observable built from jets of radius R above

Preat With subjets of radius Ry, above preubeut:

H(pTcut: Rsub;stubcut: Rsub) = Z E Hsubjete(stub - stubcut)e(ijet - pTcum:-)’ﬁ)

jets subjets

where Hgybjet = h({p;"}jEsubjet) depends on the kinematics of the subjet constituents.

The corresponding event shape is

Dri

ﬁ(pTcut, R7 PTsubcut) Rsub) _— Z -

icevent £ 1 4 Flaub

Hi R, ©(PTiR. — PTsubeut)©(Pri R — Preuid-37)
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Figure 4-18: Summed subjet multiplicity (i.e. N5\i;) on a QCD four-jet sample, in
the spirit of Ref. [85]. The jet selection is the same as Fig. 4-16, and we use the event

shape ﬁ::g;:tﬂm“l from Eq. (4.41).

where H; g, = h({P} O(Rsuw — ARij)}jcevens). Note that the weight factor depends

on priR.,., and pr; g only appears for testing preut.

For measurement functions Hsypjet that are expressible as a sums over the subjet

constituents,

Hsubjet: Z E(p;‘): (438)

jEsubjet

where h is a single particle measurement function, we can elide the pr;/pr; r.,, weight-

ing factor and directly write down the event shape

ﬁ(pTcuta R; prsubcut, Rsub) = z ﬁ(pf) e('pTi,Rﬂub = stubcut)e(PTi,R = PTcut)-(4-39)

i€event
The shape trimming technique from Sec. 4.3 can be expressed as such an event shape,
with preubeut = feut Pri,r and Tm(p;‘) = pj (see Eq. (4.25)).
Following the example of subjet multiplicity f\?subjet in Eq. (4.35), we can define
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the (trimmed) summed subjet multiplicity:

N ::{,?;rim (pTcuta R; f cuts PTsubcut Rsub) (440)
DPri DT, R,y
= Z : @(pTi,Rgub - stubcut)G(——“z Haub - fcut)@(pTi,R —_ pTcut),
PTi,Ro, Pri.r

i€event

where the trimming criteria on the subjets is only imposed if it is stricter than the
DTsubens Tequirement. A similar variable was used in Ref. [85] to isolate high jet mul-
tiplicity events at the LHC, in concert with the summed jet mass already mentioned
in Sec. 4.4.1. Here, however, we are restricted to defining subjets with a fixed ra-
dius Rg., as opposed to the more dynamical subjet finding procedures advocated in
Ref. [85].° In Fig. 4-18, we compare subjet counting using anti-kr for both fat jets

and subjets to the comparable procedure with NG, on the QCD four-jet sample.

We use the same event selection as in Sec. 4.4.1, and define

~ trim,4 ) Y tri '
N, :Etr:jletnm (pTcut, R; f cuty PT'subcut Rsub) = N, ssll:}l,r;etnm (pchuta R: f cut» PTsubcut Rsub)(4-41)

with plroy = max{preu, D™ (5)} to effectively isolate the four hardest jets. Apart

Nsum,trimA

from the non-integer nature of Ny

, there is a clear correlation between the

methods.

4.5 Conclusions

We have shown how inclusive jet observables can be recast as jet-like event shapes. By
replacing an inclusive sum over jets in an event with an inclusive sum over particles
in an event, we have removed the dependence on the jet clustering procedure, while
still maintaining the jet-like radius R and jet-like momentum cut pr¢y expected
in jet-based analyses. While our original method can only be applied to inclusive
jet observables, we have shown one example where more exclusive information about

single jets was obtained by inverting the jet multiplicity event shape Njet to determine

15In principle, one could choose the subjet radius Rsup to be a (local) function of the particles
within a radius R of particle i.
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the pr of the n-th hardest jet. Our focus was on event shapes, though we have shown
that there is a straightforward generalization to jet shapes, which may find use in jet

substructure studies.

A promising possible application of these event shapes is for event selection at
the trigger level, especially given their local computational structure. To the best of
our knowledge, all jet triggers presently in use on the ATLAS and CMS experiments
can be mimicked by appropriate combinations of ]A\fjet, ﬁT, and ;T cuts (choosing
different values of R and prey; as needed). It may even be possible to do preliminary
jet identification at the trigger level using the hybrid event shapes with winner-take-
all recombination; the local nature of the clustering means that the approach can be
parallelized across the detector without double-counting. Of course, more detailed
feasibility studies are needed to see whether these event shapes can be incorporated
into the trigger upgrades planned for high-luminosity LHC running.

For analysis-level jet studies, the event shapes provide a complementary character-
ization of the gross jet-like nature of the event. From the correlations seen in Sec. 4.1,
one should expect F and F to have similar performance in an experimental context.
There can be important differences, however, in regions of phase space where jets are
overlapping or otherwise ambiguous. Thus, a comparison between, say, a selection
criteria based on Nj¢ and one based on f\fjet would offer a useful test for the robustness
of an analysis.

A novel application of our method is for jet grooming via shape trimming. This
worked because ordinary tree trimming [123] can be written as a double sum over
subjets and jets in an event, allowing an application of the general techniques in
Sec. 4.4.3. Shape trimming can be applied to event shapes themselves, or it can be
interpreted as simply assigning a weight to each particle in an event, after which
one can perform a traditional jet-based analysis. Shape trimming has similar pileup
mitigation performance to tree trimming, but can be more easily applied event-wide

since it does not require the explicit identification of jets or subjets.

Other grooming techniques beyond trimming deserve future study, though we do

not know (yet) how to cast them as event shapes. For example, filtering [40] is based
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on keeping a fixed number of subjets, which we do not know how to implement as an
inclusive sum over all particles in an event. Similarly, pruning [92, 93] and (modified)
mass drop [40, 73, 72] are based on recursively applying a selection criteria, which
have no obvious event shape counterpart. The modified mass drop procedure is
particularly interesting because it removes Sudakov double logarithms (73, 72], and
a non-recursive event shape version of this procedure would help for understanding
this unique behavior.

Finally, these event shapes are particularly interesting for future analytic studies
in perturbative QCD. Formally, an inclusive jet observable F and its event shape
counterpart F are exactly equivalent for infinitely narrow jets separated by more
than R, such that they share the same soft-collinear structure. Therefore, up to
non-singular and power-suppressed terms, we expect JF and F to have similar (if
not identical) factorization and resummation properties. That said, there is clearly
a difference between the integer-valued jet multiplicity Nje; and the continuous event
shape Njet, though the difference does not show up until O(e;) (for jets separated
by more than R but less than 2R) or O(a?) (for jets separated by more than 2R).
We expect that understanding the origin of non-integer Niet values is likely to shed

considerable light on the jet-like nature of QCD.
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Chapter 5

Conclusions

The discovery of the Higgs boson represents a historic event in particle physics. The
spontaneous breaking of the electroweak symmetry seems to be caused by a weakly
coupled elementary scalar. This is the first time we observe a system in Nature that
exhibits this property. Further data will allow to establish accurately the Higgs boson
properties and investigate possible deviations from SM predictions. The exploration of
the electroweak scale undergoing at the LHC will allow to fully unveil the mechanism
responsible for the electroweak symmetry breaking, and possibly to detect signals of
new physics. On one hand, new physics in the Higgs sector has been long expected
because of the naturalness problem. On the other hand, even if one abandons the
naturalness argument, the Higgs sector might act as a portal towards unknown sectors,
possibly related to dark matter and baryogenesis. In the first part of this thesis we
analyzed electroweak symmetry breaking from two different perspectives.

In Chapter 2 we adopted a “top-down” approach. We investigated how supersym-
metry breaking can be linked to electroweak symmetry breaking. In particular, the
dynamics of the Higgs sector in the supersymmetric standard model can contribute
to supersymmetry breaking. A general consequence is a light pseudo-goldstino in the
spectrum of the theory. If the mediation preserves an R-symmetry, stringent cosmo-
logical bounds can be evaded, and we investigated the consequences of this light state
for collider phenomenology. We demonstrated how Higgs and neutralino decays can

be potentially altered from standard supersymmetric predictions.
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In Chapter 3 we took instead a “bottom-up” approach. Starting from measure-
ments of the Higgs couplings performed by ATLAS and CMS and using exclusion
limits for Higgs-like states set at higher masses we constrained simplified extensions
of the SM Higgs sector. In particular, we considered the mixing of the SM Higgs
with a gauge singlet, which has possibly enhanced couplings to photons. Although
simplified, we believe those models map onto theoretically motivated extensions of
the SM, such as the NMSSM. The data show no statistically significant preference
for those models over the SM, and the mixing angle can be strongly constrained.

A second part of this thesis is developed in Chapter 4. Here, we focused on
QCD. We proposed a new definition of jets, that is based on event shapes and local
properties of the event around each particle, and does not require any clustering.
We showed how conventional inclusive jet-based observables can be recovered within
this new approach, and how subjet-based techniques, such as trimming, can aléo
be recast in this form. We also showed how more exclusive information, such as
individual jet four-momenta can be defined using “hybrid event shapes”. We discussed
potential applications of this framework both at trigger and analysis level. Finally,
we anticipated that an understanding of the fractional jet multiplicity defined in our
approach, might reveal interesting properties of QCD.

The development of new approaches for analyzing hadronic final states at colliders
has a double relevance. On one side, it is crucial for our search of new physics, as
we need increasingly more powerful tools to dig out possibly rare signals from back-
grounds, especially in conditions of high energy and high luminosity. The newborn
and extremely active field of jet substructure testifies to the relevance of this aspect.
On the other side, the need of a theoretical understanding of jet and jet substruc-
ture physics stimulated a renaissance of QCD physics, with the goal of improving
our understanding of its behévior, especially in regimes where standard perturbative
approaches cannot be used.

Understanding electroweak symmetry breaking is a major goal of particle physics
today. The next decade will be crucial, with the outcomes of the next LHC runs

reshaping, in any case, the future of the field.
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Appendix A

One-Loop Pseudo-Goldstino Mass

In this appendix, we calculate the pseudo-goldstino mass at one loop, which gives
large corrections to the tree-level mass in Eq. (2.20). In the mass eigenstate basis,

the tree-level neutralino Lagrangian is:
— 1
‘CX = ixoc‘f"a,,xo - (ﬁ(XO)TMDXO + hc) + Lint(xoa .. .), (Al)

where Mp is the diagonal mass matrix. The one-loop correction to the quadratic
Lagrangian can be written as:

— 1
5£§(2) = ix%=6*9,x" — (—

SO + h.c.) , (A.2)

where Z and Q are properly renormalized self-energy functions. Using Eq. (A.2), the

one-loop corrected pseudo-goldstino mass is
me = (1 — E¢)m¢* + Qe (A3)

The tree-level mass m?ee in Eq. (2.20) already captures the leading contribution from
gauge interactions (remember that at tree-level the pseudo-goldstino can get mass
only through gauge interactions), so at leading order we can ignore corrections coming

from éc,g. On the other hand, ﬁ“ is necessary to capture the leading contribution
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Figure A-1: One-loop self-energy diagrams contributing to the pseudo-goldstino mass.

in A, such that

The AX H,Hy term in Eq. (2.1) contains the following interactions:
LD (—Z“ngg + Y wixs + T w; xt) ¢+ hee, (A.5)

where w) and w¥ are the neutral and charged scalar mass eigenstates (including
Goldstone bosons), and x? and x¥ are the neutralino and chargino mass eigenstates.
The matrices Z, Y, and J encode the appropriate mixing angles between gauge
and mass eigenstates. The one-loop Feynman diagrams generated by Eq. (A.5) and
contributing to the bare self-energy €)¢ ¢ are shown in Fig. A-1.!

Because the theory has an underlying SUSY, UV divergences cancel in the sum
over the states running in the loop, so at one loop the bare quantity ¢ ¢ is finite and

ﬁ“ = (¢ ¢. The self-energy correction is

~ A2
2\ ké\2 2. 02 ,,2 TS T 2 a2 2
Que(0®) = (g(z VmuB (% mj, i) +2;y T msB(p*sm, i} ) ;
(A.6)
where my, ms, ux, and u,. are the neutralino, chargino, neutral scalar, and charged

scalar masses respectively, and p is the external momentum. The finite part of the

'The one-loop corrections to the scalar potential will move the minimum from its tree-level
position, generating tadpole diagrams that might contribute to 2. However, if we neglect gauge
interactions, there is no (¢w® coupling and tadpoles do not contribute to Q.
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(one loop) Passarino-Veltman function is

B z,y) = _/0 dtlog [tm +(1- t)gz— t(1 - t)pz] | A7)

where the renormalization group scale @Q? cancels in Eq. (A.6). Strictly speaking,
ﬁc,c(pz) should be evaluated at y/p? = m, when used in Eq. (A.4), but since the
self-energy is already O(\?), we can safely evaluate it at the tree-level mass /p? =

tree ~o
mc ~~ O.

107



108



Appendix B

Dominant Pseudo-Goldstino

Annihilation Channel

In this appendix, we confirm the statement in Sec. 2.3 that the pseudo-goldstino is
a hot relic. At temperatures above the Higgs mass, the pseudo-goldstino has unsup-
pressed interactions with Higgs bosons and higgsinos. Therefore, the pseudo-goldstino
achieves thermal equilibrium with the SSM for high enough reheat temperature. How-
ever, the interaction cross section drops rapidly for temperatures below the Higgs
mass, and the freezeout temperature of the pseudo-goldstino is roughly the same as

the freezeout temperature of the higgsino.

To see this, note that at temperatures below the Higgs mass, the dominant cou-

pling of the pseudo-goldstino to light SM fields is Higgs exchange, shown in Fig. B-1.

T h Uc, Dc’ Ec

R0 Q. L

Figure B-1: The pseudo-goldstino can annihilate through its higgsino component to
SM quarks and leptons. However, this cross section is very small, and the pseudo-
goldstino is a cosmologically dangerous hot relic.
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We can estimate this cross-section as
3/2
mev 4m?
Zeioc)‘z 2 ¢ )? (1_ f> (B.1)
h0

A yr \2 (O’ (120GeV\* /1 m¢ 2
" ~14 f h2¢ ¢
~ (10 Pb) v (1 0> (10—3) ( 10-3 ) ( Mpo ) (100 MeV) ’

where ys (my) is the Yukawa coupling (mass) of the relevant fermion, myo is the

Q

av

physical Higgs mass, v is the relative velocity, and s is the squared center-of-mass
energy. We have ignored the phase space suppression in the last estimate, and have
used typical masses and mixing angles from Figs. 2-2 and 2-3.

Comparing the scattering and Hubble rates at T' = m, we have

T mcorv 7 {9« me ov
il s ~1 B.2
H |1, g*(mC/Mpz) 0 (50) (100 MeV) 10~ pb )’ (B:2)

where g, is the number of degrees of freedom in equilibrium at this temperature.
The scattering rate is much smaller than the Hubble rate, implying that the pseudo-

goldstino freezes out while relativistic.
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Appendix C

Neutralino Decay Widths

In order to calculate the neutralino decay rates for Sec. 2.4.3, we have to account for
the fact that a neutralino LOSP is in general an admixture of the higginos, gauginos,
r-inos, and z-ino. The values of the soft parameters determine the relative fractions
of these components, which is especially important when the scale of R-violation in

the visible sector is small.

The generalization of Fig. 2-8 is shown in Fig. C-1. Taking into account all of the

mixings at tree-level and following the treatment in Ref. [84], we obtain the partial

)
7~
Pk I &
/
0 3
X i ¥
¢

Figure C-1: Illustrations of the general structure contributing to the neutralino LOSP
decay to a pseudo-goldstino. The left figure shows the decays to scalars h° and ¢,
while the right figure shows the decay to the Z. The fermion interaction eigenstates
contributing to the decay are ¥ = {Z,h3, h}, 70,79, B, W3}, and the relevant scalar

interaction eigenstates are p = {z,h?, Y, r2, r9}.
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widths

I'(x* = Z+¢) = —Mkﬁlz (1_ :?) (1_2mjz), (C.1)

64w cos? 0, 0 mio
(x> = h'+¢) = i S o (1 - —m—§3)2, (C.2)
64n ™o
2
OO = 6+0) = Toljayp (1 - I ) , (©3)
T Mo

where the relevant combinations of the mixing angles are

& = @;d’cefd’xo - @;uyce;ulxo, (C4)
az = (G:u,hoeFu7C - @:d,hOGdec)(gleg,xo - geW,XO)
+ V2X0z(O5, 1005 1o — Of,0O%. 40)> (C.5)

as = (0], 4Or.c — ©7,407,)(9O5 0 — 9OF o),

and we have neglected terms that depend on the mixing of the higgsinos and gauginos
with the pseudo-goldstino. In all these expressions, the pseudo-goldstino is approxi-

mated as massless.
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Appendix D

Inverting Jet Multiplicity

In Sec. 4.2, we want to find the pseudo-inverse of Niet (Preus, R) as a function of preu
to get the function pr(n,R). Here, we provide a computationally efficient way to

perform this inverse. Consider a general function of the form

f©) =) fi6(ci— o), (D.1)

i=1

where f; and c¢; are properties of the i-th particle, and c is some value of a cut. We
wish to calculate the pseudo-inverse c( f), which exists because f(c) is a monotonically
decreasing function of c. There is an ambiguity in the inverse because f(c) is a step-
wise function (with N steps), so there exists a range of values for ¢ with the same

value of f.

First, construct a list of length N with all of the values of c;, keeping track of the

corresponding value of f; for each entry:

{{e1, fi}, {c2, fo}, .- -, {en, IN}} (D.2)

This list can be sorted from highest value of ¢; to lowest value of ¢; with computational

scaling N log N. Let i; be the particle number ¢ for the j-th highest element in the
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sorted list:

{{Cil’f‘il}7{ci27f’i2}7'"7{C’iN7f'iN}}7 (D3)

with ¢;; > ¢, > ... > ciy. (If there are two value of ¢; that are truly identical, one
can add a small offset to arbitrarily break the degeneracy.)

From the sorted list, one then calculates the cumulative totals for the correspond-

ing fi;:
N
{{C'in fil}! {Cizy fil + fiz}: cey {quN1 Z fij}}- (D4)
i=1

Eq. (D.4) gives the function f(c). To find the pseudo-inverse c(f), one finds the value
of J such that

J+1

J
S fy<F<O i (D.5)
J=1 j=1

(For a sorted list, the computational cost of searching scales like log N.) The pseudo-
inverse c(f) can then take on any value between ¢;, and c;,,,. For concreteness, we

use

o(f) = Ciypro (D.6)

which makes sure that calculating pr(n, R) with 0 < n.g < 1 on infinitely narrow jets

gives back the pr of the n-th jet.
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