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Abstract
This thesis focuses on three different examples of techniques designed to extract
signal from background in the highly polluted by QCD environment of the protonproton collisions at the Large Hadron Collider. The first is an attempt at quarkgluon tagging with the help of a simplified version of the shower deconstruction
approximation to the likelihood ratio. We find that it outperforms some frontrunners in the field for a large variety of jet definitions and constraints, assuming
topocluster-like objects instead of hadrons as seeds. The second search is tasked
with identifying boosted W bosons, emitted from high virtuality quarks, thereby
measuring the effects of Sudakov logarithmic enhancement under different assumptions of the systematic uncertainty. Finally we examine the LHC’s capability to
measure and constrain the strength of the tt̄H(bb̄) channel in an extensive search of
various modestly boosted phase space regions. Under optimistic assumptions about
the missing energy reconstruction in b-tagged jets and the handling of the systematic uncertainty, we are able to exclude deviations on the order of 20% from the SM
expectation.
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Chapter 1
Introduction
The Standard Model (SM) of particle physics describes the strong nuclear, weak nuclear and electromagnetic interactions of the fundamental matter fields (six quarks
and six leptons) by treating them as multiplets in a representation of a local gauge
symmetry group SU (3)c ⊗ SU (2)I ⊗ U (1)Y [6–9]. The symmetry requirement necessitates interactions through gauge vector bosons, one for each conserved current.
Within this framework, the gauge bosons cannot be massive. Moreover, the weak
nuclear force is chiral, it affects the left and right handed components of the fermionic
fields differently. Therefore, a mass term m(ψ̄L ψR + ψ̄R ψL ) will violate the gauge
symmetry. Both of these conditions are in contrast with observations, which is
solved by the Higgs Mechanism [10–12]. It introduces a scalar field that transforms
in the fundamental representation of the weak isospin group and also has a weak
hypercharge. The potential of the Higgs field has a vacuum that breaks the underlying gauge symmetry SU (2)I ⊗ U (1)Y → U (1)EM , giving masses to the W ±
and Z bosons, leaves the photon massless and introduces a massive scalar particle
- the Higgs boson. The quark and lepton masses are generated through the gauge
invariant Yukawa terms between the fermionic and scalar fields.
All in all there are 19 parameters that are not fixed by the theory, but fitted from
experiments, with the final one recently determined from the discovery of the Higgs
boson at the LHC [13, 14]. Yet, the predictions of the theory are consistent with
all collider experimental results spanning many decades. However, the SM cannot
provide an answer to some very ubiquitous observations. For example gravity has
1
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2

not been worked out within the SM framework. Moreover, nothing in the theory
accounts for the accelerated expansion of the universe and the seeming prevalence of
non-baryonic dark matter [15]. The model is fairly symmetric between matter and
anti-matter, with the exclusion of the CP-violating phase in the CKM matrix [16],
so the abundance of matter is still a puzzle. It is now well established that neutrinos
oscillate [17], which can only happen if they have different masses. In the SM they
do not get a Yukawa coupling, so they remain massless.
In order to find explanations for these observations, we try to find deviations from
the SM in particle collisions in order to gain more hints of what the true theory
is. Resonances of new particles would be the most clear sign of such deviations,
but discrepancy between rates of certain selection channels and their SM predicted
values can also provide clues. To reach the high energy frontier of the LHC, the
only viable option is to collide protons. They are composite objects, bound by the
strong nuclear force. Therefore, not only is the cross section dominated by QCD
background, but even on an event-by-event level QCD effects play a huge role in
the final distribution of particles. For example, the reconstructed resonance of a
heavy particle that decays hadronically can be washed away by the inclusion of
radiation from different sources, or by a loss of energy through QCD emissions.
Special techniques need to be developed to circumvent these difficulties. This thesis
proposes and shows the use of such techniques for analysing various final states. In
Chapter 2, the method of shower deconstruction [5,18,19] is employed to distinguish
between quark- and gluon-initiated jets - a central, but still not a concluded, topic
to QCD phenomenology from the conception of the theory. Two simple examples
of the use of such a tagger are shown. In Chapter 3 we use very recent advances in
Monte Carlo simulations of collinear electroweak boson emissions to reconstruct a
hadronic W , emitted in the vicinity of a boosted quark, by several techniques and
compared to the leptonic case. Finally, Chapter 4 is dedicated to identifying the
notorious and background-dominated semileptonic tt̄H(bb̄) events. Moreover, limits
on the measurement of the signal strength are calculated with a simple model of the
systematic uncertainties.
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3

QCD

Quarks were introduced as the constituents of the strongly interacting hadrons in
order to systematise the quantum numbers of the multiple hadronic species discovered during the mid 20th century. In order to predict the pattern of the light
baryons and mesons, only a set of three spin- 21 constituents with fractional electric
charge seemed sufficient [20, 21]. However, it was noted that the ∆++ baryon, a
spin- 32 hadron, has a symmetric wavefunction in space, spin and flavour, but it is a
fermion and needs to be anti-symmetric overall. To this end, the constituent quarks
are required to have another type of quantum number, colour [22, 23], with three
possible values, which can be made totally anti-symmetric in the ∆++ wavefunction [24]. Another evidence for the three colour species of quarks comes from the
ratio R = σ(e+ e− → hadrons)/σ(e+ e− → µ+ µ− ). In the quark model, away from
resonances, it should be a constant and depend on the number of quark species
P
R ≈ Nc f Q2f , with Qf the electric charge of the quark f and Nc the number of

degrees of freedom per flavour. Experimental results are consistent with three colour

species for each flavour [25]. Moreover, the observable particles are all singlets in
this quantum number. Therefore, the quarks are confined within the hadrons and
the strong interaction has a limited range.
The evidence that the quarks are real physical objects and not simply a bookkeeping tool came from deep inelastic scattering experiments [26]. The (near) independence of the cross section on the virtuality of the probing photon (Bjorken
scaling [27]) suggests that the hadrons contain point electric charges within them,
dubbed ”partons” at the time. To exhibit this scale independence, the hadrons must
also be free from internal interactions at the energy of the experiment. To reverse
the argument, since the independence is only approximate, there are interactions
between the quarks, but they become smaller as the hadron is probed at smaller
distance. This behaviour is called ”asymptotic freedom” and is a crucial observation
that needs to be exhibited by a theory of the strong nuclear force. Further results
about the fraction of longitudinal and transverse virtual photon absorption confirm
that these partons are spin- 21 [28]. The electrically charged partons accounted for
only about half the hadron momentum [29], hinting that there might be other parton
December 21, 2016
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species within the hadrons.
A theory of the strong interaction between quarks needs to explain the confinement at low energy scales and the asymptotic freedom at high energies. Moreover, it
also has to predict the deviation from a free theory at each photon virtuality scale.

1.1.1

QCD Lagrangian

We know that the full spectrum of quark flavours is six and, as far as the strong force
is concerned, the only difference between them is their mass. The theory that fits
the experimental observations listed earlier, Quantum Chromodynamics, is based
on a local SU(3) symmetry, where each flavour species of quark forms a multiplet of
Dirac spinors that transforms in the fundamental representation of SU(3)
(
)
X
ψi → ψi0 = exp i
α(x)a T a ψj .
a

(1.1.1)

ij

Each T a is a generator of the group corresponding to one of the independent infinitesimal transformations and αa (x) are scalar functions that parametrise how
much of each independent transformation is performed. The rest of the group members can be built from these generators. The T a matrices are normalised such that
tr[T a T b ] = TR δ ab with TR = 1/2. The commutation relations between the T a define
the group,

 a b
T , T = if abc T c .

(1.1.2)

The numbers f abc are the structure constants and they are antisymmetric under
the exchange of any two of the indices. SU(3) has 8 independent generators (9
complex components, 9 fixing conditions from unitarity U U † = 1, and one from
|U | = 1). The Casimir operators in the fundamental and adjoint representations
are CF = 4/3 and CA = 3. Just like in QED, the requirement of local invariance of
the Dirac Lagrangian density necessitates the introduction of a covariant derivative
through interaction terms between conserved currents of the type jµa = Taji ψ̄j γµ ψi
and vector fields Aaµ , called gluons,
LDirac =

X
f

X


/ − mf ij ψj .
ψ̄i i∂/ − mf δij ψj →
ψ̄i iD

(1.1.3)

f
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The notation v/ ≡ γµ v µ is used, where vµ is a four-vector and γµ are the Dirac matrices that satisfy {γµ , γν } = 2gµν , with gµν = diag(1, −1, −1, −1) - the Minkowski
metric. The covariant derivative is a matrix in colour space,
[Dµ ]ij = ∂µ δij − igAaµ Tija .

(1.1.4)

The condition of gauge covariance fixes the transformation properties of the vecP
tor fields Aaµ . In order to satisfy D0 ψ 0 = exp{i a α(x)a T a }Dψ, the infinitesimal
transformation of the vector fields is

1
1
a
a
abc b
A0a
Aµ (x)αc (x) = Aaµ (x) + Dµab αb (x) ,
µ (x) = Aµ (x) + ∂µ α (x) + f
g
g

(1.1.5)

with the covariant derivative in the adjoint representation (T b )ac = if abc . The gluons
can also form a gauge invariant term in the Lagrangian density through the field
strength tensors
a
−igFµν
T a = [Dµ , Dν ]

(1.1.6)

a
Fµν
= ∂µ Aaν − ∂ν Aaµ + gf abc Abµ Acν .

This is different from the field strength of the Abelian QED, which only has the
derivative terms and is gauge invariant under U(1). Therefore, in QCD contracting a field strength tensor with itself does not give a gauge invariant term to the
Lagrangian density; however, the sum over all eight such terms is invariant,
1 a µν
L ⊃ − Fµν
Fa .
4

(1.1.7)

The gluon kinetic term contains contributions like AAA and AAAA, which correspond to interactions among the gluon fields themselves. This is not surprising given
the fact that they transform into one another under gauge transformations, but it
is in contrast to the Abelian QED theory, where the photon does not interact with
itself. The gluon self interaction is responsible for the confinement of colour-charged
particles to small distances. In contrast to QED, where two oppositely charged particles can move apart and reduce the field flux density between them, corresponding
to smaller force, the gluon self interaction means that the field lines between a quark
and an anti-quark form a dense tube keeping the force constant. Therefore, very
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quickly the gluon field between the quarks will have enough energy to create another quark anti-quark pair and form two colour-neutral systems. There has not
been an analytic proof of confinement from field theory, but lattice QCD numerical
calculations have shown it to be true [30–32].
Combining the gluon kinetic term and the Dirac term, the classical Lagrangian
density for a local SU(3) symmetry between the quarks is

1 a µν X
/ − mf ij ψj .
Fa +
Lclassical = − Fµν
ψ̄i iD
4
f

1.1.2

(1.1.8)

Perturbative QCD

Such a Lagrangian is only useful if it can lead to calculations of measurable physical
observables. For a field theory the transition from one field configuration φI (0, x)
to another, φF (t, x) after time t is [33]
hφF (t, x)| exp{−iHt} |φI (0, x)i =

Z

 t

 Z

4
Dφ exp i d xL ,



(1.1.9)

0

where H is the Hamiltonian, L is the Lagrangian density and Dφ is the infinitesimal
difference between field configurations according to the path integral formalism.
Here φ(x) is a schematic way of incorporating the state of all the different QCD
fields - the six flavours and three colours of quarks and anti-quarks (f and i), the
eight colours of gluons (a), as well as their spinor and vector indices (β and µ).
Therefore, the functional integral measure is
Dφ ≡

Y

f,i,β

β
β
Dψ̄f,i
Dψf,i

!

Y
a,µ

DAaµ

!

.

(1.1.10)

The QCD Lagrangian density consists of the classical part from Eq. (1.1.8) as well
as two other terms that are a consequence of gauge selection,
L = Lclassical + Lgauge + Lghost .

(1.1.11)

In a free theory the Lagrangian density is quadratic and, therefore, the path integral
is exactly calculable. In a gauge theory like QCD, there are higher order terms, which
spoil the form of the exponential. The only way to reach an analytical result1 is by
1

Lattice QCD is an alternative way to make predictions from the QCD Lagrangian using nu-

merical methods, but its applications are limited to low energy scale.
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expanding the exponential around the free Lagrangian and only evaluate terms up to
a fixed order of the coupling constant. The perturbative approximation is good when
this constant is small. In this picture, the particles are created and annihilated in
vertices that are defined by the interaction Lagrangian, but propagate as if they are
free between these vertices. The amplitude can be read off from Feynamn diagrams,
which keep track of the possible contributions to a fixed order, following a set of rules
derived from the Lagrangian density. There are certain transformations that need
to be implemented in the Lagrangian in order to make such objects computable.
They account for the two additional Lagrangian terms.
In order to define the propagator of the gauge bosons, one has to find the inverse
of the quadratic term. When the boson is massless, the inversion is not possible
unless the gauge degree of freedom is removed. A popular choice of gauge-fixing term
comes from the Lorentz condition, which leads with the Faddeev-Popov method [34]
to L ⊃ Lgauge = − 2ξ1 (∂ µ Aaµ )2 . In addition, there is another term from the procedure,
which can be inserted into the Lagrangian density as a kinetic and interaction term
of massless anti-commuting scalar fields in the adjoint representation, which are
called ”ghosts”, L ⊃ Lghost = c̄a ∂ µ Dµab cb . These particles are not physical because
they disobey the spin-statistics relation and have a negative norm. But it is no
coincidence that they show up in the gauge boson propagation definition. A physical
massless vector boson has only two polarisations, but when the propagator is defined
in a Lorentz invariant way, there will be four components that are propagated. The
addition of diagrams, containing ghosts, removes the spurious polarisations.
There is another type of gauge fixing, called axial gauge [24], which breaks
Lorentz invariance by introducing a fixed direction Lgauge = − 2ξ1 (nµ Aaµ )2 . Such
a gauge removes the need for ghost particles. In general however, such a term
introduces a term in the propagator proportional to (n·p)−1 , which diverges when the
momentum is proportional to nµ . It is useful when dealing with collinear singularities
because the possible momentum vectors are constrained, so nµ can always be chosen
to point away from pµ .
When perturbation theory is used to calculate transition amplitudes, ultraviolet
divergences appear from the integration of loop momenta. For a renormalisable
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theory, such as QCD, it is possible to systematically remove these divergences by
re-defining the parameters of the theory and in the process introducing counter
terms to the interaction Lagrangian. There is a freedom to choose from what scale
these counter terms subtract the divergences from the bare parameters of the theory,
which will affect the Feynman rules and consequently the results for a calculation at a
fixed order in perturbation theory. The parameters of the theory become dependent
on the renormalisation scale µ2 . In particular, the dependence of the renormalised
coupling αs =

g2
4π

satisfies the differential equation
µ2

∂αs
= β(αs ) ,
∂µ2

(1.1.12)

where the function β(αs ) can be expanded in orders of αs , β(αs ) = −b0 αs2 + O(αs3 ).
The constant b0 = (11CA − 2Nf )/12π can be calculated by applying the CallanSymanzik equations for a set of Green’s functions [35, 36]. Assuming that the coupling constant is small at two scales µ2 and Q2 , its magnitudes at those points are
related by
αs (Q2 ) =

αs (µ2 )
2

1 + b0 αs (µ2 ) log Qµ2

.

(1.1.13)

If b0 is positive, which is the case for QCD with six flavours of quarks, the strength
of the coupling is reduced as the scale of the interaction increases. This confirms
the property of asymptotic freedom and justifies the use of perturbation theory at
high scale.

1.2

Experimental Setup

The focus of the thesis is exclusively on the LHC experiment. As already pointed
out, this is a proton-proton collider. The two general-purpose detectors, CMS [37]
and ATLAS [38], naturally have different designs, but the general layout is similar,
see Fig. 1.1.
Closest to the beam axis is a tracker system, which can trace the path of charged
particles. Among other applications, this allows the reconstruction of vertices, which
helps in separating the radiation from collisions of different pairs of protons within
the same bunch. This type of contamination is called Pile Up (PU). Moreover, the
December 21, 2016

1.2. Experimental Setup

9

Figure 1.1: Transverse slice of the central region in the CMS detector [4]
B-mesons lifetimes are long enough that a displaced vertex can be traced, which
allows for a very accurate b-tagging.
The next layer is an electromagnetic calorimeter. As the name suggests, it is able
to contain the energy from electrons, positrons and photons, thereby allowing the
identification of such particles. It is not straightforward to identify EM objects from
the hard matrix element since many hadrons may decay to leptons or photons and
produce the same signature. Therefore, it is crucial to require an isolation criterion
for the hadronic radiation around and above the supercluster in the ECAL that
contains the photon or electron candidate. The experiments use a Boosted Decision
Tree (BDT) classifier that incorporates many observables including the isolation
criterion [39] when an electromagnetic particle is identified. The difference between
photons and electrons comes from the presence or lack of a charged track that leads
to the ECAL supercluster. The electromagnetic calorimeter is encompassed by a
hadronic calorimeter, whose granularity is significantly worse. The hadronic objects
that are usually employed in an analysis are clusters of HCAL towers, called jets.
They will be defined later in this chapter.
Finally, the last layer is the muon detector, which is similar in effect to the
tracker, because it traces the path of the muons. The layers are subjected to magnetic fields that curve the path of the charged particles.
Apart from the PU radiation, which is the consequence of multiple proton colliDecember 21, 2016
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sions, there are other contributions to the pollution of the final state. Even though
the main collision is between one parton from each proton, the rest of the partons
within the two colliding protons also interact and can produce detectable radiation,
which is called Underlying Event (UE). This is different from PU because radiation
from the UE will be traced to the same vertex as the hard interaction. Moreover,
even the two partons that produce the hard collision may undergo radiation of a
particle at a resolvable scale before entering into the hard vertex.
Not knowing the exact momentum fraction of the partons means that the lab
frame is not the centre of mass frame of the hard collision. Nevertheless, we know
it is boosted along the beam axis. Therefore, it is helpful to use quantities that
are Lorentz invariant under such a boost. It is customary to assign the coordinate
system such that the z-axis follows the beam, the x-axis points towards the centre
of the ring and the y-axis point upwards. Then the component of the momentum
in the x − y plane, the transverse momentum pT , is invariant. Also, as the system
begins with no transverse momentum, the sum of transverse components in the final
state should cancel. An event with a large overall pT is indicative of an invisible
to the detectors particle, such as a neutrino or a BSM particle. Another invariant
quantity is the azimuthal angle φ in the plane transverse to the beam. The polar
angle θ is affected by the boost and the relative polar angles between objects in the
lab frame is different from what would be measured in the c.o.m frame. More useful
variables are the rapidity y and pseudorapidity η
y=

E + pz
1
log
, η = − log θ/2 .
2
E − pz

(1.2.14)

The rapidity depends on the frame of reference, but the difference between the rapidity of two objects is constant under a boost in the z direction. For massless particles
y = η. So for the final state particles that reach the detectors, the pseudorapidity
is a good approximation. Its benefit is that it is purely geometrical. Therefore, an
p
angular distance between objects can be defined as ∆R = ∆φ2 + ∆η 2 .
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From perturbative Matrix Element to observable Cross Section

In collision experiments one can observe the rate at which a final state of interest
occurs given an experimentally controlled initial state. Even though the number
of transitions is related to the transition amplitude between the ”in” and ”out”
states, there are experiment-dependent contributions as well. For example, if two
beams are fired at each other, the number of collisions will depend on the number
of all participants. It will, therefore, be proportional to the number densities in
both beams, the velocity of the beams, the time of beam overlap, and the area
of overlap. All of these quantities enter in the experiment-dependent integrated
R
luminosity Ldt. For a description of the integrated luminosity at the LHC check
R
[40]. The number of events is proportional to this quantity, N = σ Ldt. The
constant of proportionality σ, the cross section, is independent of the experimental

set-up and determined by the underlying physics; therefore, it can be compared to
theory.
The transition amplitude for 2 → n collision is
out

hp1 , p2 , ..., pn |k1 , k2 iin = hp1 , ..., pn | S |k1 , k2 i. The variables pi , for i ∈ [1, n], are

the four-momenta of the outgoing particles and, analogously, k1 and k2 are those of
the incoming particles. Since we are not interested in the transitions that do not
change the initial state, we remove the unit part of the S matrix S = 1 + iT . Then
the invariant matrix element is defined by [33]
hp1 , ..., pn | iT |k1 , k2 i = (2π)2 δ (4) (k1 + k2 − p1 − ... − pn )iM(k1 , k2 → p1 , ..., pn ) .
(1.3.15)
An overall momentum-conserving delta function is factored out of M. The matrix
element can be calculated to a fixed order in αs by summing the contributions of
all connected and amputated Feynman diagrams that match the external particles,
using the rules and parameters of the renormalised theory [33,41]. The cross section
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is then a combination of the dynamics and the kinematics of the process
!
Z Y
n
1
d4 pi
σ2→n = 0 0
δ(p2i − m2i )
4
2k1 2k2 |v1 − v2 |
(2π)
i=1

12

(1.3.16)

× |M(k1 , k2 , p1 , ..., pn )|2 (2π)4 δ (4) (k1 + k2 − p1 − ... − pn ) .

1.3.1

Infrared and collinear divergence

The Infrared problem
In renormalised perturbation theory the UV divergences are absorbed in the parameters of the Lagrangian and the cross section depends on the renormalisation scale
through the running of the coupling and the masses of the matter fields. But there
are other divergences in the matrix elements calculated at fixed order, which occur
at the other end of the energy spectrum. These divergences are most easily illustrated by the cross section for the emission of a soft gluon from a quark anti-quark
pair in the final state. The matrix element is the sum of the two Feynman diagrams
(Fig. 1.2): when the gluon with momentum k is emitted from the quark (momentum
p) and when the gluon is emitted from the anti-quark (momentum p0 ) [33]
i(p/ + k/ + m)
Mv(p0 )
(p + k)2 − m2
−i(p/0 + k/ − m)
a
+ ū(p)M igTij 0
/(k) v(p0 )
2
2
(p + k) − m


p · (k) p0 · (k)
0
a
≈ [ū(p)Mv(p )] gTij
− 0
.
p·k
p ·k

[Mqq̄g ]aij = ū(p) igTija /(k)

(1.3.17)

Here M is the rest of the diagram that couples to the quark anti-quark pair and the
gluon through two Dirac spinor indices. To reach the last line, we ignore the k/ term
in the numerator of the propagator and we apply Dirac’s equation for the outgoing
fermions. In order to find the cross section, we first need the squared matrix element,
summed and averaged over the possible colours and polarisations of the final and
initial particles
2p · p0
.
|Mqq̄g | = |Mqq̄ | CF 4παs
p · k p0 · k
2

2

(1.3.18)

Then we can split the phase space element for the q q̄ pair from the one-particle
phase space and completely factorise the q q̄ cross section from the splitting of the
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Figure 1.2: The two Feynman diagrams, contributing to an emission of a gluon from
a quark anti-quark pair
soft gluon
σqq̄g = F · dΦqq̄g · |Mqq̄g |2 = F · dΦqq̄ · |Mqq̄ |2
× dEk dcosθ dφ

αs CF
1
.
2
2
π Ek (1 − cos2 θ)

(1.3.19)

The emission of the gluon factorises from the rest of the cross section and there is
a classical probability associated with it. Moreover, this probability explodes when
the gluon energy approaches zero, Ek → 0, or when its momentum becomes collinear
with one of the quarks, θ → 0, π. This is not a physical result, but also no physical measurement can look at the energy and angular distribution of the gluon with
infinite accuracy. Therefore, to calculate the expected cross section from an experiment, the virtual contributions from the interference of the Born matrix element
and the loop correction need to be added for a consistent perturbative calculation
because they are at the same order in αs . According to the Block-Nordsieck [42] and
Kinoshita-Lee-Nauenberg theorems [43,44] these divergences cancel to all orders for
inclusive cross sections, thus preserving unitarity.
In order for such cancellations to occur for pQCD predictions of other observables
than inclusive cross sections, these variables need to have the property of infrared
and collinear safety. This property is characterised by the following condition for
observable O({p})
O(p1 , ..., pi , pj , ..., pn+1 ) → O(p1 , ..., pi + pj , ..., pn+1 ) ,

(1.3.20)
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if pi and pj become collinear to one another or either of them becomes soft. When
this is true, the observable is the same for the virtual and real corrections in the
enhanced region and can be taken out of the integrals over the phase space of the
collinear and soft particles, allowing for the infinities in the cross section contributions to cancel exactly.
Going back to measuring σqq̄g , as it stands it is not a well defined observable.
Moreover, the detectors of collider experiments do not observe partons in the first
place, but cascades of hadrons. Therefore, in order to compare theoretical calculations to experimental observation, we need to cluster the final state particles (be
it at parton level or hadron level) into IRC safe jets. Then the cross section for N
jets will depend on the jet definition, but it will be well defined as long as the jet
definition is.
Sequential clustering algorithms
Such jet definitions are the family of sequential clustering algorithms. A sequential
clustering algorithm combines final state objects, which for the purposes of jet clustering we refer to as seeds, a pair at a time. At each stage of the clustering, there is
a distance measure dij between each pair of seeds and in the hadron-hadron collision
case another distance measure di , defined for each seed individually. If the smallest
measure is dij then seeds i and j are merged into a single seed. All distances involving the old two seeds are dropped and new ones are calculated for the combined
seed. If a di distance is the smallest then this seed is assigned the status of a jet and
is removed from further clustering. The steps repeat until all the seeds are merged
and assigned to jets. The distance measures are
2a
dij = min(p2a
T i , pT j )

2
∆Rij
;
2
Rjet

(1.3.21)

di = p2a
Ti .
2
The geometric distance is ∆Rij
= (φi −φj )2 +(ηi −ηj )2 , where φi is the azimuthal

angle around the axis of the beam and ηi is the pseudorapidity of seed i. This
quantity is invariant for massless particles under boosts along the z-axis and is
therefore a suitable measure for proton-proton collisions, where the centre of mass
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of the hard interaction can be boosted along the beam direction in the lab frame. The
other geometric parameter Rjet , an arbitrary choice for each analysis, controls the
angular size of the jets, but is usually not exactly a jet radius in the mathematical
sense. The last parameter a controls what type of seed pairs are to be clustered
first. Another cut is applied on the minimum transverse momentum that a jet must
have, which limits the final number of jets considerably. There are two reasons for a
minimum pT requirement. The theoretical reason is that there must be such a cutoff in order to make the algorithm IR-safe; moreover, this value should be chosen
such that αs is small at that scale. The practical reason, and the leading one,
has experimental considerations. As a proton-proton interaction involves multiple
parton interaction at the same time, there are multiple jets with low pT that are
not part of the hard process. A sufficiently large cut will ameliorate this source of
systematic effects.
When a = 1, priority is given to pairs with seeds that are close geometrically
and at least one of them is soft. This algorithm is called kT -algorithm [45]. The
intention is to mimic the QCD infrared and collinear singularities. A practical
problem with this definition is the amorphous area that the jets take. Even though
the jet definition involves a Rjet parameter, it determines how far away a seed needs
to be from all others in order to be assigned as a jet and is not related to the area
of the jet directly. This leads to difficulties in calibrating the properties of the jets
according to detector effects.
A solution to this problem is to change the distance definition with a = −1. This
algorithm is called anti-kT [46]. It gives priority to nearby pairs with at least one
seed with large pT . Therefore a hard seed will accrete the softer radiation around it
until all seeds within a radius Rjet are merged into it. This will form a geometrically
well defined circular jet, where Rjet is indeed indicative of the jet size. This situation
is only true for the hardest seed in the vicinity. If two hard seeds are separated by
more than Rjet but less than 2Rjet , the harder seed will form a circular jet around
it, but this will come at the expense of the softer seed.
A third popular choice is a = 0 named the Cambridge/Aachen algorithm [47].
The distance is purely geometrical in this case. The effect of that is to soften
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the ”winner-takes-all” scenario with overlapping anti-kT jets by assigning seeds to
whichever jet centre is closest, disregarding the relative hardness of the competing
jets.
Final state collinear factorisation
The equation in the soft limit Eq. (1.3.19) shows the factorisation of the matrix
element that involves a soft or soft and collinear final state gluon into a hard matrix
element and a gluon emission probability from a colour dipole. There is also similar
factorisation when a nearly on-shell parton splits in two collinear partons with more
symmetric distribution of the parent’s energy. If the particles are massless compared
to the momentum involved, then this configuration is strongly enhanced by the
denominator of the propagator. When particle a splits into a → b + c, the matrix
element splits into [24, 33]
P s
s0
s
λ (λ (a)λ (a))
Mn+1 → M
T g V s0 (λ(b), λ(c), pb , pc ).
2
(pb + pc )

(1.3.22)

Where M s is the hard part of the matrix element that is attached to an on-shell
propagator and has a polarisation index s (either spinor or four-vector index depending on particle a). The sum is over all polarisations that are propagated through a
(in the physical gauge these are only the physical polarisations). The denominator
(pb + pc )2 ≈ z(1 − z)Ea2 θ2 becomes small when the emission is collinear. Here z =
and 1 − z =

Ec
.
Ea

Eb
Ea

Finally the last term V s0 is the splitting vertex Feynman rule cou-

pled with the polarisations of c and b with the colour factor and coupling constant
extracted out. It also has a polarisation index to link with the propagator of a. The
QCD rules that form V s0 (λ(b), λ(c), pb , pc ) are such that if the spin/polarisation of
particles b and c are fixed, so is for particle a. Therefore, only one term in the sum
over the propagator polarisations contributes to a non-zero result. Therefore the
matrix element squared is factorisable
|Mn+1 |2 ∝ |Mn |2

αs
P (z, λb , λc ).
pb · p c

(1.3.23)

December 21, 2016

1.3. From perturbative Matrix Element to observable Cross Section

17

If the φ dependence is integrated out and the contribution from all b and c polarisations is summed, then the spin averaged splitting functions are obtained [24, 33, 48]


1 + z2
P (z)q←q = CF
1−z


1 + (1 − z)2
P (z)g←q = CF
z
(1.3.24)

2
2
P (z)q←g = TR z + (1 − z)


1−z
z
P (z)g←g = CA
+
+ z(1 − z) .
z
1−z
The arrow notation in the subscript, P (z)j←i , indicates that a particle i splits and
one of the daughters, a particle j, takes a fraction z of its energy. That is why
P (z)q←q = P (1 − z)g←q , they come from the same vertex q → qg but refer to the
quark and gluon daughters respectively. The soft singularity is always associated
with a gluon in the final state. For example P (z)q←g , which has only quarks, does
not diverge when z or 1 − z tends to zero.
Hadronic cross section and initial state radiation
In the context of the parton model, a hadron is treated as a collection of noninteracting partons [27,49]. Each kind of parton is associated with a number density
q(x), called parton distribution function (pdf), where x is the longitudinal momentum fraction of the parton. These pdf’s are specific to each hadron. Then the
interaction between two hadrons is the incoherent sum of the interaction of the
component partons, weighted by their number density
σpp→X =

Z1
0

dx1 qa/p (x1 )

Z1

dx2 qb/p (x2 )σ̂ab→X (x1 p1 , x2 p2 ).

(1.3.25)

0

Here σ̂ designates the partonic cross section from the hard interaction, which can be
evaluated from Eq. (1.3.16) using the Feynman rules of the theory. The pdf’s are not
calculable from perturbation theory because they contain the effects of QCD in the
large αs regime. They can be extracted experimentally though. Deep inelastic scattering experiments, where a lepton is used to probe the structure of a hadron, have
been particularly useful in this regard [26, 50]. Interestingly, the quark distributions
can only account for 50% of the total hadronic momentum, therefore gluons play
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an important part in hadron collisions. However, the presence of gluons requires
the use of QCD to higher orders in αs . The NLO contribution to the process is an
emission of a gluon from the initial state quark line and also the 1-loop correction
to the quark line. The sum of the real and virtual first order corrections is
Z
Z
dµ2
(1)
(1)
σ̂R + σ̂V ∝
dzPq←q (z)(σ̂ (0) (zp) − σ̂ (0) (p)).
(1.3.26)
µ2
After a real gluon emission the momentum that enters the hard scattering is zp, while
a virtual gluon will keep the input momentum as the original. When the gluon is
soft and z → 1, the integrand approaches zero. Therefore, the soft divergences are
cancelled between the real and virtual contributions as expected. However, when
z < 1, the integral w.r.t. z is finite. But the integral over µ2 diverges, so the
partonic cross section is not an IRC-safe observable. The divergence signals the
breaking of pQCD when the scale of the gluon splitting is under the perturbative
regime. This divergence is ameliorated by the introduction of the parton distribution
functions, which have been measured at a fixed perturbative scale and absorb all
the contributions from collinear splittings. Thus, the hadronic cross section σ =
σ (0) + σ (1) = q1 (µ2F ) ⊗ q2 (µ2F ) ⊗ (σ̂ (0) + σ̂ (1) ) is IRC-safe. However, the µ2 integral
in σ (1) is still large when the scale at which the pdf’s are evaluated is much lower
2

than the scale of the partonic interaction. Therefore, σ (1) ∝ αs (Q2 ) log µQ2 , explicitly
F

shows the logarithmic dependence of the hadronic cross section on the hard scale
Q2 and confirms the observed breaking of Bjorken scaling. Moreover, the correction
to the zeroth-order cross section may no longer be small if µ2F is small.
These large logarithms can be absorbed into the pdf’s if one could evaluate
them at the scale of the hard interaction. Even though the pdf’s themselves are not
calculable from first principle, their evolution can be determined from perturbation
theory as long as the end points of the evolution are at sufficiently large scales. The
probability that a parton is going to split at a scale between µ2 and µ2 + ∆µ2 is
Z
αs dµ2
2
dP(µ ) =
dzP (z).
(1.3.27)
2π µ2
The change in the distribution q(x, µ2 ) from scale µ2 to µ2 + ∆µ2 is the difference
between all the possible splittings at scale µ2 that can lead from x0 > x to x and all
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possible splittings at scale µ2 that remove lower x [24]
∆µ2 αs
q(x, µ + ∆µ ) − q(x, µ ) = 2
µ 2π

Z1

∆µ2 αs
= 2
µ 2π

Z1

dzP (z)

∆µ2 αs
µ2 2π

Z1

dz
P (z)+ q(x/z, µ2 ).
z

2

2

2

∆µ2 αs
dx P (x )q(x , µ ) − 2
µ 2π
0

0

0

2

x

dzP (z)q(x, µ2 )

0

0

≡

Z1




q(x/z, µ2 )
2
− q(x, µ )
z

x

(1.3.28)
Where the regularised splitting functions P (z)+ are defined such that
R1
R1
dxf
(x)
g(x)
≡
dxf (x)(g(x) − g(1)). Accounting for the different parton
+
0
0
species one arrives at the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [48, 51, 52]
∂qi (x, µ2 ) X αs
µ2
=
∂µ2
2π
j

Z1

dz
Pi←j (z)+ qj (x/z, µ2 ).
z

(1.3.29)

x

Parton Shower
The Sudakov form factor ∆(µ22 , µ21 ) is an exponential factor that dampens the cross
section for observables, when they are evaluated for configurations that produce large
logarithmic corrections, such as fixed number of jets cross section with a definition
that is able to distinguish soft and collinear emissions. The factor is the result
of summing the virtual contributions with the real emissions under the resolution
scale to all orders in αs . Assuming that unitarity is preserved, one can express the
probability that an emission will not occur at a scale µ2 to µ2 + δµ2 as the negative
of the probability for the emission to happen in that element (Eq. 1.3.27) and the
probability that it has not happened before [24]
αs dµ2
d∆(µ
= −dP(µ ) · ∆(µ
=−
2π µ2


µ2


 Z 2 dµ2 α Z

s
2
2
∆(µ2 , µ1 ) = exp −
dzP (z) .
2


 2 µ 2π

2

, µ20 )

2

2

, µ20 )

Z

dzP (z) · ∆(µ2 , µ20 ) ,
(1.3.30)

µ1
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The Sudakov factor ∆(µ22 , µ21 ) is the probability that no resolvable emission will
happen between the scales µ22 and µ21 . The lower scale cannot drop further than a
limit where pQCD is no longer valid.
Then it is possible to generate soft and collinear emissions according to these
distributions from the hard interaction scale down to the cut-off scale using Monte
Carlo methods [24]. In order to generate an emission, three numbers need to be
generated - the scale at which it happens, the momentum fraction of the emitted
particle and its azimuthal angle. If we start at a large scale µ22 , then we select the
scale of the emission µ21 according to ∆(µ22 , µ21 ) = R1 , where R1 is a random number
from the uniform distribution [0, 1]. It is possible to generate a low R1 , such that
µ21 is less than the cut-off. In that case nothing is emitted from the current branch
below µ22 . Alternatively, if the new scale is legitimate, then another random number
is selected to solve the following for z
Zz

dz

0 αs

2π

0

P (z ) = R2

zmin

1−z
Z min

dz 0

αs
P (z 0 ).
2π

(1.3.31)

zmin

The random number distribution is again uniform between [0, 1]. The limit on the z
integration is determined from the limit imposed by the cut-off scale. Now that the
scale of the splitting and the momentum fraction are known, the only thing left to
generate is the azimuthal direction of the decay plane by choosing another random
number from a uniform distribution [0, 2π]. This procedure is repeated to the two
new branches with the only difference of replacing µ22 → µ21 .
Such a probabilistic evolution is used by event generators, such as Pythia [53],
Herwig++ [54], Sherpa [55], to bring calculations at fixed order matrix elements
and hard scale down to the limits of perturbation theory. In order to fully simulate
the final state of hadronic collisions, they also implement data-driven models of the
hadronisation of the partons from the shower. Moreover, they implement underlying
event radiation models. This makes Monte Carlo event generators an indispensable
(and only) tool for bridging theoretical calculations of high energy particles with
collision experiments final states.
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Chapter 2
Shower deconstruction for
quark-gluon tagging
Ever since the first collider experiments, the hadronic radiation has been associated,
through jet definitions, with gluons or quarks, produced in the hard interaction.
Even though there has been a great deal of understanding from the advent of QCD
of the difference between quark and gluon originating jets, such as the average
multiplicity [24, 56] or broadening of jets [57, 58], as a result of the colour charges,
we still treat a jet indiscriminately as either quark or gluon. We are unable to
separate events based on quark and gluon jets, so we are forced to treat all the
same, increasing the background that experimentalists need to control. Being able
to tag quarks and gluons on a jet-by-jet basis will go a long way in reducing QCD
background. To date it is only viable to tag jets originating from b quarks thanks
to the displaced vertex of the B-meson decay, despite efforts to find variables that
are useful in separating light quarks from gluons [58–64], which have been studied
by ATLAS [65] and CMS [66].
Two examples of specific searches, which can benefit from quark and gluon tagging, and which will be used as a showcase at the end of the chapter, are the recoil
of a mediator that decays invisibly to dark matter particles from a single jet [67] and
the weak boson fusion production of the Higgs boson [68–71]. In the first case, given
a scalar Higgs-like mediator that couples to the top quark, the recoiling jet will originate with comparable rate from a gluon or a quark. The mono-jet background from
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Figure 2.1: Top: the main background to dark matter mono-jet search from qg →
¯ Bottom: production of a scalar dark matter mediator in association with
qZ(ν ν).
a quark (left) and a gluon (right).

Figure 2.2: Left: Higgs boson in association with two jets production through gluon
fusion. Right: Higgs boson production through weak boson fusion.
the SM is an invisible Z(ν ν̄) boson with predominantly a quark recoil (see Fig. 2.1).
In the second example, the signal event is expected to contain two quark-initiated
jets, but the dominant Higgs production mode is through gluon fusion, which can
mimic the topology of WBF events with gluon-initiated jets [72] (see Fig. 2.2).
In this chapter we propose an additional variable based on Shower Deconstruction
that provides a competitive quark and gluon purification and is IRC-safe as well as
robust to experimental systematic effects.
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2.1

Shower deconstruction

2.1.1

The most sensitive tagger

Any tagging procedure or analysis in high energy particle physics is an attempt
to take the space of the energies and directions of all final state particles (or even
detector read-outs) and somehow map the distributions from interesting and uninteresting events into a single test statistic in a way that preserves enough of the
discrepancy between the different types of events. An event shape for example uses
the momenta of all reconstructed particles/topoclusters and compresses all that information into a single number. Usually the probability distribution over the original
phase space is transformed through jet algorithms or grooming techniques to reduce
the dimensionality or shift signal-rich bins away from background-rich bins. During
the compression process, inevitably a lot of information is lost and some of that
information is important for separation of the hypotheses. Therefore, a bad choice
of mapping can compromise the sensitivity. However, the reverse is not true; a good
mapping cannot improve the sensitivity to 100% efficiency as long as there is an
overlap between the distributions in the original space. It is unreasonable to expect
that, if two hypotheses produce similar probability distributions under the most
fine-grained measurement, we could define a function over these variables that will
enlarge the discrepancy between the hypotheses as the probability is reassigned to
the new variable. There is therefore a best test statistic. By the Neyman-Pearson
lemma [73] the test statistic that rejects the most amount of background by keeping
a fixed efficiency is the likelihood ratio. A region CLR in the space of the independent
variables x defined by a cut on the likelihood ratio c that leaves 0 signal efficiency
is




L(S|x)
CLR = x :
≥c
L(B|x)
Z
P (x ∈ CLR |S) =
L(S|x)dx = 0 ,
CLR

(2.1.1)

and the probability of the background events that fall in the same cut is
Z
P (x ∈ CLR |B) =
L(B|x)dx .
CLR
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In the context of particle collision events, the variables x could be anything from
the components of the momenta of each final state particle to a single variable, like
the leading jet mass. If we choose a generic region defined by the cut CG in the
same space of variables x such that the probability of the signal events that are
kept is unchanged, P (x ∈ CG |S) = 0 , then the probability of background events
P (x ∈ CLR |B) ≤ P (x ∈ CG |B) according to the lemma. To see this consider the
difference between the probabilities in the two regions. The two regions can be
separated into three subregions of interest
c
CLR ∪ CG = CLR ∩ CG + CLR ∩ CGc + CLR
∩ CG ,

(2.1.2)

where S c is the complement of set S. The first subregion is common to both, so
the difference in background probability is not going to come from there. Therefore
c
∩ CG |B).
in order for the lemma to be true, P (x ∈ CLR ∩ CGc |B) ≤ P (x ∈ CLR

The left hand side is a probability defined over the region CLR , where the condition
L(S|x)
L(B|x)

≥ c holds, leading to
P (x ∈ CLR ∩
1
c

Z

c
CLR ∩CG

CGc |B)

=

Z

c
CLR ∩CG

L(B|x)dx ≤

1
L(S|x)dx = P (x ∈ CLR ∩ CGc |S) .
c

(2.1.3)

According to the condition that the signal efficiency is constant in both regions CLR
and CG , the signal probability in the non-overlapping subregions must be equal,
c
P (x ∈ CLR |S) = P (x ∈ CG |S) ⇒ P (x ∈ CLR ∩ CGc |S) = P (x ∈ CLR
∩ CG |S) ;

(2.1.4)
c
therefore, P (x ∈ CLR ∩ CGc |S) = P (x ∈ CLR
∩ CG |S). The region on the right hand

side is in the complement set of CLR and so the reverse condition holds there, i.e.
L(S|x)
L(B|x)

≤ c. Thus,
1
1
c
P (x ∈ CLR ∩ CGc |S) = P (x ∈ CLR
∩ CG |S)
c
c
Z
≤

c ∩C
CLR
G

c
L(B|x)dx = P (x ∈ CLR
∩ CG |B) ,

which results in the inequality
P (x ∈ CLR |B) ≤ P (x ∈ CG |B) .

(2.1.5)
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Therefore, for a fixed signal efficiency, the likelihood ratio keeps the least amount of
background of all possible test statistics. Essentially the proof shows that for any
variable with contours that are not parallel to the likelihood ratio contours in the
space of x, a region with high likelihood ratio is replaced by a region with a lower
likelihood ratio with the same amount of signal. Therefore, since the likelihood ratio
is lower in the new region, the overall background will increase. Thereby, the S/B
ratio will be lower for any cut that does not follow a likelihood ratio contour.

2.1.2

Shower deconstruction framework

The paradigm behind Shower Deconstruction [5, 18] is to look for this exact test
statistic defined over as many dimensions as practically possible. The same philosophy underpins the Matrix Element Method (MEM) [74,75], in which the probability
of a final state configuration is estimated from the leading order matrix elements of
signal and background processes and combined into a likelihood ratio. As the complexity of the cross section estimation increases with the object multiplicity there is
a practical limit on how many jets can be involved in the calculation. The conception of the shower deconstruction method originates as an attempt to improve the
tagging of a boosted Higgs boson (H → b + b̄) compared with a QCD jet, initiated
by a single gluon [5]. For a boosted particle, the subsequent decays and partonic
evolution will be collinear and therefore the probability of a final state evolving from
different hypothetical initiating particles is calculated in the context of the collinear
approximation as opposed to fixed order matrix elements.
The shower deconstruction method begins from an anti-kT fat jet. In order to
limit the dimensions of the space over which the likelihood ratios are calculated, the
constituents of the jets are reclustered into smaller Rjet = 0.2 kT -algorithm microjets.
For computational purposes only the hardest N microjets are kept, where N does
not exceed 10 and is often less than that. For the original implementation of the
method N ≤ 7 seemed to provide comparable discrimination with larger limits.
Therefore, a microjet configuration is defined by the set of four-momenta {p}N . In
a situation where b-quarks are involved and can be tagged, which is often the case
and certainly true for H → bb̄ tagging, an additional discrete variable is defined for
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the b-tag of the microjet. Realistically, not all 7 microjets can be b-tagged, so in the
case of [5] only the hardest three microjets are. With this consideration in mind, a
fat jet configuration in the framework of shower deconstruction is a set {p, t}N of 4N
continuous variables and up to three boolean variables t ∈ {T, F } - one for each of
the hardest three microjets. This is a lot less than the degrees of freedom of O(100)
hadrons that constitute the fat jet, but is still a sizeable space. The likelihood ratio
is a function over all possible fat jet configurations,
χ ({p, t}N ) =

P ({p, t}N |S)
.
P ({p, t}N |B)

(2.1.6)

In principle the probability distributions can be numerically estimated using Monte
Carlo parton showers such as Herwig [54], Pythia [53], or Sherpa [55]. However,
even if each variable is binned very coarsely, the number of bins that need to be
filled by these Monte Carlo generators is impractically large. Not to mention that
once the function over all bins is estimated, it would have to be stored and accessed
each time a jet tagging is requested.
The approach undertaken in shower deconstruction is to build all possible evolutions from the hypothesis particle (QCD parton or Higgs boson in the case of [5])
to the final set of microjet configuration {p, t}N . There is a probability associated
with each of these histories. The total probability for each initiating particle is the
sum of the probabilities of all histories derived from it. Therefore the equation for
the likelihood ratio function is transformed as

P

P ({p, t}N |h)
P ({p, t}N |S)
h∈S
χ ({p, t}N ) =
= P
.
P ({p, t}N |B)
P ({p, t}N |h)

(2.1.7)

h∈B

It is important to stress that the histories are different for the different hypotheses.
After all, by definition the history begins from a different particle in the signal and
background, so histories cannot repeat between the numerator and denominator.
The probability for each history is calculated analytically using a diagramatic approach similar to Feynman diagrams, but in the collinear and soft limits. Moreover,
the history probability is individually computable by multiplying the expressions
associated with the elements because the diagram rules refer to classical probabilities and not quantum-mechanical amplitudes. An example of a history is shown
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in Fig. 2.3. It consists of 1 → 2 particle vertices and ”propagators” that take into
account the non-emission between shower times, with the additional information
about the colour connected partners. The object that calculates the probability
for non-resolvable emission is the Sudakov factor; therefore, the branch lines in a
diagram correspond to that. This evolution time of the decay of a particle is, in
accordance with the parton shower described in [76–78],


|Q0 |kJ
t = log
,
µ2J

(2.1.8)

where kJ and µJ are respectively the transverse momentum and virtuality of the
branch and |Q0 | is the scale of the hard interaction. Each of the lines that does not
end in a vertex is assigned to one of the final state microjets. The vertices, except
for the hard interaction, have to be acceptable SM vertices (cannot have quark
splitting to two gluons for example). The diagram in Fig. 2.3 is not symmetric
under the interchange of the left and right branch coming out of a vertex. The
colour connections between colour-charged particles affect the radiation pattern.
Therefore, assigning colour partners is important for the decay and evolution of
those particles. Keeping the relative left-right position is a good way to track those
colour connections to leading colour approximation. Going back to the likelihood
ratio formula, the probability from each hypothesis can now be expressed as
P ({p, t}N |S) =
×

N
X Y
h∈S

2N
Y
j=1

LB
LC
RC
GM
H pRB
i , pi , pi , pi , pi

i=1



N
Y
RC
GM
B (fk , tk )
∆ pJj , pLC
,
p
,
p
j
j
j
k=1

!

(2.1.9)
.

In this equation H is the probability for each of the N splittings as a function of
the particles associated with vertex i: the outgoing particles (pRB , pLB ); the colour
partners (pRC , pLC ); the grand mother particle pGM . By ”a function of a particle”
it is meant a function of both the four-momentum and flavour. The ∆ terms are the
2N propagator lines, which are functions of the propagated particle pJ , the mother
particle pGM , and the colour connected partners (pRC , pLC ). Finally, the B functions
are the probabilities that the final state branch k will be tagged as the flavour fk ,
which is assigned from the history evolution, given the b-tag tk of the microjet it
represents.
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Figure 2.3: An example of a history with 10 final state microjects in a QCD event.
The star vertex represents the hard interaction, the square vertices are initial state
radiation and the circular vertices are timelike QCD splittings. The image is taken
from [5].
There are four general types of vertices. The three final state QCD vertices
(Hggg , Hgqq̄ , Hqqg ) and the heavy resonance decay vertex are direct approximations
to the Feynman rules. The initial state radiation (ISR) vertex, which also accounts
for UE, and the vertex that produces the hard parton or boosted heavy particle
are modelled to fit data/Monte Carlo [5]. The first step to defining a history is to
separate the radiation in the fat jet directly linked to the hard vertex from the ISR.
Before a history probability calculation proceeds according to the rules, there is a
condition on the maximum fraction of the radiation that can be attributed to the
ISR. Let kT,I be the total transverse momentum of the microjets assigned to the ISR.
2
Then a history will be discarded if kT,I
> Q2 /4, where Q2 = p2T, fat jet + m2fat jet . This

hard vertex approximation is only used when Shower deconstruction is applied on a
single jets. A more universal approach that circumvents the need of an approximate
weight for the hard matrix element is Event Deconstruction [19], where the MEM
weight is supplemented by a shower deconstruction weight for each jet. Moreover, in
the implementation of shower deconstruction for quark-gluon tagging in this chapter,
the hard vertex cancels between the numerator and denominator.
The ISR and UE are grouped into a single type of vertex. The underlying
assumption is that the radiation off the initial state is soft or collinear to the initial
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state parton. In addition there is a factor that accounts for the change in parton
distribution function when the emitted particle is not soft [76]. These vertices also
do not contribute in this implementation.
In the final state splittings there is a complication when the emitted particle is
a gluon. In particular when it is soft, the gluon is emitted from a dipole according
to Eq. (1.3.18). The angular distribution of the dipole matrix element squared is
Hdip (p, p0 , k) ∝

2
0
2p · p0
2 θpp
.
=
2 2 2
0
p·kp ·k
kT θpk θp0 k

(2.1.10)

Here we use the approximation to the invariant mass squared of two massless and
2
2
nearly collinear four-vectors 2p1 · p2 ≈ pT 1 pT 2 θ12
, where θ12
= (y1 − y2 )2 + (φ1 − φ2 )2

is the distance between the two particles in y − φ. What is evident is that the
dipole matrix element squared diverges when the emitted third particle k is collinear
to either p or p0 . For the purposes of shower deconstruction though, the emitted particle has to be associated with a single parent in order to define a history.
Therefore, the amplitude is partitioned into two pieces - each corresponding to
a history, in which the gluon is emitted in association with one of the particles
that form the dipole. This is achieved by choosing a function A(p, p0 , k), such
that A(p, p0 , k) + A(p0 , p, k) = 1 and, when applied to the dipole, Hdip (p, p0 , k) =
Hdip (p, p0 , k)A(p, p0 , k) + Hdip (p, p0 , k)A(p0 , p, k), each term contains the collinear enhancement associated with only one of p and p0 . When evaluating a history with
a vertex, that involves splitting k from p, we use the first term. In an alternative
history, with k splitting off from p0 , we use the second term. The partition function
is adapted from Eq. (7.12) in [78] in the collinear approximation,
θp20 k
A(p, p , k) = 2
,
θpk + θp20 k
0

2
θpk
A(p , p, k) = 2
.
θpk + θp20 k
0

(2.1.11)

With this in mind, the full splitting probability of a parton J into a harder (h)
and softer (s) daughter partons, accounting for purely collinear as well as soft and
collinear contributions, is
Hi =

8παs
Pi (z) gθ .
µ2J

(2.1.12)

The index i stands for the type of splitting (ggg, gq q̄, qqg). The first factor contains
the dependence on the virtuality of the splitting, while the second is the appropriate
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(unregulated) A-P splitting function. Here z is the fraction of the harder daughter
(h) transverse momentum from the parent transverse momentum z = kh /kJ , 1−z =
ks /kJ . The last factor is a non-singular angular term, remnant from the partitioning
of the dipole, that depends on the distance, in y − φ, of the hard particle h and the
colour partner c, as well as their respective distances from the soft particle s. For
ggg and qqg splittings, we have
gθ =

2
θhc
.
2 + θ2
θsc
sh

(2.1.13)

This function is close to 1 when the soft particle is collinear with the mother parton
and is small when the angle is larger than the separation of the particles that form the
dipole. Therefore, it can be replaced by a Heaviside step function. In the case of gq q̄
there is no partitioning because the only singularity is the collinear one, so the soft
wide-angle contribution is negligible. Thus, the angular function is trivial gθ = 1.
There is an explicit ordering requirement for consecutive splittings. A history will
be given a non-zero weight only if at each vertex the particle that decays (J) and the
particle that it originated from (K) have the following relation µ2J < 0.5µ2K kJ /kK .
In order to calculate the Sudakov factors between splittings, one needs to integrate the Sudakov exponent Sj , which is the sum of all possible ways for the particle
to split. There is a different Sudakov factor associated with a quark or a gluon
line. In the case of a quark, the only splitting process is q → qg. Therefore, the
Sudakov exponent is the negative of the integral of Hqqg . The integration limits on
the splitting scale are set by the virtuality of the branch µ2J and the ordering condition, 0.5 µ2K kJ /kK . The z integral is performed according to the limit set by the
dipole angle through the condition µ2J /kJ2 ≈ z(1 − z)θ. The gluon Sudakov exponent
contains terms from the integration of Hggg and Hgqq̄ . Therefore the two Sudakov
factors are
exp{−Sggg Θ(Sggg ) − nf Sgqq̄ } ; exp{−Sqqg Θ(Sqqg )}.

(2.1.14)

December 21, 2016

2.1. Shower deconstruction

31

The three exponents are:



αs (µ2J )
CF
1
3b0
Sqqg = 2 log
−
πb0
αs (kJ µ2K /(2kK )) αs (θc2 kJ2 )
4

1
1
+
−
;
αs (µ2J ) αs (kJ µ2K /(2kK ))



αs (µ2J )
CA
1
11b0
Sggg = 2 log
−
πb0
αs (kJ µ2K /(2kK )) αs (θc1 θc2 kJ2 )
12

1
1
−
;
+
αs (µ2J ) αs (kJ µ2K /(2kK ))


TR
αs (µ2J )
Sgqq̄ =
log
.
3πb0
αs (kJ µ2K /(2kK ))

(2.1.15)

The Heaviside functions are there to remove unphysical contributions when the
exponent, due to the approximations, turns negative and the Sudakov factor may
explode.
The initial state parton should also be given a separate Sudakov factor because
the vertex by which it decays is different from a gluon or a quark. However, because
the initial scale and hard scales are fixed and there is no virtuality ordering condition
explicitly imposed on the initial state, the product of ISR Sudakov factors is the
same for each history. Moreover, it is the same over the signal and background
models, therefore it cancels in the actual variable χ.
Finally, the heavy resonance probability to decay is modelled simply as a rectangular function of the virtuality of the decay, to account for the detector resolution
as well as the microjets’ ability to accurately match the momentum of the hard
partons. It is normalised to 1 so that the resonance always decays,
PH ≡ H exp{−S} = 4π 2

Θ(|mbb − mH | < ∆mH )
.
mH ∆mH

(2.1.16)

The final ingredient in the history weight formula are the b-tagging weights
B(fk , tk ). We already know the tag of the microjet either from MC or using the
experimental multivariate b-tagging. Each history will produce a flavour for the final
branch. Then B(fk , tk ) is the probability to get the tag given the flavour P (tk |fk ).
Thus, histories with large weight from the kinematic matching may get suppressed
if the flavours they assign to the final branches do not match the observation.
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Analysis setup

Defining what we mean by a quark or gluon jet can be ambiguous [64, 65]. On one
hand we would like to associate it with fixed order matrix element final state partons
because that would provide an easy and intuitive way in the framework of Feynman
diagrams to distinguish between different events. Under such an assumption, the
evolution of each parton is independent of the rest of the event; therefore, a universal
tagger can be defined, much like a tagger for a boosted Higgs or a top. Unlike the
latter heavy particles, whose main distinguishing attribute is a decay at a specific and
event-independent scale, the shapes of the jets originating from quarks or gluons are
much more susceptible to long-range interactions with other parts of the event both
from the initial and final states. These are related to exchange of soft and wideangled gluons between colour connected particles. Therefore, it is quite possible
that the difference in the radiation pattern of a quark between events with different
colour structure is comparable to the difference in evolution between a quark and a
gluon [79,80]. In order to check if an event-independent quark-gluon tagger is viable,
we trained the performance of existing jet shapes and our shower deconstruction
implementation on the leading jet of two types of events. The first type is a single
jet with an associated Z that decays to neutrinos. The reason for choosing the Z
decay channel is to facilitate the isolation of the leading jet because at this point
we focus on the jet itself as opposed to any realistic event selection. Therefore the
quark and gluon jets are extracted respectively from qg → qZ(ν ν̄) and q q̄ → gZ(ν ν̄)
events. The other type of event that we use to extract quark and gluon jets is of a
purely QCD type: qq/gg → qq and q q̄/gg → gg respectively for the quark and gluon
jet sample. Naturally in all four types of events, the flavour origin of the leading
jet is unambiguous, but the colour connection patters vary. We generate the events
using Pythia 8 [53] for both the matrix element calculation and the subsequent
parton shower and hadronisation. Besides the event types, we also investigate the
effect of the overall jet boost on the tagger sensitivity by considering jets with a
lower pT 0 cut of 200, 400, 600, and 1000 GeV separately.
The choice of events makes it straightforward to assign a MC flavour label to the
jets. We cluster the visible final state particles into small radius Cambridge/Aachen
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jets R = 0.1, pT > 1 GeV in order to crudely approximate the angular and energy resolution of the ATLAS [81] and CMS detectors [82, 83]. Now we use these
topocluster-like objects and the original final state visible particles (referred to from
now on as hadrons even though some are leptons) as two separate sets of seeds.
We perform the analysis on each set in an attempt to quantify the effect of the
experimental resolution. We cluster a set of seeds into jets. The radius of the jets
is another parameter that might change the radiation pattern distribution and consequently the tagging performance. Therefore, we compare the training analysis
with Rf j = 0.4 and Rf j = 0.8. The event selection for Z + jet (dijet) proceeds
by requiring at least one (two) Cambridge/Aachen jets to be reconstructed with a
set of parameters pT 0 and Rf j and rapidity |yf j | < 5. When this condition is met,
we apply energy correlation and shower deconstruction variables to the leading jet
- the ”fat jet”. The last piece of parameterisation is the definition of the microjets in the shower deconstruction method. Obviously the result will be sensitive on
how we define the fixed end-point that each shower history must reach. However,
initial testing of multiple microjet definitions showed that for the purpose of quark
versus gluon tagging we can use an alternative definition of shower deconstruction,
where the function χ({p, t}N ) is built from the four-momentum of the ”fat-jet” itself
χ({p, t}N ) = χ(pf j ). For small-cone fat jets, Rf j = 0.4, this variable performs better or comparably to the full method. Choosing a wider fat jet radius reduces the
performance of this new variable, therefore we revert back to the original picture of
shower deconstruction and define Rmj = 0.1, pmin
Tmj > 5 GeV microjets.

2.3
2.3.1

Observables
Shower Deconstruction

It was already mentioned in the previous section that a simpler instalment of χ can
yield good results for quark and gluon tagging. Let us see into a little more detail
what triggered the change. In the full implementation of shower deconstruction, the
seeds of the fat jet are grouped into microjets using the inclusive kT algorithm with
Rmj and pmin
Tmj . The probability for the final microjet configuration is calculated
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Figure 2.4: Left: quark (sig) vs gluon (bkg) ROC curves for χ with exactly one or
exactly two microjets. Right: microjet multiplicity distribution.
from the sum of the probabilities of each history that leads from the momentum
of the fat jet to the microjet configuration, under the assumption of a quark or a
gluon. It is a well established fact that gluons radiate more as they carry a larger
colour charge [24], so we expect to find that the microjet multiplicity distribution
is different for qZ and gZ events. In the right plot of Fig. 2.4 we display the
corresponding distributions for qZ (green) and gZ (blue). It is evident that the
quark jet results in a single microjet more often than a gluon. This itself could be a
discriminating feature. However, if we look in the left plot of Fig. 2.4 at normalised
exclusive 1-microjet and 2-microjet samples and apply the shower deconstruction
method to calculate χ1 and χ2 , we see that the separation is much better for the 1microjet sample. This observation led us to compare the sensitivity of χ calculated
from the four-momentum of the ”fat jet” to the ordinary microjet state and to
find, surprisingly, that despite its simplicity, the new implementation is often a
better discriminant. This behaviour differs deeply with previous implementations
of the shower deconstruction method for tagging Higgs [5] and top quarks [18] from
ordinary QCD jets, which relies strongly on the microjets capturing the underlying
decay process.
Since this new implementation works well for quark and gluon tagging, but
seems to contradict the underlying principle and general intuition behind the shower
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deconstruction method, namely that finer graining of the radiation provides more
useful information, it is interesting to investigate exactly what shower deconstruction
measures when we use simply the four-momentum of the ”fat jet”. The formula for
χ for just one microjet is simply a ratio of Sudakov factors:
χ=
where

e−Sq
P ({p}m |q)
= −Sg = e−(Sqqg Θ(Sqqg >0)−Sggg Θ(Sggg >0)−nf Sgqq ) ,
P ({p}m |g)
e

(2.3.17)
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Here µJ is the jet mass and kJ is the jet transverse momentum.
When we evaluate the shower deconstruction variable from the ”fat jet” momentum without microjets, we see that χ = χ(µJ , kJ ) is only a function of the jet mass
µJ and transverse momentum kJ . In fact, to extract the sensitivity, we use the natural logarithm logχ. As already described in Sec. 2.1.2, this function is constructed
to be an approximation to the log likelihood ratio between the probabilities of signal
and background initiating partons to produce the reconstructed final state configuration. In general the probabilities are complicated functions of many variables, e.g.
Eq. (2.1.6), but in this concrete case we have
log L(q, g) = log PMC (µ2J , kJ2 |q) − log PMC (µ2J , kJ2 |g) .
We know from the Neyman-Pearson lemma that in the two dimensional space of the
variables µ2J and kJ2 , a cut on this function allows for the best separation between
quark and gluon initiated jets under the condition that the Monte Carlo simulator is
a good representation of nature. Unlike the generic case, here we have a very small
number of variables and it is possible to numerically construct the function. Therefore, we can verify whether shower deconstruction χ is indeed a good approximation
to L(q, g).
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In principle all we need to construct the likelihood ratio function L(q, g) is to
determine the probability distributions of a gluon jet and a quark jet over (µ2J , kJ2 ).
We use the normalised histograms of the leading jet in the qZ and gZ events respectively. The value of L(q, g) in each bin is the ratio of the normalised histograms
at that bin. Unfortunately, there are significant statistical fluctuations that distort
the contours of the likelihood ratio. We attempt to ameliorate this by ”spilling”
part of the probability in each bin to its neighbours. To implement this probability spread, we use gaussian kernel-density estimator [84]. What this method does
2
is to replace a delta function at the centre of each bin with coordinates (µ2Ji , kJi
)

with a 2-dimensional gaussian distribution with the same normalisation as the bin.
The volume and centre of each gaussian are determined from the normalisation and
coordinates of the bin it replaces, but the standard deviation is a free parameter.
It controls how much of the bin is spread to the rest of the histogram, leading to
a smoothing of the overall distribution. This parameter in principle should be determined by splitting the events into a training and testing samples and applying
cross-validation methods to the latter. We are not so interested in the predictive
power of the estimator as we are in the comparison between the shower deconstruction and likelihood ratio contours; therefore, we choose the bandwidth parameter
by visual comparison with the original histogram. The results of this procedure are
displayed in Fig. 2.5, where the horizontal and vertical axes represent our variables
µ2J and kJ2 respectively. The bottom figure is a combination of four plots - two
scatter plots and two contour plots. The red (blue) scatter plot is for the leading
jet in qZ (gZ) events. The yellow lines are contours of the function log L(q, g),
constructed following the steps in this paragraph. The green lines are contours of
the function log χ(µ2J , kJ2 ) given in Eq. (2.3.17). Our conclusion is that the latter
follow the likelihood ratio contours closely enough for the shower deconstruction to
be considered a good approximation to log L(q, g).

2.3.2

Energy correlation functions

Some of the state of the art techniques for discriminating quark and gluon jets are
the jet shapes from the family of energy correlation functions as well as variables
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Figure 2.5: Gaussian kernel-density estimate of the leading jets’ mass and transverse
momentum distribution in Z + q (left) and Z + g (right) events. In the bottom plot
we overlay a scatter plot of the two distributions, contours of the likelihood derived
from the gaussian kernel-density estimator and another contour plot of the shower
deconstruction variable χ.
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derived from ratios of these correlations [61, 85]. The energy correlation is defined
thus,
ECF (0, β) = 1,
X
ECF (1, β) =
pT,i ,
i∈J

X

ECF (2, β) =

pT,i pT,j (Rij )β ,

(2.3.19)

i<j∈J

which generalises to
X
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N
Y

i1 <i2 <..<in ∈J

pT,ia

a=1
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N
−1
Y

N
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The ratio and double ratio variables are the following functions,
(β)

rN =

ECF (N + 1, β)
,
ECF (N, β)
(β)

(β)
CN

=

rN

(β)

rN −1

ECF (N + 1, β)ECF (N − 1, β)
=
.
ECF (N, β)2

(2.3.20)

The summation in the above expressions is over the constituents i of the jet J.
We explore and compare the performance of several of the jet shapes of this type
(r0 , r1 , r2 , C1 , C2 , D2 ), where D2 is defined in [85], as well as other jet shapes of
the N-subjettiness family [59] (τ1 , τ2 , τ2 /τ1 , τ3 /τ2 ), to our results with the variable
χ, defined in the previous section. The angular exponent value β = 0.2 is selected
in accordance with the authors’ suggestions for the application of their variables to
the problem of quark and gluon tagging. Of the listed jet shapes, we find that the
best performing variables are C1 , r1 , and r2 . Focussing on C1 and r2 , we can write
them out explicitly using their generic definitions in Eq. (2.3.20),
P
pT,i pT,j (Rij )0.2
i<j∈J
P
C1 =
,
pT,i pT,j
r2 =

P

i,j∈J

pT,i pT,j pT,k (Rij Rik Rkj )0.2

i<j<k∈J

P

pT,i pT,j (Rij )0.2

(2.3.21)

.

i<j∈J

One key feature of the double ratio C1 is that its numerator is larger if the
radiation is split evenly between well separated jets than if all of it is clustered in
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Figure 2.6: Distributions of r2 (left) and ln(χ) (right) in Z + jet events. Leading jet
with |yj | < 1.5 reconstructed from topoclusters.
a small angular region. In the latter case for every term in the sum at least one of
the three variables in the product will be small, which is not true if the radiation
is split evenly. Therefore this variable changes its value drastically between 1-prong
and 2-prong jets. With the same logic in mind, the other ratio r2 is always small
for 1-prong and 2-prong jets, but is not small any more once the radiation in the
jet is split into three. The choice of the angular exponent β = 0.2 is suggested in
Eq. (3.22) in [61]. The authors, who proposed and explored the behaviour of the C1
variable in the Next-to-Leading Log accuracy, find a power law relation between its
cumulative distribution for quark and gluon samples. Generally, the influence of a
small β is to increase the power of the gluon distribution as a function of the quark
distribution. This means that a cut that keeps a particular fraction of quark jets
will mistag fewer gluons if β is small. The angular exponent cannot be pushed to
an extremely small magnitude as the validity of the perturbation expansion would
be hampered.
In Fig. 2.6 we present the distributions of r2 and χ, applied to the leading jet
in Z + jet events. The distributions are asymmetric; therefore, their sensitivity
is different when used for quark tagging as opposed to gluon tagging. As a concrete example let us use shower deconstruction to improve the quark to gluon ratio
and keep 20% of the signal (quarks in this case). Then we have to impose a cut
log χ < −0.3, which leaves εS = 0.21 and εB = 0.017 for the singal and background
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efficiencies respectively. To do the opposite, improve the gluon to quark ratio by
keeping the same signal (gluons in this case), we must select jets with a log χ bigger
than a given cut that would keep exactly εS = 0.21 fraction of the gluons. In this
case the quark mistag rate is three times larger at εB = 0.05. The asymmetry in
the ROC curves and consequently the tagging capabilities between quark and gluon
tagging is evident already in the Leading Log approximation for the C1 variable, Eq.
(3.7) in [61]. When quark tagging is performed with a cut on C1 , the background
mistag rate is a function of the signal efficiency according to the power law,
A /CF
εg (εq ) = εC
= εq2.25 .
q

(2.3.22)

Thus, when the quark is tagged at 50% efficiency, the gluon is mistagged as a quark
at a rate εg (0.5) ≈ 0.21. The reverse tagging (gluons versus quarks) requires that
we perform the cut in the opposite direction of the C1 distributions. Then the signal
and background efficiencies would be given by 1−εg and 1−εq respectively, where we
have kept the old definitions of εq and εg and thus the same relation between them.
If we decide to make a cut that keeps 50% of the gluon jets (now the signal), then
1

the fraction of quarks that will be labelled as gluons is 1 − (1 − 0.5) 2.25 ≈ 0.27. The
conclusion is what we see from Monte Carlo tests, namely that the same variable
can discriminate with different sensitivity depending on what particle we try to tag.
This asymmetry is strongly in favour of quark tagging for all of the variables that
we study, as will become evident in the following sections.
Just as with the shower deconstruction variable, a preliminary study of the energy
correlation variables in relation to quark tagging allows us to limit the comparison
with χ to only a couple of jet shape variables and also shows some trends in the
tagging performance as the jet parameters are varied. The original energy correlation
paper [61] already showed that C1 is a good quark versus gluon discriminator. We
find in accordance with it that as long as the fat jet is clustered with hadron seeds, C1
provides the best quark tagging over large parts of the set of jet parameter choices.
The comparison to r2 is displayed in Fig. 2.7 and 2.8, where the bottom rows in
particular contain the results with hadrons. Given a moderate signal efficiency, the
background mistag rate from C1 is about 60% of the rate obtained from a cut on
r2 . As the cut is made more stringent, the difference disappears. All of the plots in
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Figure 2.7: ROC plots comparing r2 and C1 performance at different jet pT . The
top row uses topoclusters as seeds and the bottom uses hadrons. The left (right)
column uses jets with small (large) radius.
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column uses jets with small (large) boost.
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Fig. 2.8 exhibit the same effect as the jet definition is changed to a larger radius.
When that happens the energy correlation variables improve their performance at
low signal efficiency at the expense of the performance with looser cuts. The effect is
true for different jet pT cut, rapidity cut and seed choice. The last trend concerns the
performance as the fat jet transverse momentum limit is changed. For hadron-seed
jets an increase in the pT improves the signal to background ratio for stringent cuts.
This effect is not true if the jets are reconstructed from topoclusters. For those jets
the pT limit does not alter the tagging performance of energy correlation variables.

2.4

Tagging results and uncertainties

The comparison between the performance of the listed jet shapes to the shower deconstruction variable χ can be found in the ROC curves in Fig. 2.9. These curves are
built by swiping the appropriate distributions in the direction that boosts the quark
to gluon ratio. For central jets, reconstructed from topoclusters, χ outperforms the
other jet shape variables for all signal efficiency points. Even though Fig. 2.9 only
shows a specific choice of jet parameters, the conclusion is true for a wide range as
long as the jets are clustered from topocluster seeds. The shower deconstruction
variable displayed here is the simplified version with the total fat jet momentum as
the only input to the method. Looking at the rest of the curves, we see that no single
jet shape can be distinguished as dominant. Instead, there is a tier of five variables
whose gluon fake rate is within a band of ∆εb ≈ 0.2 throughout the range of quark
tagging efficiency. This tier includes [r2 , r1 , C1 , τ1 , τ2 ]. A closer inspection of this
tier reveals that the ratio r2 outperforms the rest, although mildly, for εs > 0.3
and is competitive at small efficiencies. Therefore, we choose to use r2 to represent
the wider family of jet shapes discussed in the previous section. This way we can
focus on only two variables, r2 and χ, and trace the difference over jet parameters,
event types, and parton shower tools. When hadron seeds are concerned, we use C1
instead.
We show the tagging performance of χ and r2 for quark (left) and gluon (right)
tagging in Fig. 2.10. Just as it was argued in Sec. 2.3.2, there is a vast discrepancy
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Figure 2.9: ROC curves for all distributions for quark tagging of Z + jet events.
Leading jet with |y| < 1.5 reconstructed from topoclusters.
between the S/B ratios achieved for quark tagging and for gluon tagging. For
cuts that keep only 10% of the signal, the difference between gluon rejection and
quark rejection is a factor of four if the shower deconstruction variable is used. In
the case of r2 the difference is two-fold, which is smaller but still dramatic. This
behaviour is evident, at least on a qualitative basis, from the probability distribution
plots in Fig. 2.6, even without transforming them into ROC plots. Both χ and r2
distributions of the quark sample drop off slower in the gluon-like end (towards larger
values) than the distributions of the gluon sample in the quark-like region (smaller
values). This asymmetry translates into the difference between the background
rejection when performing quark tagging or gluon tagging. In particular it allows
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Figure 2.10: Left: ROC curves for quark tagging and gluon rejection from Z + jet
events. Right: ROC curves for gluon tagging and quark rejection from Z + jet
events. Leading jet with |y| < 1.5 reconstructed from topoclusters.
very good gluon rejection at acceptable levels of signal retention.
We see that the single-branch χ outperforms r2 for gluon tagging as well as
quark tagging. χ provides about 20% better gluon rejection at moderate quark
efficiency, which grows to a factor of two at low signal efficiency. The difference
is considerably reduced as we move to gluon tagging and it practically disappears
under low efficiency cuts if we replace r2 by another, better performing, energy
correlation variable in that region. A noticeably unnatural feature in the r2 ROC
curves, although in an efficiency region, which we do not explore, is the plateau at
εs < 0.1. This happens because there is a bin at a large value of r2 , not shown
in the distribution in Fig. 2.6, where all jets that cannot define the variable are
stored. Examining the terms in the formula for r2 , we see that it only makes sense
for jets with at least three constituents. This is not a problem for hadron seeds
or large-radius jets, but it is quite conceivable that small R = 0.4 jets built from
topoclusters with a large angular resolution may contain two or fewer seeds. Of
course the plateau in the ROC curve is mainly an artefact of how this separate
bin is incorporated into the rest of the distribution. Given our simple approach of
swiping one way or another, it is rather unnaturally ordered. True optimisation of
each (εb , εs ) point will remedy the shape of the ROC plot. Moreover, we have not
attempted to optimise the angular exponent parameter in the energy correlation and
N-subjettiness variables but employed the recommended value β = 0.2 for quark and
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gluon tagging.
Throughout the discussion of the results so far we have only looked at χ defined
on pT > 200 GeV jets. The energies accessible to the LHC are an order of magnitude larger, so there can be very boosted jets either as decay products of heavy
BSM particles or simply as a recoil in high pT events. Therefore we compare the
performance of χ for different jet pT limits ranging from 200 GeV to 1 TeV. The
results are presented in Fig. 2.11. We can see a very strong dependence of the background rejection on the jet pT over the entire signal efficiency range. Coupled with
the observed r2 independence on the boost of the jet, this leads to improvements in
the shower deconstruction S/B ratio at εs = 0.5 from a factor of 1.2 better than
r2 to 1.4 as we move from pT > 200 GeV to pT > 1 TeV jets. The effect on the
performance of χ is even greater at stringent cuts, where at large boost the S/B ratio obtained with shower deconstruction is three times better than the one obtained
from r2 .
So far we have considered jets that end up in the central region of the detector
with |yj | < 1.5. The region in the multi-purpose detectors at the LHC sensitive to
jet substructure stretches to |y| < 2.5, so we should consider what happens when
we allow for less central jets. The results with |yj | < 2.5 are shown in Fig. 2.12. For
low pT jets, the performance of the energy correlation variables is not affected, while
it noticeably diminishes for χ. We do not know what causes this behaviour yet, but
it might be related to the fact that shower deconstruction vertices and Sudakov
factors have been derived under the assumption of central jets. This means, as far
as the magnitude of a microjet’s momentum is concerned, that we proceed as if the
beam-transverse component accounts for all of it. In other words we substitute the
transverse momentum for the full momentum. Moreover, this allows us to define
the splitting fraction z from the pT ratios of the microjets involved in a vertex. The
discrepancy is avoided if the jet pT limit is increased beyond 600 GeV. Then the
negative effect from opening the rapidity window goes away. The reason is that
jets with such a large transverse momentum tend to have a small component in the
beam direction.
Finally, we can compare the effect of widening the jet radius from Rfj = 0.4
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Figure 2.11: ROC curves for all pT bins for quark tagging of Z + jet events with χ
and r2 . Leading jet with |y| < 1.5 reconstructed from topoclusters. The solid lines
correspond to log(χ) of shower deconstruction and the dashed lines to the energy
correlation function log(r2).
to Rfj = 0.8. The comparison is shown in the left plot of Fig. 2.13. We see an
improvement in the r2 gluon rejection for εs < 0.4 as the fat jet radius widens, but
at the same time the performance worsens for the rest of the range. Even though
increasing the jet radius seems like an even trade for r2 , the effect on χ is mostly
negative apart at very low signal efficiency. Actually, we see that at moderate
and large efficiencies the two variables show identical gluon rejection as long as
the jet radius is large. We should consider that we have used the single-branch
χ, which takes the total jet momentum as its only input. We can probe the fat jet
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Figure 2.12: Left (Right): ROC curves for quark tagging and gluon rejection from
Z + jet events for topocluster jets with a transverse momentum of 200 GeV (1 TeV).
substructure with smaller microjets and let the jet clustering algorithm to determine
the number of microjets that go into the full shower deconstruction method. The
resulting χ distributions for quark and gluon jets are not as smooth as single-branch
χ. Therefore, just as in the case with r2 at very low efficiency, we need a better
algorithm to construct the ROC curves than a simple swipe in one direction. When
we use multiple window cut to find an optimum background rejection for each signal
efficiency point, we get the two ROC curves in the right plot of Fig. 2.13. Once again
the shower deconstruction variable performs better than r2 at any quark efficiency.
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Figure 2.13: Left: ROC curves for log(χ) and log(r2 ) from R = 0.4 and R = 0.8
topocluster Cambridge-Aachen jets. Right: ROC curves from R = 0.8 topocluster
Cambridge-Aachen jets for log(r2 ) and full shower deconstruction (log(χ∗ )) from
R = 0.8 topocluster Cambridge-Aachen jets. The microjets for the true χ are
Cambridge-Aachen jets with Rmj = 0.1 and pT mj > 5 GeV.
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2.5

Results for sensitivity on underlying process
and event generator

Previous studies [65] of various observables, used to separate quark from gluon jets,
have identified a dependence on the collision process and the shower generator of
choice. This is a serious potential source of systematic uncertainty in BSM searches
or Higgs studies, which may diminish the gains from the taggers. Therefore, we
investigate the dependence of the variables we compared in the previous sections
on the choices of process, from which we select the jets, and the parton shower
generator that we use to provide the evolution to the matrix element partons. As
discussed in the analysis setup section 2.2, we check the performance of the variables
for two types of events, Z + jet and dijet, and for two parton shower Monte Carlo
tools, Pythia [53] and Sherpa [55].
In Fig. 2.14, we compare ROC curves for quark jet tagging in Z + jet events to
that for dijet events generated with Pythia 8. The difference in the performance of
any of the two variables χ and r2 applied to the two event types is negligible to the
overall difference between the variables themselves. This is some evidence for the
universality of the quark/gluon taggers as their performance is unaffected when used
on jets from these two underlying processes in particular. We present the results
with a single jet definition for clarity, but we have confirmed that the conclusion
holds for the other jet definitions discussed in the previous section.
Unfortunately, the same is not true when comparing different parton showers.
In Fig. 2.15, we see that the χ ROC curve for tagging quark jets in Pythia Z + jet
events is vastly different to Sherpa events. To a smaller extent the same is true for
the energy correlation variable. We do not know how the shower implementation in
the two generators affects the quark and gluon evolutions. It might be interesting
to find where this difference comes from.
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Figure 2.14: ROC curves for χ and r2 applied to the leading jet of Z + jet and dijet
events.
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Figure 2.15: ROC curves for χ and r2 applied to the leading jet of Z + jet events
generated with Pythia and Sherpa.

2.6
2.6.1

Application of quark-gluon tagging
Dark matter mono-jet

One potential application of the quark and gluon tagging variable χ is in the search
of dark matter candidates in the mono-jet event measurements. As a showcase we
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investigate the effect of our variable on a specific simple extension to the Standard
Model [86, 87]. We consider a fermion as the dark matter candidate that has no
direct interaction with the Standard Model, but it is possible to produce it in pp
scattering via a scalar mediator particle,
X q
1
Lscalar ⊃ − m2MED S 2 − gDM S x̄x −
gSM S q̄q − mDM x̄x .
2
q

(2.6.23)

We assume this scalar field is related to the Higgs; therefore, we expect it to couple
to the SM fermions proportionally to their Yukawa coupling and we expect a very
similar production phenomenology as with the Higgs boson. More concretely, the
main production channel in a pp collision should be through gluon fusion into a
top loop such as the bottom row in Fig. 2.1. In the case of QCD radiation that
recoils with sufficient pT against the scalar boson in the decay channel to dark
matter fermions, which would pass through the detectors as invisibles, there will be
a distinct mono-jet signature with uncompensated transverse momentum. To fix
the parameters exactly, we choose the scalar boson to be a little heavier than the
Higgs at mMED = 200 GeV, the dark matter mass mDM = 20 GeV and we set all
couplings of the scalar boson to the fermions to be equal to their Yukawa couplings:
q
gDM = yDM ; gSM
= yq . As we do not include a vertex between the heavy gauge

bosons and the new scalar mediator and the top mass is too large, the main decay
channel with this parameter choice is S → xx̄. The first column in Tab. 2.1 shows
that the jet accompanying the scalar boson is equally likely to originate from a gluon
or a quark.
The purely Standard Model processes that display the same detection signature
are Z(ν ν̄)+ jet and W (νl)+ jet [67]. Given the proton pdf distributions at such
a high scale, the main contribution to these processes comes from the interaction
qg → V q (Fig. 2.1) and much less often from q q̄ → V g. We see in Tab. 2.1 that
the difference is almost an order of magnitude. What is also evident from the table
is that even with such optimistic parametrisation of the dark matter extension, the
SM background is still overwhelming. Coupled with the large systematic uncertainty associated with missing energy measurements [88], it is imperative to boost
the signal-to-background ratio in order for a mono-jet analysis to be sensitive to
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σ(jet + MET) [fb]
13 TeV LHC
pT,j > 250GeV

|y| < 1.5

(χ(g, q)) ' 50%

(χ(g, q)) ' 10%

pp → (S → x̄x)j

190

139

46.5

8.17

pp → (S → x̄x)g

96.5

78.6

36.7

6.77

pp → (S → x̄x)q

93.3

60

9.27

1.14

pp → (Z → ν̄ν)j

2830

2170

430

62.2

pp → (Z → ν̄ν)g

334

245

122

24.6

pp → (Z → ν̄ν)q

2460

1890

299

40.3

S/B

0.067

0.064

0.11

0.13

Table 2.1: Production cross sections for a top-philic scalar mediator of mass mS =
200 GeV that decays predominantly into dark matter, see Eq. (2.6.23), and the
√
dominant Standard Model background Z + jet at s = 13 TeV.
such extensions. According to the study by ATLAS [88], the various uncertainties
associated with jet and ETmiss energy resolution vary around 2%. Moreover, the accuracy of the pdf and NLO calculations of the core background processes translate
to additional 3-4% background uncertainty. Even though data from the new runs
will undoubtedly constrain those further, the S/B ratio needs to exceed the background uncertainty if we are to put limits on BSM models. Therefore, rejecting
quark jets is vital for such studies. Even though we showed in the previous sections
that boosting the gluon purity is inherently worse than quark tagging, using our
variable χ we are able to almost double S/B from 0.07 to 0.13 if the collected events
allow for a stringent 10% efficiency cut. With a more conservative cut that keeps
50% of the signal events, we get S/B = 0.11.

2.6.2

Separation of gluon- and weak boson fusion in Hjj

Quark tagging can be a very useful tool in measuring Higgs boson couplings. In
particular it can be used to isolate the weak boson fusion contribution to pp → Hjj
events from the gluon fusion, which has been a topic of considerable interest. An
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σ(pp → Hjj) [fb]
13 TeV LHC
pT,j > 50 GeV, ∆Rjj > 2.0

(WBF) ' 50%

(WBF) ' 10%

WBF pp → Hjj

880

440

91

GF pp → Hjj

900

180

15

GF pp → Hqq

22

11

2.2

GF pp → Hgg

450

61

1.8

GF pp → Hqg

360

90

8

S/B

0.98

2.5

6.1

Table 2.2: LO production cross sections for gluon- and weak boson fusion of a
Higgs boson with mass mH = 125 GeV, separated into the respective partonic
subprocesses. The two columns on the right show the results after applying a double
quark tag with a combined efficiency of 50% and 10% respectively.

example of the two production modes is shown in Fig. 2.2. Therefore, we can add our
quark tagger to the multitude of methods already available, such as rapidity gaps
[68,72], mini-jet vetos [89,90], the matrix element method [91] and event shapes [92].
Any measurement of events involving the Higgs boson will involve multiple Higgs
coupling parameters even if a particular decay channel is selected. This is because
the total event count depends on the production cross section and the branching
ratio, which itself depends on the total decay width as well as the coupling of the
chosen decay channel. Very schematically the number of signal events from a Higgs
decay channel H → Y Y will depend on the branching ratio and the contribution to
the production cross section from each available production channel p:
!
2
X
gHyy
σ(H) × BR(Y Y ) ∼
gp2 P
.
2
g
i
modes
p

(2.6.24)

We would like to make measurements dependent on as few parameters as possible;

therefore, applying a cut that isolates a single production channel is an important
step in studying the Higgs couplings. The weak boson fusion production channel in
pp → Hjj events always produces two quark-initiated jets. In contrast the gluon
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fusion almost never leads to two quarks in the final state. Therefore, a double quark
tag may significantly reduce the latter.
We generate both the WBF and GF events with Sherpa. The event selection
requirements are at least two Cambridge/Aachen jets with Rjet = 0.4 and loose pT
and rapidity cuts of pT > 50 GeV and |yj | < 4.5. We do require, however, a wide
separation between the jets ∆Rjj > 2.0. After these event selection cuts, the contribution from the two channels is almost identical. A double quark tag that leaves
50% of the WBF events already improves the purity to 70%. The last column in
Tab. 2.2 shows that a more stringent cut makes the gluon fusion contribution negligible. Whether such a demanding cut can be applied will depend on the particular
Higgs decay channel chosen for the study. Here we have not made such a choice and
we have treated the Higgs as a stable particle.

2.7

Summary of quark and gluon tagging

We tested the performance of several established observables associated with quark
and gluon tagging and compared them to a simplified implementation of the shower
deconstruction method. We find that, given we use experimentally robust topoclusterlike objects to construct the jets, the shower deconstruction variable χ provides better background rejection than the frontrunners in the energy correlation family r2
and C1 . This remains true for different jet definitions as long as they fall in the
central part of the detector. We have shown in Fig. 2.11 that the quark tagging
capability of χ improves as the jet is more boosted in the beam-transverse direction.
Even though most of the study has been performed with Rjet = 0.4 jets, the shower
deconstruction method remains better performing even for fatter jets, although, in
this case the full multi-microjet implementation has to be used instead of the simpler single-branch version, where the total jet momentum acts as the only microjet
in the shower deconstruction framework.
We have shown that quark and gluon tagging can be useful in isolating signal
events in LHC collisions in vastly different searches. Therefore, these methods can be
rather universal and eventually form a procedure almost as ubiquitous as b-tagging.
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However, we do not understand or control their behaviour to bring them to such
status. On two occasions during our study, we noticed that the current understanding of physics at small energy scale, does not render coherent results. Specifically we
see in Fig. 2.15 that the tagging efficiency from both energy correlation jet shapes
and shower deconstruction is affected significantly by the choice of parton shower
generator. There is a systematic difference between the quark tagging efficiency
when we use Sherpa or Pythia, with the latter noticeably friendlier to gluon rejection attempts. Early on in Sec. 2.3.2, where we focussed on the energy correlation
functions, we found strong dependence on the late shower evolution and hadronisation. Apparently there is some information within the hadron seeds distribution
that the jet shapes can access, which is lost once the experimental resolution is taken
into account. The effect can be seen in Fig. 2.7 and 2.8, where the same variables
have been compared with different initial seeds. One redeeming feature, exemplified in Fig. 2.14, is that χ seems to provide a consistent background rejection when
used to tag jets in different types of hard processes. This process independence is a
crucial requirement for building an applicable tagger, but much more variety in the
processes is necessary to claim this for sure.
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Chapter 3
Collinear W tagging
With the completion of the first run of the LHC, the Higgs boson’s existence was
confirmed [13, 14], but any extensions to the SM have been further limited. In
particular, no hints of new resonances have been seen yet, suggesting that if such
exist, their masses will be at least in the TeV range. The resulting decay products
will be highly boosted. In a scenario where the resonance decays to boosted top
quarks, SM-initiated processes that contain boosted quark and W boson in proximity
to each other, can fake a top and reduce the sensitivity to the BSM channel. The
electroweak corrections are enhanced by large logarithms and a fixed order expansion
in αW is not going to provide an accurate description [93–105]. Therefore, just like
in the massless QCD case, terms of type αW log2 (Q2 /m2W ) need to be resummed to
provide a dampening exponential Sudakov factor and an accurate interaction rate.
Such Sudakov factors are included in the parton shower of event generators
[55, 106, 107]. This allows us to build and test techniques that look for W bosons
that are collinear with boosted quarks. This type of W tagging can be useful in
measuring the collinear W emission rate and compare to the predicted cross section
with the appropriate phase space cuts. Moreover, finding a W in the vicinity of a jet
will indicate that the jet originates from a quark. We refrain from attempting quarkgluon tagging, but we do vary the splitting function with a multiplicative factor in
order to check how sensitive our analysis is to discrepancies in the measured rate.
√
We generate dijet events pp → jj at s = 14 TeV with a modified version of
Sherpa [55]. The matrix element is computed with Comix [108] and the partons are
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showered with CSShower [109, 110], which is modified to apply an EW shower in
addition to the QCD and QED shower. After that, the partons are hadronised [111]
and UE [112] is also incorporated for a more realistic search.
The EW parton shower approximates the cross section for a heavy gauge boson
emission by factorising the emission from the rest of the process
dσn+V

spec
X nX
dt
dφ 1
= dσn
dz
J(t, z) Kf (s)→f (0) V (s) (t, z) .
t
2π
n
spec
s
f

(3.0.1)

The sums run over the fermions in the final state signifying the emitting parton (f )
and the possible nspec spectators (s). The emission probability is a result of the
scale of the splitting t, the splitting fraction z and the azimuthal angle φ. There is
also a Jacobian [110] for the transformation of the one-particle phase space element
from d3 p → dt dz dφ. The exact choice of t and z, and consequently J(t, z), varies
between initial and final state participants in the splitting. Finally the dynamics of
the emission are collected in the splitting function K [113]
Kf (s)→f 0 V (s) (t, z) =

α h
V
fV cV⊥ ṼfCDST
(s)→f 0 b(s) (t, z) + fh cL
2π

1
2

i
(1 − z) .

(3.0.2)

This is schematically true for both V = W, Z bosons. The functions ṼfCDST
s→f 0 bs are
derived in [114, 115]. We checked that the contribution from transversely polarised
W bosons supersedes the longitudinal as well as all of the Z boson polarisations.
Therefore, we focus exclusively on transverse W s by setting fh = fZ = 0. Then the
only parameter left is cW
⊥ , which is the combination of coupling factors associated
with the W , cW
⊥ = seff

1
2s2W

|Vf f 0 |2 . seff = 1/2 accounts for the fact that the dijets are

unpolarised but the W couples to the left-handed quarks only. The remainder of
the chapter focusses on ways to improve the sensitivity to the emission rate factor
fW ≡ f , which is f = 1 in the SM, but we generate events with different values.

3.1

W reconstruction in dijet events

We cluster the final state radiation of each simulated event into objects that mimic
the experimentally detectable ones. In particular we identify an electron or a muon
as an isolated lepton when it has pT l > 25 GeV, it is within pseudorapidity |ηl | <
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2.5 and crucially the hadronic radiation within a cone of radius R = 0.2 around
the direction of the lepton in φ − η space contributes less than 10% of the lepton
transverse energy. All leptons that comply with the isolation criteria are removed
from the rest of the visible particles. Of those we keep the particles with transverse
momentum pT > 0.5 GeV and absolute pseudorapidity |η| < 5.0 and cluster them
into tiles of size ∆η × ∆φ = 0.1 to account for the energy and angular resolution in
an experimental setting. We use the cells as seeds to reconstruct jets. We take into
account the trigger efficiency by initially requesting that an event has at least one
anti-kT jet with radius parameter Rjet = 1.5 and pT > 200 GeV. If this requirement
is satisfied, we separate the analysis into two mutually orthogonal parts depending
on the number of isolated leptons. If we cannot reconstruct any such leptons, we
perform an analysis tailored to detect a hadronic W decay. Alternatively, if we find
exactly one isolated lepton among the event remnants, we attempt a leptonic W
tagging. Both independent regions are further subdivided according to a minimum
fat jet pT requirement. We accept events with at least two fat jets and bin them
according to a minimum jet transverse momentum limit pT > 500, 750, 1000 GeV.
Therefore, an emitted W boson will be boosted more frequently as we move up
from the low to the high pT bin. Note that unlike the event binning according to
the number of isolated leptons, these pT bins are not independent. All the events in
a higher-pT bin are also included in all lower pT bins.

3.1.1

Hadronic analysis

Two ways, in which to approach the hadronic W boson identification, are to look
for the signature mass scale of the heavy particle by grouping its remnants appropriately and to study the general energy distribution among those remnants with
jet shapes. Even though these approaches carry some redundant information, there
is still information to be gained by combining the methods into a single analysis.
Therefore, while the mass search techniques yield better results than cuts on jet
shapes when applied independently, we find that a consecutive application of both
is the best strategy.
We devise three mass search strategies, each suited to a particular kinematic
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regime: a highly boosted pTW  mW , a moderately boosted pTW > mW , and
slightly boosted pTW ' mW . The first two employ sub-structure mass reconstruction
methods, while the last attempts an event-wide mass reconstruction.
(A) To look for the most boosted scenario, we cluster the fat jet constituents into
R = 0.5, pTi > 200 GeV C/A subjets. The most energetic subjet will be from
the emitting quark, while the second is expected to be the hadronic W . If most
of the W mass is to be contained in a single subjet, then its boost must be
about pTW ≥

2mW
R

, so we require the fat jet to contain at least two subjets with

pT > 200 GeV. Then we apply the BDRS algorithm [116] to the second subjet
and accept a W candidate only when the mass of the BDRS-treated subjet is
within the window mBDRS ∈ [74, 90] GeV.
(B) In order to reconstruct hadronic W bosons that are not boosted enough to fit
in a single subjet, we try to associate the immediate W products with even
smaller-radius subjets. Therefore, for the moderately boosted case we recluster
the fat jet constituents into R = 0.3 and pT > 20 GeV C/A subjets. We
will refer to this set of subjets as microjets. The hardest microjet is again
associated with the emitting quark; therefore, we discard it. A study into the
order of collinear emissions [106] reveals that it is more likely that a highly
boosted quark will emit a W boson at a larger scale than a gluon. If this W
boson goes on to split symmetrically into two quarks, they will usually be the
seeds for the second and third microjets. We expect that the mass distribution
m23 of the combined four-momentum of microjets two and three will show a
peak structure around the W mass, so we use it as the discriminant. The mass
window cut that leaves the best signal to background ratio, accounting for the
mass binning limitations in an experiment, is m23 ∈ [70, 86].
(C) Finally we consider a W emission without significant boost. In this case the
boson may be emitted at a large radial distance from the quark. Coupled with
the fact that the W decay products have more freedom to travel in a direction
different from their mother boson, it is unlikely that the original quark and
emitted W will form a single fat jet. Therefore, we recluster the entire event
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into small R = 0.4, pT > 40 GeV anti-kT jets. We require at least five such jets
to consider the event as a dijet + soft W candidate. Because of the original
dijet event selection criteria explained in the beginning of this section, we expect
that the first two most energetic jets to come from the two boosted quarks and
we ignore them. We pair up the remaining jets and define the invariant masses
m2kl = (pk + pl )2 . Given the large LHC scattering scale, QCD radiation can
often occur at a virtuality comparable with the W mass. Therefore, the more
pairs of jets in an event we examine, the greater the chance of finding at least
one with invariant mass in the proximity of the W boson and cause our method
to mistag pure QCD as a W boson. In order to avoid unnecessarily biasing the
QCD background we restrict the possible jet pairs. First, we only use jets three
through six (or five if an event contains only five jets), k ∈ [3, 6]. Moreover,
we avoid m34 as it is very likely that the third or the fourth hardest jet is a
gluon radiation from the quark that did not emit the W boson. The only viable
masses are then m3l and m4l where the label l refers to jets 5 and 6. We count
the event as containing a W boson if one or more of the viable pairs has a mass
within the range mkl ∈ [70, 86] GeV. In the case of more than one, we take the
pair of jets with the smallest ∆m = |mkl − mW | to be our W candidate and
label the mass variable mmin .
As already pointed out in the description of A, this method is increasingly more
effective when the W is more boosted. Following the approximate radial separation of two-body decay products, method A can hope to find W bosons with
a transverse momentum of at least pTW ≥ 300 GeV. Fig. 3.1 shows the resulting distributions for mBDRS , method A, in the three different fat jet pT selections
pT > 500, 750, 1000 GeV. There is some freedom in the parametrisation of the
BDRS mass. To fix this freedom we follow the original paper [116] and choose
(µ, ycut ) = (0.54, 0.13) for subjets with 200 < pTı < 500 GeV and (µ, ycut ) =
(0.72, 0.09) for the rest. There is an excess of events around mBDRS = 80 GeV,
whose magnitude increases with the multiplicative factor in the splitting function
f . This is expected as a higher f corresponds to more frequent EW emissions. The
reconstructed W mass peak is more pronounced as we increase the fat jet pT limit
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Figure 3.1: W candidate mass distribution using method A for pTJ > 500 (left), 750
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Figure 3.2: W candidate mass distribution based on microjets ι2 and ι3 as described
in method B for pTJ > 500 (left), 750 (center) and 1000 (right) GeV.
(moving from left to right in Fig. 3.1). This is expected because a more boosted
quark has a larger possibility to emit a collinear boosted W boson, exactly the type
that the BDRS method is supposed to tag.
The same information, but for the mass variable m23 of method B, is presented
in Fig. 3.2. Just as with method A, a stronger quark boost allows for more frequent
production of W bosons whose decay products are boosted enough to form the
second and third microjets. Therefore, the pair is the true W more often and the
peak is more pronounced as the fat jet pT limit goes up. At first glance the mass
peak for the highest pT bin is larger with method B, but upon comparing the y−axis
scales and starting points, we can see S/B is comparable between the two methods.

The mass distribution from the final method C can be found in Fig. 3.3. Unsurprisingly, the peak improves with larger f as the rate of EW emissions increases.
On the other hand there is a contrast with the previous two methods when it comes
to the quark boost effect on the sharpness and scale of the peak. Because the last
method does not assume a boosted W, it does not improve performance under a
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Figure 3.3: W candidate mass distribution based on method C for pTJ > 500 (left),
750 (center) and 1000 (right) GeV.
stricter fat jet transverse momentum cut.
As discussed in the beginning of the section, combining subjet mass searches
(methods A and B) with additional jet shape cuts strengthens the signal extraction.
In order to link the two, we evaluate the jet shape observables only on the constituents of successfully identified, according to the method definition, hadronic W
bosons. Ellipticity t̂ (Appendix C) and the N-subjettiness ratio τ21 = τ2 /τ1 [59] provide the best additional separation when applied to the constituents of the R = 0.5
subjets with mBDRS ∈ [74, 90] GeV defined in the procedure of method A. We show
both the ellipticity and N-subjettiness ratio distributions in Fig. 3.4. In both cases
the total cross section under the curves increases with the multiplicative factor f ,
which is the consequence of the mass reconstruction cut acquiring more events as
the rate of emission increases. The second and more important feature is that the
shapes changes as well. There is a distinct shift in the peak of both distributions to
lower values as the emission rate increases.
The origin of the effect is the same. The ellipticity is defined in such a way
that if the radiation within the jet is clustered in one plane, or from the point
of view of the jet transverse plane the transverse components lie along a single
line, the observable will have a smaller value than when it is applied to a jet with
isotropic energy distribution. In the perfect case scenario, a symmetric two-body
decay of a massive colour singlet particle will have most of its energy within a band
that stretches between the decay products. This energy profile translates into a
small ellipticity value. The background that we try to discard is a high virtuality
gluon mimicking the W mass. Such a particle has no fundamental scale that would
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Figure 3.4: Ellipticity t̂ (top row) and τ21 (bottom row) distributions calculated
using constituents of W candidates identified with method A for pTJ > 500 (left),
750 (center) and 1000 (right) GeV.
favour a symmetric split. Moreover, the gluon is colour connected to other particles;
therefore, the second consecutive radiation in the gluon shower is not bound to end
up between the previous two branches. Therefore, gluon jets do not have this onedimensional profile in the jet transverse plane and are more likely to obtain a large
ellipticity value. It is expected then that a sample richer in hadronic W s (larger
f ) will have an ellipticity peak at smaller values than a W -depleted sample (for
example f = 0).
The trend for a shift to lower τ21 as the W emission rate increases can also
be explained with the fundamental mass scale in a W jet. The N-subjettiness
variables are such that for any particle distribution τN +1 ≤ τN . In a 1-prong jet, a
more probable QCD outcome, adding a second axis will not drastically change the
distance of many hard particles to the closest axis. Therefore, the relation between
1-subjettiness and 2-subjettiness is τ2 . τ1 . If the radiation in the jet is 2-prong,
then two axes will substantially lower the distance between most particles and an
axis. Therefore, τ2  τ1 . Thus, the ratio τ21 has a peak at small values as the
fraction of W jets in the sample increases.
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Figure 3.5: Transverse mass of the leptonic W candidate mT for pTJ > 500 (left),
750 (center) and 1000 (right) GeV.

3.1.2

Leptonic analysis

In order to perform the leptonic analysis instead of the hadronic, we require that
the event has a single isolated lepton with pT l > 25 GeV and |ηl | < 2.5. Since
one of the decay products in a leptonic W is a neutrino, such an event would have
a signature missing transverse energy. Therefore, to proceed we also require that
/ T > 50 GeV. Unfortunately, the component of the neutrino momentum parallel
E
to the beam axis cannot be reconstructed from momentum conservation principles.
Still, the fundamental mass scale of the W boson will show itself in a transverse
mass distribution,

q
/ T (1 − cos θ),
mT = 2ETl E

(3.1.3)

where θ is the angle between the missing energy vector and the isolated lepton.
The distribution of this variable mT has a peak structure in the vicinity of the
W mass as we see in Fig. 3.5. We accept the pair of missing energy and isolated
lepton as a successfully tagged W as long as its transverse mass is within the bin
mT ∈ [60, 100] GeV. The final acceptance rates for this analysis are show in Table 3.3, where we can see that virtually no pure QCD events (f = 0) survive cuts.
Therefore, this approach vetoes all jets with no EW emissions when the Sudakov factor has a realistic W splitting probability contribution f & 1.0. When the emitting
quark boost is large and the leptonic W is collinear, the proximity of the hadronic
radiation from the quark evolution to the W charged lepton is going to reduce the
signal efficiency of the isolation criterion. In this highly boosted regime it might be
statistically beneficial to use a dynamic [117] isolation criterion.
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The cross section that remains after the various cuts and selections in the analysis is
summarised in the three tables of this section. A common feature in all is that each
row corresponds to a different value of the multiplicative constant f ≡ fW defined
in Eq. (3.0.2). Table 3.1 shows the effect of the trigger, isolated lepton and dijet
minimum transverse momentum cuts. The columns nl = 0 and nl = 1 signify the
separation of the cross section into a hadronic and leptonic bin respectively. At this
point the only selection criteria that are satisfied are the trigger requirement that
the event should contain at least a single pT > 200 GeV jet and also the required
number of isolated leptons. Furthermore, in each of the hadronic and leptonic cases
we examine three different (but not independent) regions defined by a minimum pTJ
condition on the fat jet.
The next table is dedicated to the different versions of the hadronic analysis
described in Sec. 3.1.1. For each method we keep track of the remaining cross section
after a mass cut in all three pTJ bins. Obviously the cross section is affected by the
fat jet pTJ limit. There is also an effect due to the pT requirements on the subjets in
the different methods: pTι > 200 GeV in A; pTι > 40 GeV in C; pTι > 20 GeV in B.
The cross section that remains after the application of those methods increases as
the pT requirement on the subjets is relaxed. The ratio between methods B and C
remains close to three for all fat jet pTJ bins and multiplicative factor values. The
first method does not keep a constant proportion with the other two. The ratio in
the lowest pTJ > 500 GeV bin between A and B is much smaller than the same ratio
in the middle pTJ bin, which in turn is yet again smaller than the ratio corresponding
to the highest pTJ bin. This is because the condition to have a second pTι > 200 GeV
subjet with a large radius R = 0.5 in a fat jet that is already only pTJ & 500 GeV is
very restrictive. If we trace back the transverse momentum of the fat jets that get a
positive W identification with method A in the lowest pTJ bin, then we see that half
of them actually have pTJ > 750 GeV. In contrast, the successfully tagged hadronic
W s with method C in the lowest pTJ bin stem from fat jets with pTJ < 750 GeV
90% of the time. Finally, the third table shows the numbers for the leptonic events
/ T > 50 GeV and the consecutive transverse mass
after the transverse energy cut E
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cut. We also keep track of the fat jet pTJ limit.
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f

nl = 0

0

leptonic

pTJ [GeV]
500

750

1000

2116

551.2

59.53

10.24

1.0

2092

539.1

57.74

1.1

2090

537.9

2.0

2070

527.5

pTJ [GeV]

nl = 1

500

750

1000

0.001

0.002

0.0002

3×10−5

9.856

23.37

3.663

0.5795

0.1286

57.57

9.826

25.73

4.056

0.6341

0.1389

56.00

9.481

45.71

7.081

1.117

0.2439

Table 3.1: Cross sections of the hadronic and leptonic analyses in pb. Where applicable a column has three numbers to account for
different fat jet pT cuts: pTJ > 500 (left), 750 (middle) and 1000 (right) GeV.

f

method A (mBDRS ∈ [74, 90] GeV)

method B (m23 ∈ [70, 86] GeV)

method C (mmin ∈ [70, 86] GeV)

pTJ [GeV]

pTJ [GeV]

pTJ [GeV]

750

1000

500

750

1000

500

750

1000

0

0.9939

0.4906

0.1447

35.87

4.228

0.6943

11.81

1.401

0.2255

1.0

1.219

0.6202

0.1923

38.83

4.698

0.7890

13.22

1.607

0.2643

1.1

1.251

0.6386

0.1977

39.11

4.741

0.8000

13.34

1.623

0.2661

2.0

1.422

0.7312

0.2286

41.43

5.085

0.8584

14.49

1.780

0.2939

Table 3.2: Cross sections after the three mass reconstruction cuts in the three different methods for the hadronic analysis in pb.
Each column contains three numbers to account for different fat jet cuts: pTJ > 500 (left), 750 (middle) and 1000 (right) GeV.
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f

500

68

/ T > 50 GeV
E

mT ∈ [60, 100] GeV

pTJ [GeV]

pTJ [GeV]

750

1000

500

750

1000

0

0.001

1×10−5 4×10−7

6×10−5 5×10−6

1×10−7

1.0

2.062

0.3481

0.07988

0.5769

0.09271

0.02156

1.1

2.280

0.3795

0.08654

0.6402

0.1046

0.02323

2.0

4.000

0.6765

0.1531

1.108

0.1830

0.04099

/ T > 50 GeV cut and the mT cut in the leptonic
Table 3.3: Cross sections after the E
analysis in pb. Each column contains three numbers to account for different fat jet
cuts: pTJ > 500 (left), 750 (middle) and 1000 (right) GeV.
All of the reconstructed mass cuts in the three hadronic analyses keep enough
R
cross section that the expected integrated luminosity in Run 2, Ldt ≈ 100 fb−1 ,

should provide statistically sufficient number of hits. This is true even for the very
boosted case of pTJ > 1 TeV fat jets. Therefore, the sensitivity of our analysis to
discrepancies in the detected and expected electroweak emissions in dijet events will
be limited by systematic uncertainties and the signal-to-background ratio. Given
the peak structure in the mass distributions, it is conceivable to apply a side-band
analysis to avoid theoretical uncertainties in the QCD background.
We estimate the sensitivity of the different approaches we described in the previous section using binned log-likelihood ratio as the test statistic, qW , in a hypothesis
test performed according to the modified frequentist method [118], also known as
the CLs method (Appendix A). We calculate the median exclusion sensitivity of a
hypothesis with f 6= 1 from the Standard Model hypothesis f = 1. In addition to
treating each bin as a separate counting experiment, we also follow the treatment
of systematic uncertainty as a nuisance parameter with a gaussian distribution. Far
from being an exhaustive treatment of potential sources of systematic error, this
is a quick guide to what level of control over the systematic effects is needed for
exclusion of different f values.
Before moving to exclude f > 1 values, we check if our analysis is sensitive to the
difference between a Standard Model shower and a pure QCD shower. Therefore,
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we compare the hypotheses f = 0 and f = 1. As our null hypothesis in this case
expects more events, the distributions of the test statistic is reflected about the yaxis, compared to the standard case when the null hypothesis expects less events.
Therefore, the integration that defines the confidence level, is done in the opposite
direction (see Appendix A). In Fig. 3.6 we show how different fractional systematic
uncertainties σsyst on the bins in the mass distributions limit the exclusion of f = 0
from f = 1. The confidence level of the exclusion is plotted there as a function of
the integrated luminosity. Each row shows the QCD-only hypothesis rejection using
one of the methods A-C and each column corresponds to a different dijet pTJ limit.
Even though the softer bin pTJ > 500 GeV retains the most amount of signal, the
S/B ratio is better with a more stringent cut on the fat jet transverse momentum.
Therefore, the analysis can exclude the f = 0 hypothesis better when performed
in a more boosted regime. All three methods allow for a 95% CL exclusion of the
QCD-only shower given σsyst ≤ 3.5% in the most boosted bin, but the mass drop
and filtering observable mBDRS can exclude it at a much larger confidence level and
with a more forgiving uncertainty of σsyst = 5%.
At this point, we stress that this particular modelling of the uncertainty, as
a single nuisance parameter with a normal distribution, does not approximate a
specific systematic effect. In fact, there are numerous such effects that lead to
both normalisation and shape uncertainties. The sources vary from the estimation
of the beam luminosity to the object reconstruction efficiency in the various parts
of the detector and at different energies. In addition, there are severe theoretical
uncertainties associated with the parton distribution functions of the protons and
the fixed order calculations of electroweak emissions from quarks. Many of the
examples span beyond 5%. However, the purpose of this section is to show how
well these systematic effects need to be controlled in order that our methods lead
to meaningful statements. We hope that in the course of the LHC lifetime, the
various contributions may be parametrised and fitted from other measurements to
the desired accuracy.
For the rest of the study we revert back to the more standard situation where
the null hypothesis has a lower number of expected events than the alternative
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Figure 3.6: CLs for the W mass reconstruction through method A using mBDRS (top
row), method B using m23 (center row), and method C using mmin (bottom row)
of the hadronic analysis for the three different minimum jet transverse momenta:
pTJ > 500 (left column), 750 (center column) and 1000 (right column) GeV. The
null hypothesis corresponds to f = 1 and the alternative to f = 0.
hypotheses. In particular we calculate the exclusion confidence level achievable with
our analysis of multiplicative factors f > 1 given the Standard Model EW splitting
probability f = 1. All methods retain sufficient number of events after cuts so that
the sensitivity of the analysis would be determined by the systematic uncertainty
and the S/B ratio at the expected integrated luminosity of the second LHC run.
Unfortunately, even a relative uncertainty of 1.5% renders all three hadronic methods
A-C insufficient when f = 1.1. This is expected as a 10% increase in the W emission
rate translates to roughly O(1)% difference between the two hypotheses. We already
established that a difference of O(10)%, such as between f = 0 and f = 1, is
detectable by our hadronic methods. Therefore, we expect they would work when
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Figure 3.7: CLs obtained from the W mass reconstruction through method A using
mBDRS (top row), method B using m23 (center row), and method C using mmin
(bottom row) of the hadronic analysis for the three different minimum jet transverse
momenta: pTJ > 500 (left column), 750 (center column) and 1000 (right column)
GeV. The background corresponds to the Standard Model emission rate (f = 1)
and signal + background to f = 2.
we compare f = 2 to the Standard Model. The exclusion confidence level as a
function of the luminosity is presented in Fig. 3.7 in the same format as in Fig. 3.6.
The exclusion is a little less powerful, but mBDRS can still exclude f = 2 at 95% CL
with a systematic uncertainty of 5%.
The jet shape variables t̂ and τ21 were shown to extract additional information
from mass-tagged W candidates. Therefore, we can use them to improve the S/B
ratio and allow for a more powerful discrimination between the Standard Model and
f = 1.1. We focus on the strongest method thus far and show in Fig. 3.8 the result of
the ellipticity (left) or N-subjettiness ratio (right) applied to the constituents of W December 21, 2016

3.3. Summary of collinear W tagging

72

candidate subjets that pass the mass criterion in method A. Due to the additional
mass cut, the statistical uncertainty in the jet shape distributions in the highest
R
pTJ bin remains large even after Ldt = 100 fb−1 . Therefore, the plots in Fig. 3.8

are extracted from the bin pTJ > 750 GeV, which is boosted enough to allow for
an efficient mass reconstruction but also frequent enough to keep the statistical
uncertainty under control. The strong QCD rejection at small jet shape values,
as discussed at the end of the last section, contributes to a 95% CL exclusion of
f = 1.1 given a modest systematic uncertainty of σsyst = 2.5%. However, even
with this addition the hadronic analysis is not capable of such an exclusion if the
uncertainty is 5%.
To do this, we need both a good control over the systematic error and sufficient
number of events. The leptonic analysis in Sec. 3.1.2 has a clear advantage when it
comes to the systematic error, as the QCD background is irrelevant there. Therefore
a O(10)% increase in the W emission rate translates directly to a S/B of O(10)%.
As long as the selection cuts are not severe enough to make the statistical error
dominant, it is feasible to achieve a 95% CL exclusion of the f = 1.1 hypothesis
with σsyst = 5%. We can see in Fig. 3.9 that this is indeed the case. One noticeable
trend is that not only the statistical uncertainty becomes dominant in the highest
pTJ bin, but that the exclusion in the infinite luminosity limit shrinks to slightly
lower levels. This is in accordance with the observation that the isolation criterion
is affected as the W becomes more collinear. Unfortunately, this is the limit in which
the shower treatment will deviate from a fixed order calculation the most. Still, even
in the boosted bins, the leptonic analysis allows for the exclusion of f = 1.1 if the
systematic uncertainty is controlled to 3.5% - 4%.

3.3

Summary of collinear W tagging

We have built a two-step analysis to identify boosted hadronic W bosons, produced
in the vicinity of an even harder quark. The emission rate of the electroweak boson
in this configuration is increased by Sudakov logarithms αW log2 Q2 /m2W . Quarks
at such a high virtuality are able to produce QCD radiation with sufficiently large
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Figure 3.8: CLs obtained from the ellipticity t̂ (left) and τ21 (right) distributions
calculated from the constituents of the W candidates that pass the BDRS cut on
the second boosted subjet. pTJ > 750 GeV. The background is the SM emission
rate (f = 1), signal + background sample is f = 1.1.
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Figure 3.9: CLs obtained from the W transverse mass mT reconstruction in the
leptonic analysis. The background sample is the SM emission rate (f = 1). The
signal plus background sample is f = 1.1.
invariant mass to mimic the heavy electroweak bosons. Therefore, we resort to jet
substructure techniques to sharpen the mass peak and additional jet shapes that tap
into different information about the radiation, such as the colour flow. We see that
for a sufficiently low systematic uncertainty of around 5%, mass reconstruction from
jet substructure is sufficient to exclude deviations on the order of the expected SM
W emission rate, |σf ·SM − σSM |/σSM ≈ 1. To reach sensitivity to 10% deviations,
i.e. f = 1.1, we include an ellipticity or N-subjettiness ratio cut after the mass
reconstruction. Moreover, the analysis can then exclude the f = 1.1 hypothesis
with an even more strongly controlled systematic uncertainty of 2.5%. After the jet
shape cut, the statistical uncertainty crawls back in even after 100 fb−1 . Therefore, in
the high luminosity run we might expect a better limit. Obviously, the electroweak
coupling’s strength is well known already, but these types of measurements will
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allow for a validation of the effects from the large logarithms associated with the
electroweak bosons. Furthermore, it is quite possible that the LHC might not be able
to tap fully into the enhanced region, where m2W /Q2 → 0, with sufficient statistics.
Therefore, such studies might have to be adapted for a possible future 100 TeV
collider.
The QCD background reduction by a single lepton requirement improves the
sensitivity greatly. The high statistics bin pT > 500 GeV turns out to be the best
for discriminating the f = 1.1 hypothesis from the SM f = 1 if we search for a
leptonic W emission. Even with 5% systematic uncertainty the leptonic analysis is
capable of excluding the 10% deviation. Depending on the control of the transverse
/ a leptonic W
mass distribution, which is mainly limited by the missing energy E,
search may be able to probe even lower deviations.
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Chapter 4
Semileptonic tt̄H(bb̄)
The discovery of the 125 GeV resonance in 2012 [13, 14] shifted the focus of the
ATLAS and CMS experiments to identifying the properties of the particle. It is
already known to be a spin-0 boson [119] and that its couplings to the Standard
Model particles are in agreement with a Standard Model Higgs boson [120]. However,
even though the couplings to the heavy gauge bosons have been determined with
high precision, the Yukawa couplings of the new particle have still large uncertainties.
In particular, there are important benefits in limiting the uncertainty of the top
and bottom quark couplings to the Higgs. The main decay channel of the Standard Model Higgs boson with mass 125 GeV is H → bb̄. Therefore the total decay
width Γtot is dominated by the bottom Yukawa coupling. The cross section of any
individual decay channel is proportional to its branching ratio, which involves the
total decay width BRi = Γi /Γtot , and implicitly depends on the bottom-Higgs coupling. If it is not constrained, the uncertainty will translate to all coupling measurements [121]. One production mode is q q̄ → V H, where V is either a W or Z boson
and the Higgs decays to bottom quarks. Because of the two signature mass scales in
the final state, and a requirement on the vector boson to decay leptonically, a good
signal-to-background ratio can be extracted from this mode [116, 122]. Moreover,
the Higgs couples directly both at its production and decay vertex, therefore the extraction of the bottom Yukawa coupling is model independent. Unfortunately, this
has not been enough to constrain it as much as the gauge boson couplings during
the first Run of the LHC. In the second and third runs, the increased energy and
75
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luminosity open other search strategies for extracting the b-Higgs coupling. One of
them is to use the smallest production mode tt̄H [123].
This channel also contains information about the top Yukawa coupling. In the
more dominant production channel gg → H, where the Higgs interacts with the
gluons through a top loop and therefore depends on yt , an assumption must be made
about what other particles, if any, could contribute to the effective vertex. This is
not the case in tt̄H, where the vertex is at tree level and the top-Higgs interaction is
directly probed. The magnitude of the top interaction is one of the key ingredients
in determining the electroweak potential at larger field values, which will tell us
how stable the current vacuum state is [124,125]. The other important ingredient is
the Higgs self coupling, but the LHC may not be able to provide good estimates of
that [126]. Pinning down the top Yukawa is also crucial for the exclusion of various
BSM models. For all these reasons, a measurement that can accurately extract the
tt̄H(bb̄) cross section and contribute to the global fit of the Higgs properties, is worth
pursuing.
Both ATLAS and CMS have published analyses specific to the semi-leptonic
tt̄H(bb̄) channel [127, 128] as well as more general tt̄H searches [129–131] using the
data from the first run of the LHC. So far, neither of the collaborations has optimised
their reconstruction to boosted phase space regions, but rather both include multivariate (MVA) reconstruction techniques, e.g. boosted decision trees and neural
nets, in conjunction with the Matrix Element Method [75].

4.1

Standard Boosted tt̄H Analysis

We update a search performed in 2009 [123] that attempts to reconstruct semileptonic tt̄H(bb̄) events and distinguish them from a QCD background of the type
tt̄ + jets and W + jets by exploiting the boosted corner of the final state phase
space. The update consists of using more accurate signal and, crucially, background
simulations and applying improved reconstruction techniques. The current ATLAS
and CMS analyses already vividly show that the S/B ratio is going to be small even
in the signal-rich bins. Therefore, a fluctuation in the background model will have a
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huge effect on the sensitivity of the analysis. Unfortunately, the discrepancy between
the LO simulations in [123] and state of the art NLO shows that the correction to
the tt̄ + jets channel is of the order of 50%. For a full description of the Monte Carlo
simulations used in the analysis see Sec. II of [3]. The new reconstruction method
includes a more recent, and now widely accepted, top tagging technique, HEPTopTagger [132], which is described in Appendix B. When we present the results, the
effects of the change are discussed. In addition, we impose an isolation requirement
on the leptons and attempt a more realistic b-jet tagging.
In our analysis we match B-mesons from the MC hadronisation stage to jets and
subjets formed with final state objects. If a B-meson falls within the jet radius,
then the jet is MC-tagged as a b-jet. When all jets and subjets in a configuration
are MC-tagged as b-jets or light jets, a b-tag weight is given to the configuration as
a whole. This happens by calculating the probability to find a fixed number of b-jets
and light jets from the experimentally quoted efficiencies (70% and 1% respectively
for MC-tagged b-jet and light jet). The approach we adopt does not exactly simulate
the experimental method, but is conservative in so far as we do not correct for the
energy of invisible decay products of B-mesons, which will result in a smeared out
mbb distribution and thereby reduce the statistical sensitivity of our reconstructions.
Previously the hadrons in the final state were not decayed, so a jet could actually
contain a B-meson in its constituents, which simplifies the procedure, but introduces
an unrealistic energy resolution. The origin of this is that a B-meson has a decay
channel of with missing energy. Since the resonance we are looking for contains two
kinematically significant B-mesons from the bb̄ pair, reconstructing the resonance
after hadronic decays will smear and displace the peak.
The analysis is performed with three types of objects: hadrons, leptons and Bmesons. The leptons are associated with ` ∈ {e± , µ± } and include isolation and
kinematic criteria. To consider ` as a lepton from the hard interaction and heavy
objects’ decays we require that it is central |η` | < 2.5, sufficiently energetic pT ` >
P
25 GeV [128] and isolated from the hadronic radiation i∈∆Ri` <0.2 HT i < 0.1 pT ` .
A hadron is any other visible final state particle with the more relaxed kinematic

constraints |η| < 4.5 and pT > 0.5 GeV. Finally, the B-mesons are not directly
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involved in any reconstructed object. However, they provide the means to assign btags to jets and subjets as discussed in the previous paragraph. In order to qualify for
b-tagging, a B-meson must satisfy the following kinematic constraints: pT > 10 GeV
and |η| < 2.5. Consequently, a jet or subjet is only viable for b-tagging if it also
satisfies the same pseudorapidity constraint.
The analysis begins with simple selection cuts that eliminate the overwhelming
QCD background, which is not included further. The first requirement is of a
single isolated lepton. Because such a lepton originates from the matrix element
(or EW scale resonance decays), this condition eliminates the pure multi-jet QCD
background. It also separates this analysis from the fully leptonic tt̄ + X processes,
which are not the subject of this study. The hadrons in events that pass the first
requirement are clustered into CA fat jets with R = 1.5 and pT j > 200 GeV. The
second selection cut is of at least two such fat jets, from which the hadronic top
thad and Higgs boson will be extracted. The transverse momentum limit is not very
large. In fact it is only slightly above the top mass. Therefore, the particles we are
looking for will be only slightly boosted. Usually, a stronger boost benefits the S/B
ratio; however, as we are dealing with the least frequent Higgs production channel,
we have to keep in mind the signal efficiency and not only the purity of the sample.
Therefore, we cannot afford large boosts in this search.
After the two event selection cuts in the previous paragraph, the stage is set for
the actual jet-substructure analysis of the hadronic top and Higgs candidates. The
reconstruction of the event proceeds in seven steps.
1. The HEPTopTagger is applied to each fat jet and as a result each fat jet is
either tagged as thad or non-thad . Usually, a semi-leptonic tt̄ event is rarely
going to receive double thad tag, but the second hadronic resonance in the
event actually substantially increases the odds (see Sec. 4.1.1). Therefore, we
are forced to drop multi-thad events or select a ”best” top.
2. In the interest of retaining as much signal as possible, we choose the second
path, instead of vetoing such events, by selecting the top candidate that minimises ∆mtot ≡ |mt,reco − mt | + minij |mij − mW |. Here mt,reco is the mass of the
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reconstructed top and mij is the invariant mass of the pair of subjets closest
to the W mass. This top candidate jet is ignored for the rest of the event
manipulation.
3. For b-tagging purposes a rapidity cut |η| < 2.5 is applied to all remaining fat
jets, including top-tagged jets that have not been selected as the event top
candidate in the previous step.
4. Each of the remaining fat jets (usually only one) goes through the mass drop
filtering procedure proposed in [123]. If the mass drop leaves only one subjet
we move to the next fat jet (or reject the event if all satisfy the condition).
Otherwise the pairs of 4-momenta that survive the mass drop represent possible H(bb̄) structures. At this point it is possible to fall into a combinatorial
problem from all the possible pairs, which is the opposite of what a boosted
analysis relies on. To avoid it, the pairs are ordered according to the distance,
dij = pTi pTj ∆Rij4 ,

(4.1.1)

and only the first three such pairs in descending distance dij are retained.
The constituents of each remaining pair are filtered into C/A jets of radius
Rfilt = min(0.3, ∆Rij ) and pT > 20 GeV. Only the hardest 3 filtered jets are
kept and combined into what we refer to as a Higgs candidate.
5. We require exactly two b-tags from the filtered subjets of the Higgs candidate.
6. An additional b-tag can be applied in order to combat tt̄ + light jets background. To do so we use all hadrons in the event that are not already in the
thad or Higgs candidate. If the event structure is correctly reconstructed, there
should be only a single b-quark among them. There are two independent sets
of hadrons, which we treat separately. One set contains the hadrons not in
either the top fat jet or the fat jet with the Higgs candidate. They are clustered into C/A jets with R = 0.4 and pT > 30 GeV, which we call outer jets.
The other set consists of the hadrons in the fat jet that contains the Higgs
candidate, but not contributing to the candidate itself. They are reclustered
into C/A jets with R = Rfilt and pT > 20 GeV - inner jets. As the Higgs
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Figure 4.1: Distributions in the Higgs-candidate mass, mc , for signal (left) and signal
plus tt̄ + X backgrounds (right) after step 6 (third b-tag) of the standard boosted
analysis of Sec. 4.1.
fat jet was already processed by a mass drop/grooming procedure, we choose
a smaller jet definition. From the combined set of inner and outer jets, we
request a single b-tagged jet to continue.
7. Finally, we identify a Higgs candidate as tagged if its invariant mass mc lies
in the [100, 130] GeV mass window.
We see that the 6-step analysis (before the last mass cut) leads to a mass distribution mc with a resonance signature, but also some undesirable features (left
plot in Fig. 4.1). Going from the large-mass end of the distribution to lower values,
there is a significant and sharp peak. Unfortunately, on the low-mass side of the peak
there is a much more slowly decreasing tail that merges into a bulge around 50 GeV.
This underlying structure under the peak comes from mistagged Higgs candidates.
Usually it happens when a Higgs candidate is polluted by b-quarks from tops. The
Higgs peak is also shifted by about 15 GeV to the left of where it is supposed to
be because even in a correct Higgs identification there are two B-mesons that often
decay leptonically and the neutrinos carry away energy and mass from the containing jet. The right plot in Fig. 4.1 shows how the Higgs mass distribution compares
with that from the dominant background processes of type tt̄ + X. Even though the
bulk of the background is concentrated in the low-mass region, as expected from
low-mass gluon splitting, there is still significant irreducible background left in the
region of the reconstructed Higgs resonance. The result will be analysed more in
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depth in Sec. 4.4, but it should be noted that the outcome of the reconstruction is
worse than what was found in [123]. The S/B ratio is lower due to a combination
of the new b-tagging smearing of the signal over a wider range of masses and the
NLO normalisation, which results in a direct increase in the background. This opens
up an old problem of this Higgs production mode, which [123] seemed to eradicate.
The theoretical and experimental systematic uncertainties in our control over the
background distributions may easily be comparable to the signal. We need a better
background reduction strategy and a better handle on the uncertainty if this channel
is to be of any use.
We do not provide any suggestions for the latter, but in the next section we
attempt to improve the former. First, we look exactly how well our event reconstruction works out. In particular we evaluate how often our reconstructed candidates match the matrix element particles they are supposed to represent. We look
into what matrix element particles form the different fat jets and what particlejet configurations (which we call event topologies) contribute most to the different
parts of the mass distribution. Some of these event topologies are shown in Fig. 4.2.
The logic of the reconstruction analysis so far stems from associating the modestly
boosted tt̄H(bb̄) event with the topology in Fig. 4.2a. The Higgs decay products are
well spatially separated from the hadronic top products and leptonic top b-quark
is in neither of their vicinities. However, the rest of the figure contains only three
of the numerous possible combinations. The sheer number of particles involved at
tree level, means that it is very easy to have unboosted tops and Higgs, but still
be able to reconstruct two 200 GeV fat jet out of random combinations of their
decay products. A more boosted requirement will sift out the unwanted topologies,
but we have to balance that with the expected available signal at the LHC. In the
next subsections we focus on the signal event topologies that contribute most to the
smeared mc distribution and spoil the quality of the Higgs peak.

4.1.1

Quality of hadronic top reconstruction

We measure the proximity of a hadronic top candidate fat jet to the ideal topology
with the following 8 binary conditions (true/false):
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(a)

(b)

(c)

(d)

Figure 4.2: Schematic representation of typical tt̄H event topologies. The ellipses
indicate how partons are clustered to form two fat jets. Topology 4.2a is the cleanest
one: the Higgs products and the hadronic top products form two separate fat jets
without pollution from other hard particles. Topology 4.2b features misassignements
of the Higgs and hadronic top products. In topology 4.2c the hadronic top decay
products form a fat jet, and the Higgs decay products form another fat jet with the
leptonic top b-quark falling within it. In topology 4.2d the b-quark from the leptonic
top decay does not pollute the Higgs fat jet, but there is a gluon radiation strong
enough to form a substructure within the Higgs fat jet.
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Figure 4.3: Distributions of the mthad (left) and mW (right) invariant masses for the
cleanest topology A1 of Table 4.1, after step 2 of the boosted analysis of Sec. 4.1.
1. thad : the hadronic top quark is boosted (pT,thad > 150 GeV)
2. thad : the hadronic top quark overlaps with the jet (∆Rjet,thad < Rfat )
3. tlep → b`ν: the b-quark from tlep belongs to the jet
4. H → bb̄: the harder b from the Higgs belongs to the jet
5. H → bb̄: the softer b from the Higgs belongs to the jet
6. thad → bjj: the b-quark from thad belongs to the jet
7. thad → bjj: the harder light quark from thad belongs to the jet
8. thad → bjj: the softer light quark from thad belongs to the jet
Each fat jet, characterised by these binary variables, falls into one of a total of
256 possible bins. We refer to these bins as jet topologies. The evaluation is done at
two stages of the analysis. The first is just before a top candidate is selected (step
1) and the other is right after that. At the second stage we evaluate the topology
of the unique thad jet. The number of possibilities would make the task of analysing
the topologies too difficult. Thankfully, more than 60% of all fat jets that have been
identified as the hadronic top at step 1 fall into one of the six topologies in Table 4.1.
The topology in the first row corresponds to the ideal scenario. We have a
boosted hadronic top in the direction of the thad and all three of its decay quarks
fall within the radius of the fat jet. Moreover, neither of the remaining b-quarks in
December 21, 2016

4.1. Standard Boosted tt̄H Analysis

84

label

bin

before top tag

after top tag

tagging efficiency

A1

11000111

0.12

0.32

0.40

A2

11001111

0.03

0.08

0.42

A3

10111000

0.06

0.07

0.18

A4

11010111

0.02

0.06

0.40

A5

11100111

0.02

0.04

0.41

A6

11011111

0.01

0.04

0.39

Table 4.1: The normalised distributions of fat jets before top tagging (column 2) and
top-tagged fat jet (column 3) in the dominant bins of the 8-dimensional jet-category
histogram. The top-tagging efficiency (column 4) is defined as the probability that
a fat jet is top-tagged in step 2 of the boosted selection. The rows are ordered
by decreasing fraction after the top-tag. The bin is identified by specifying the
conditions that are true (1) and false (0) in the order listed in the text. The leftmost digit corresponds to the first condition.
the event contaminate the jet. Unsurprisingly, the mass reconstruction of both the
hadronic top and the associated W boson is very clean as testified by the plots in
Fig. 4.3. Even though we use the knowledge from the Monte Carlo event record,
these two peaks are reconstructed from final state particles and therefore carry all
the smearing from parton shower, hadronisation, initial state radiation and multiple
parton interactions within the protons. This goes to show the effectiveness of a top
tagger1 in removing spurious radiation while preserving the hard structure in a fat
jet. The second column entry of topology A1 in Table 4.1 confirms the assertion
that the picture that guides the steps of the analysis is not full. This perfect configuration occurs only in a quarter of the tt̄H(bb̄) events before top-tagging and a third
after top-tagging. The only other topology that does not involve any Higgs decay
products is when the b-quark from tlep ends up in the top fat jet A5 . We see that the
reconstruction efficiency is 40%, just as in the purest case. These are the only two
1

The distributions in Fig. 4.3 are obtained from the top tagger employed in [123] because it has

a designated W candidate.
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top topologies that would allow the true Higgs to be identified at a later stage. A
curious feature is that the same tagging efficiency is accomplished even when some
of the Higgs decay products pollute the top, as long as all the three thad quarks are
involved in the jet. This means that the top tagger manages to sift through all hard
subjets in a fat jet and isolate the ones that form the best top candidate.
The A3 topology is qualitatively different from the rest. This is when all the
wrong b-quarks (two from the Higgs and one from the leptonic top) form a single
fat jet with the correct mass structure between them, so that the HEPTopTagger
identifies the configuration as a top, even though the true top is in the opposite side
of the detector. These configurations are top-tagged with a 20% efficiency, which is
rather substantial, especially compared to pure QCD mistag rate. At first thought,
such a misidentification seems to make Higgs tagging impossible. But actually it also
means that a pure top jet lies in the opposite direction in the same event and will be
tagged as well with a 40% efficiency. Therefore, our decision not to veto events with
multiple hadronic top tags, but select the best out of them, contributes to more
signal retention without affecting the background processes, as there is no third
resonance in tt̄ + jets that would fake a top in combination with the tlep b-quark.
The topologies with a mix of top and Higgs products (A2 , A4 , A6 ) on the other hand
can never lead to a correct Higgs reconstruction. All in all similar configurations
amount to more than 50% of all events after top-tagging (this number includes all
256 topologies and not just the six in Table 4.1). Fortunately such configurations
invest too many of the b-quarks into thad , so not enough jets and subjets will get the
needed b-tag. Therefore, such false Higgs configurations are naturally vetoed by the
analysis.

4.1.2

Quality of Higgs reconstruction

Similarly to the hadronic top jet, we examine how the Higgs candidate fat jet forms
from the hard interaction particles by classifying the jet according to several conditions.
1. H: the Higgs boson is boosted (pT,H > 150 GeV)
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Figure 4.4: Distributions of the Higgs candidate mass, mc , for different Higgs-jet
topologies after requesting three b-tags, i.e. after step 6 of the boosted analysis. The
figures correspond to the topologies shown in Table 4.2.
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label

bin

before b-tags

after b-tags

after mc cut

tag efficiency

B1

110021

0.05

0.08

0.17

0.77

B2

110023

0.10

0.16

0.24

0.53

B3

110123

0.09

0.40

0.38

0.32

B4

111023

0.01

0.03

0.03

0.31

Table 4.2: The fraction of the signal cross section at different steps of the analysis
in four of the 144 bins in the 6-dimensional Higgs-jet category histogram. The tag
efficiency of the topology is reported in the last column, and the bins are ordered by
decreasing tag efficiency. Each row corresponds to a bin identified by specifying the
conditions that are true and false (or a numerical value if applicable) in the order
listed in the text. The left-most digit corresponds to the first condition.
2. H: the Higgs boson overlaps with the jet (∆Rjet,H < Rfat )
3. thad → bjj: the b quark from thad belongs to the jet
4. tlep → b`ν: the b quark from tlep belongs to the jet
5. H → bb̄: the number of b-quarks from the Higgs decay the jet contains is
0/1/2
6. H → bb̄: the number of bb̄ Higgs candidates in the fat jet is 0/1/3
Categories (1−4) are very similar to the top classification categories and just like
them have a binary outcome. The last two categories on the other hand have three
possible values. The Higgs candidate selection step 4 is such that there can be a very
limited number of Higgs candidates per fat jet depending on the substructures after
the mass drop. In the case that no subjets remain there are no candidates. If there
are two, they form a single pair. Three subjets can be paired in three ways and for
any larger number we select the top three pairs according to the distance dij defined
in the step. That is why the only three outcomes for condition 6 are 0/1/3. All
in all our classification of Higgs fat jets consists of 144 independent jet topologies.
Here the signal after the Higgs identification stage is even more concentrated in only
a few topologies. In Table 4.2 we show the contribution of four topologies at three
December 21, 2016

4.1. Standard Boosted tt̄H Analysis

88

steps in the analysis in the beginning of the section: before b-tagging (before step
5); after b-tagging (after step 6); after the final cut on mc (step 7). In the final step
these four topologies contribute to 80% of the total signal contained in the mc cut.
In Fig. 4.4 we show the mass distributions of the four topologies after all b-tagging
(step 6) but before the final mass cut. Again the characteristic B1 topology, with
both b-quarks from the Higgs decay falling within the fat jet and no other EW
resonance decay products contaminating the jet, provides the purest Higgs peak.
There is no way around the missing energy from the B-meson neutrino slipping
away from detection. The resonance is both skewed towards lower mass values and
its peak is shifted down. Adding an additional strong QCD subjet (B2 topology)
that would not be removed in the mass drop procedure slightly changes the mass
distribution because each fat jet now contains three Higgs candidates and only one
has the true mass scale. The other candidates will contribute to a background-like
mass distribution with the bulk of the cross section at smaller masses. In this case
only the true candidate has two b-tags, therefore the contribution from the false
candidates is diminished.
The largest contribution to the final cross section comes from the topology B3 ,
where in addition to the b-quarks coming from the Higgs decay, the fat jet also
captures the leptonic top b-quark. This acts very much like a third QCD subjet
when it comes to the shape of the mass distributions from different candidates, but
the difference is that the wrong candidates are no longer suppressed by a lack of
b-quarks. The same argument is true in the B4 topology, where the thad b-quark
ends up among the Higgs remnants. However, the contribution of B4 is negligible
because the b-quark is vital in the top identification at an earlier step of the analysis.
It is rare that the two mass scales of a hadronic top will be correctly mimicked,
leading to discarding such topologies by the HEPTopTagger before they reach the
Higgs tagging stage. Going back to the significant B3 topology, the background-like
contribution to the mass distribution from Higgs mistags happens only because we
cannot distinguish which of the b-tagged subjets originates from the leptonic top.
If we are able to simultaneously reconstruct tlep and the Higgs, the ambiguity will
disappear and the Higgs peak will sharpen.
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Improvements and new avenues

As a continuation from the previous section 4.1 and following the discussion in 4.1.2
of the major Higgs misidentification topologies, we present an augmented Higgs
search strategy. Moreover, we expand the phase space region to include single
boosted fat jet events as well. At the end of the section, for comparison with the
combined sensitivity of all our independent search strategies, we do a simple MVA
on a phase space that does not necessarily contain boosted objects.

4.2.1

Boosted final state configurations

The analysis steps in the previous section (4.1) target a very specific event topology
- the combination of A1 and B1 in tables 4.1 and 4.2 respectively. In those cases
the numerous resonances in the event are well reconstructed. The difficulty lies
in correctly identifying the different particles when the topology does not match
the ideal scenario. After the results in Sec. 4.1.2, we are in a position to separate
the pure topology B1 , which already gives the sharp peak needed for a successful
reconstruction of the signal event, from the dominant topology B3 , which requires
additional work. Most of the classification parameters that define the topology of a
jet rely on Monte Carlo information and cannot be used directly in an experimental
analysis. One condition is an exception. We can safely separate the Higgs fat jet
into two categories according to the number of Higgs candidates within the jet.
The topology B1 happens when the mass drop leaves only two subjets and a single
Higgs candidate, while the more troublesome B3 topology happens when the mass
drop procedure allows more than two subjets to remain. Therefore, we can treat
the two-subjet and multi-subjet cases independently. B1 is not the only topology
that can contribute to a two-prong fat jet. For example a fat jet that contains the
b-quark from tlep and one of the two Higgs b-quarks can also end up in this category.
However, the final mass distribution of the Higgs candidate in two-prong fat jets
is heavily dominated by B1 . It is the only topology of this type in the top four
contributors to the final signal. Therefore, we can assume a successfully tagged
Higgs candidate from a two-prong fat jet is always the true Higgs.
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Figure 4.5: The single-isolated-lepton event phase space with the explored regions
labelled as in the text.
In the following we augment the analysis in Sec. 4.1 when we deal with multiprong fat jets in order to alleviate the Higgs mistag rate in tt̄H events with more
complicated topologies. Moreover, to the benefit of the statistical significance of
the search, we analyse extra, statistically independent, selection channels where we
treat either the Higgs or the hadronic top as boosted but not the other. A simple
diagram of how the different search strategies fit into the tt̄H(bb̄) phase space is
shown in Fig. 4.5:
T1: ≥ 2 fat jets, 1 tagged boosted top, 1 Higgs candidate
T2: ≥ 2 fat jets, 1 tagged boosted top, 3 Higgs candidates
T3: ≥ 1 fat jets, no tagged boosted tops, 1 Higgs candidate
T4: ≥ 1 fat jets, no tagged boosted tops, 3 Higgs candidates
T5: exactly 1 fat jet, 1 tagged boosted top, unboosted Higgs candidate
Note that it is possible to separate all five configurations in bins of their own,
but we need an additional direction for the number of Higgs candidates within
a fat jet. For clarity, this direction is integrated out in the diagram of Fig. 4.5.
Nevertheless, in our analysis all five are statistically independent. The first two
configurations, T1 and T2, represent the entire phase space region in the original
analysis of Sec. 4.1. From now on we treat them differently. The categories T3 and
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T4 look for configurations where the Higgs boson is boosted, but the hadronic top
is not. Finally, T5 is concerned with an unboosted Higgs boson after a boosted thad
has been identified. We leave the strictly unboosted bin out of the analysis, but it
will be incorporated into the MVA search later.
Topologies T1 and T2: Boosted thad and boosted H
We focus first on separating the original analysis of Sec. 4.1 into two individual
searches for the cases of one Higgs candidate (T1) and three Higgs candidates (T2)
within a fat jet.
The mass reconstruction in the T1 channel is already quite successful. Therefore, in order to improve the S/B ratio between tt̄H and tt̄ + X backgrounds we
need to look for other differences. For example, we expect a different colour structure between the decay products of a colour singlet, as is the case with the Higgs
boson, and the dominant background tt̄bb̄ where the bb̄ pair usually originates from
a gluon. For those cases the colour dipoles that the b quarks form are very different.
The Higgs b-quark pair forms a single dipole, which disfavours any further QCD
radiation at a large angular distance from the cone defined by the two quarks. On
the other hand, each quark from the background bb̄ pair forms such a dipole with
a different particle. Such a physics signature was already used in Chapter 3 via
jet shape observables. Here we apply the ellipticity t̂ to the Higgs candidate constituents. As already pointed out, the bulk of the signal distribution is clustered at
low values. Therefore, we can compare how an ellipticity cut t̂ < 0.2 changes the
mass distribution mc (see Fig.4.6). In the results section Sec. 4.4 we show that this
cut improves substantially the S/B ratio at small cost to the overall signal retention. However, this channel is intrinsically rare and T1 does not provide sufficient
statistical sensitivity to be used individually in Run 2.
The channel T2, which is dominated by the jet topology B3 , occurs four times
more frequently than T1. Therefore, getting a better S/B ratio in this channel is
key to improving the sensitivity to tt̄H(bb̄) events over other tt̄ + X backgrounds.
The important conclusion from Sec.4.1.2 is that the signal is smeared due to the
indistinguishable Higgs and tlep b-quarks. Finding a method to make them distinDecember 21, 2016
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Figure 4.6: mc distribution from the selection channel with a single Higgs candidate
in the fat jet and a tagged boosted hadronic top (T1). The left(right) figure is
without(with) a t̂ cut on the Higgs candidate constituents.
quishable can force the signal into the Higgs peak region. Therefore, we attempt
to tag both the Higgs and tlep after step 4 of the original analysis of Sec. 4.1 in the
case when the Higgs fat jet contains three Higgs candidates. Once a leptonic top
is identified, there is only one pair of b-tagged subjets that can form a Higgs and
the combinatorial bulky structure in Fig. 4.4c will be removed. The reconstruction
of the Higgs and leptonic top is done simultaneously by minimising a χ2 variable,
which is computed for each combination of final state objects that form a possible
reconstructed Higgs-tlep pair. We already established that there are three Higgs
candidates in the fat jet. Each of these candidates is associated with multiple combinations that can form the top. The physical objects involved in the reconstruction
are:
1. two subjets reconstructed from the hadrons of the filtered Higgs candidate
using the exclusive-kT algorithm.
2. the inner and outer jets with respect to the current Higgs candidate (see definition in Sec.4.1);
3. the isolated lepton;
/ T.
4. the missing transverse momentum of the event E
The event has only a single missing particle, the neutrino from the leptonic W
decay. Therefore, through the conservation of the transverse momentum, in theory
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there is only one degree of freedom corresponding to the neutrino momentum in
the beam direction. It can be constrained from the energy equation of an on-shell
W boson, the lepton momentum and the missing transverse momentum. Since the
relativistic energy equation is quadratic, there are two potentially different roots
for the neutrino pz component. This ambiguity is not resolved here, but each root
is associated with a separate configuration awaiting a χ2 value. In addition to the
Higgs candidate we need a leptonic top, which consists of a b-quark, a charged lepton
and a neutrino. Therefore a Higgs-tlep configuration is any unique choice of one of
n inner and outer jets, one of the two neutrino candidates, the isolated lepton, and
the two exclusive Higgs candidate subjets. Thus, any fat jet with 3 Higgs candidates
P
has a total of 2 3i=1 ni configurations. And each of these configurations gets a χ2
score defined by

χ2 = χ2top + χ2Higgs ,
(mtlep ,reco − mthad ,max )2
,
σt2had
(mH,reco − mH,max )2
=
Θ(mH,reco − mH,max )
2
σH+
(mH,reco − mH,max )2
Θ(mH,max − mH,reco ),
+
2
σH−

χ2top =
χ2Higgs

(4.2.2)
(4.2.3)

where Θ is the Heaviside step function. The errors σH± are the standard deviations
of Gaussian fits to the data to the right (+) and left (-) of the peak in T1 (Fig. 4.4a).
The reason for two Gaussian fits is that even the purest Higgs peak is so significantly
skewed, that a single averaged value cannot be an accurate description of the spread
of the peak in one or the other direction, and quite possibly both. Naturally mH,max
is the position of the peak. To extract the parameters associated with the top, we
use the thad distribution obtained from the purest topology A1 (left plot on Fig. 4.3).
The resonance is symmetric enough that a single Gaussian fit can suffice to extract
σthad and mthad ,max . Once all configurations get an associated χ2 score according
to Eq. (4.2.2), they are sorted by ascending χ2 . Only the first quarter of unique
Htlep configurations are kept. Of those we require two b-tagged subjets in the Higgs
candidate and another b-tag for a single inner or outer jet (remember that each
unique configuration has only one such jet associated with it). We record the Higgs
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Figure 4.7: mc distribution obtained from the 25% of configurations with lowest χ2
score in the 3-Higgs-candidate selection channel (T2). The left figure is the signal
tt̄H and the figure to the right contains signal and background.
candidate mass mc from all configurations that successfully pass both the χ2 and
b-tag cuts.
At first glance it seems like the new addition to the analysis in Sec. 4.1 takes a
three-fold combinatorial problem and makes it worse. However, the χ2 cut complements the b-tagging. Previously we had three Higgs candidates contributing with
equal weight to the final mass distribution, but only one of them was the true Higgs.
Now, even though there are multiple configurations, there are still only three that
involve all of the three b quarks. All the rest, even if they end up in final distribution, will be severely diminished by the 3b-tag requirement. Therefore, in principle,
as long as the χ2 score keeps the true Htlep configuration among the top 25% more
often than the other two significant (but false) configurations, the reconstruction
of the Higgs mass should improve. To see the effect of the procedure, compare the
distribution mc from the new method in left plot of Fig. 4.7 to the mass distribution
from topology B3 extracted from the original analysis (Fig. 4.4c).
Just as in the simpler case of channel T1, we can use other physical arguments
beyond mass reconstruction, in order to attempt to remove the false Higgs configurations before the b-tagging step. We attempted to use the colour structure of the
colour singlet Higgs with t̂ and also applied a cut on the helicity angle of the leptonic
top b-quark [133]. Unfortunately neither of them contributed in any meaningful way
in increasing S/B in this channel.
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It should be noted that at this point we have reconstructed all of the matrix
element objects in a tt̄H event. Therefore we can look for angular dependencies
between these fundamental objects and maybe find discrepancies between the tt̄H
signal events and tt̄+X backgrounds. We make an attempt to exploit these with the
multivariate method Boosted Decision Trees (BDT), calculated from five physical
variables that describe the event. There are two parts of the method - the foundation
is a decision tree and adaptive boosting [134] is used to combine a large number of
those trees into a single variable. A decision tree is a sequence of rectangular cuts
in the space of the input variables, which split this space into multiple hypercubes,
allowing to isolate regions with a high concentration of signal or background. At
each step the remaining events in a branch are split in two along one of the variables
until a limiting case is reached. At this point each final branch will be labelled ’S’ or
’B’ according to the dominant type. The BDT uses many such trees, but limits the
number of consecutive cuts per tree to two or three levels. The collection of trees
is called a forest. Each tree in the forest gets a weight according to the fraction
of misidentified events, err, during the training, w =

1−err
err

∈ [1, ∞]. Moreover, the

events, which were misclassified in this tree, get re-weighted by multiplying their
current weight by w before the next tree is built. This way the distributions of
the input variables are changed such that the next tree is forced to focus more on
those misclassified events, as they carry more weight. Once the training is complete,
the BDT forest has fixed trees with fixed cuts and weights. Each new event goes
through each tree and ends up either on a signal (1) or background (-1) final branch,
also called a leaf. Moreover, the score is multiplied by the natural logarithm of the
tree weight. The cumulative weighted contribution from all trees assigns the event
a single number - its BDT score. The higher the score the more likely it is to be a
signal event. All steps of the method are described in more detail in [135].
Back to the problem at hand, the five input variables are the invariant mass,
transverse momentum and rapidity of the combined tt̄H system as well as the angles
of the top and anti-top quarks from the Higgs boson in the tt̄H centre of mass
frame. Because of the charged lepton, we are always able to determine which is
the top and which the anti-top. To train and later apply the BDT variable we use
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Figure 4.8: Boosted Decision Trees score distribution from 5 variables calculated
with the reconstructed tt̄H objects after the mass cut in T2. The left figure is the
signal tt̄H and the figure to the right contains signal and background.
the TMVA [135] package in the ROOT [136] framework. The forest consist of 850
trees, each with up to three levels. To avoid overfitting, we require that a final leaf
be considered only if it contains at least 5% of the weighted signal. Our choice of
variables is not exhaustive. The method is limited by the available statistics and
the systematic uncertainties of the selected variables’ normalisation and shapes.
Our implementation is purely as a showcase and neither of the intricacies described
above are addressed. The resulting distribution is shown in Fig. 4.8. Even though
the results will be described in detail in Sec. 4.4 we point out that the additional
analysis steps and techniques designed to improve the S/B ratio of the T2 selection
channel add only modest benefits.
Topologies T3–T5: boosted thad or boosted H
So far we have covered the phase space of the original analysis in Sec. 4.1 through
the two independent selection channels T1 and T2. It is characterised by a boosted
hadronic top associated with a fat jet and a boosted Higgs boson associated with
another fat jet. Now we relax these conditions and consider two adjacent phase
space bins. The first contains events where the HEPTopTagger is unable to identify
a single thad candidate, but there is still at least one fat jet in the event. In those
events we will be looking to recover a boosted Higgs boson within a fat jet and an
unbosted hadronic top from the remaining radiation in the event outside the Higgs
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candidate. This bin can be split in the same way as the original analysis into a
1-candidate and 3-candidate fat jets corresponding to selection channels T3 and
T4. The last phase space bin, T5, includes single fat jet exclusive events, with
that jet successfully tagged as a hadronic top. Therefore, we are left to look for an
unboosted Higgs boson among the rest of the radiation in the event.
Starting from T3 and T4, we follow the boosted Higgs reconstruction steps in
Sec. 4.2.1. We apply a mass drop on the fat jet and continue by grouping the substructures into Higgs candidates. We only keep up to three candidates and treat the
1-candidate and 3-candidate fat jets in independent bins. For each Higgs candidate
we recluster all the radiation outside of it into inner and outer jets according to
step 6 of the boosted analysis in Sec. 4.1. This time we do not have a reconstructed
hadronic top, therefore we require at least a total of four inner and outer jets to
match the four quarks from the two top decays. We simultaneously reconstruct
the hadronic top and Higgs boson by calculating χ2 scores for the configurations.
Each of them contains a Higgs candidate, a set of three inner or outer jets as a
thad candidate, and an additional inner or outer jet as b-quark candidate from the
leptonic top. In each configuration there are three permutations among the three
hadronic top jets associated with the assignment of the b-quark and W boson. In
order to reduce this multiplicity, we always select the assignment with minimum
∆mW = |mWreco − mW |. Now a configuration is always a unique assignment of final state objects to EW resonance decay products. The χ2 score is defined in the
following way
χ2 = χ2top + χ2W + χ2Higgs ,
(mthad ,reco − mthad ,max )2
,
σt2had
(mWhad ,reco − mWhad ,max )2
=
.
2
σW
had

χ2top =
χ2W

(4.2.4)

The χ2Higgs and χ2top are identical to the ones defined in Sec. 4.2.1 with the exception that χ2top involves the hadronic top reconstructed mass mthad ,reco . The parameters in χ2W are extracted from fitting a Gaussian distribution to the histogram of
the reconstructed W boson mass by the top tagger in [123] in the pure A1 topology,
which is displayed in the right plot of Fig. 4.3. Similarly to the doubly boosted
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Figure 4.9: mc distribution obtained from the selection channels without any top
tags - T3 (top) and T4 (bottom). The left figures show the tt̄H signal only and the
figures to the right contain signal and background.
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Figure 4.10: mc distribution obtained from the selection channel with only one fat
jet that has been top-tagged (T5). The left figure is the signal tt̄H and the figure
to the right contains signal and background.
analysis of channel T2, the configurations are ordered by χ2 in ascending order
and the lowest 25% are kept. To be consistent with the rest of the analysis, there
are only three b-tag requirements on each remaining configuration: two within the
Higgs candidate filtered subjets and one for the designated tlep b-quark candidate.
One could also require that the hadronic top b-quark candidate gets a tag. The
Higgs candidate mass of all surviving configurations is recorded in the histograms
in Fig. 4.9. As expected, we see that the 1-candidate channel T3 recovers a much
cleaner peak than the 3-candidate channel T4, which also leads to a better S/B
ratio. A benefit of both these selection channels is that the number of remaining
tt̄H events is an order of magnitude larger then the doubly boosted channels T1
and T2.
The last channel, T5, is the one with a boosted top but no more fat jets to
recover a boosted Higgs. Therefore, we recluster all hadrons outside the fat jet
into C/A R = 0.4 jets with pT > 30 GeV and require exactly 3 of them to get a
b-tag. What remains is to reconstruct a Higgs and a leptonic top. This was already
done for T2 in Sec. 4.2.1. We use the same χ2 score defined in Eq. (4.2.2) and
evaluated on Htlep configurations, each containing two b-jets as a Higgs candidate,
the remaining b-jet, the isolated lepton and one of two reconstructed neutrinos. This
time the number of configurations is limited to six by construction (three options
for the leptonic b-quark and two options for the neutrino pz ). Another difference is
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Figure 4.11: Boosted Decision Trees score distribution from 7 variables calculated
from objects in the non-boosted analysis. The left figure is the signal tt̄H and the
figure to the right contains signal and background.
that we only take the configuration with the best (smallest) value of χ2 . The mass
distribution of the selected Higgs candidate is presented in Fig. 4.10. Even though
the S/B ratio of this channel is comparable to T3, it has five times smaller signal
yield and the background distribution is severely biased.

4.2.2

MVA Without Boost

In the previous sections 4.1-4.2.1 we intentionally split the tt̄H phase space into
regions with different boosted massive particles in an attempt to improve the S/B
ratio in this important but difficult Higgs production channel. In this section we
go back to treating the entire phase space in the same way and see if the boosted
analysis has benefits over a more classical approach. First we define the physical
objects that are going to be used. We require a single isolated lepton and cluster
the hadrons into C/A R=0.4 jets with pT > 30 GeV. The events we are interested
in have at least six such jets and in addition exactly four of them must be b-tagged.
At this point we keep all b-jets and the two hardest non-b-jets for a total of six.
These six jets, which will be called unambiguously (b1 , b2 , b3 , b4 , q1 , q2 ), in com/ T are used
bination with the isolated lepton and the missing transverse momentum E
to evaluate simple kinematic variables that will be combined in a MVA. The numbering scheme in the jet name designation indicates the descending order in pT . The
variables in question are: ∆mH = minij mH,max − mbi bj , pTq2 /pTq1 , maxij ∆Rbi bj ,
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mini ∆RW,bi , ∆φE/ T ,b3 , ∆R`,b3 , ∆RW,b4 . It is obvious that a multitude of variables of
this type can be constructed if we move around the possible input particles. However, these seven get the highest rank, as defined in [135], when we construct a BDT
with all possible permutations. Therefore, we define a new BDT with these seven
variables only and use it to separate tt̄H from tt̄ + X and compare to the boosted
analysis. The resulting distributions are shown in Fig. 4.11. Despite the undeniable
practical benefit in the event classification provided by the BDT, it is not obvious
how to interpret the physics behind the resulting variable. Nevertheless, it seems to
provide comparable results to our boosted methods, with some caveats, which are
described in more details in Sec. 4.4.2.

4.3

Effects from b-jet energy correction

Throughout the chapter we have only been noting the effects of the neutrino decay products from B-meson decays on the mass distributions of the EW resonances.
Specifically, the Higgs peak, which is formed from two b-quarks, suffers severely from
the missing momentum of the B-meson neutrinos as it is shifted and its low mass
tail elongated towards the background-rich part of the mass spectrum. The experimental groups in ATLAS and CMS have developed energy-correction techniques
that account for the loss of energy in b-jets. However, this analysis is not sophisticated enough to make use of such techniques. In particular we do not perform
any detector simulations. Despite that, we are in a position to show the extreme
cases of such energy correction. So far we have displayed what happens if these
effects are completely ignored. But it is easy to also show what a perfect B-meson
energy reconstruction would yield by including the neutrinos into the mix of final
state visible particles. In the results section we also present the sensitivity to tt̄H
events in this most optimistic outcome.
The positive effect from the neutrino inclusion on the Higgs candidate mass
distribution in each of the five selection channels T1 to T5 is presented in Fig. 4.12.
This effect is most obvious and beneficial for T1. The Higgs peak sharpens and
the S/B ratio increases to 40% with the same signal yield as long as the mass
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Figure 4.12: Distributions in the Higgs-candidate mass mc after three b-tags for
the various selection topologies as in Figs. 4.6–4.10, but including neutrinos in the
reconstructed B-hadrons.
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window is adjusted to account for the peak shift to a larger mass. Another obvious
characteristic is the sharp Z boson peak. Together with the signal depleted regions,
it can be used in a data-driven analysis to estimate the signal strength of the Higgs
peak and to confine the background continuum uncertainty. Unfortunately, such
obvious benefits are not present in the more frequent, but less pure, channels T2 to
T5.

4.4

Results from the tt̄H selection strategies

In this section the results from the various analyses and selection channels are reported in two ways. One is as S/B ratios after cuts that select regions in the
distribution with high signal concentration. The signals S and background B refer
to the Standard Model expectation of the number of events of type tt̄H(bb̄) and of
type tt̄ + X respectively, where X stands for bb̄, light jets, and Z. Since we are
interested how sensitive the tt̄H search strategies are to deviations from the total
SM expectation (S + B in the language of this paragraph), the results are also displayed in the form of 95% CL limits on the signal strength µ at different integrated
luminosities. Here µ is defined in such a way that a measurement consistent with
the SM yields µ = 0, while positive and negative contributions from BSM physics
or deviations of the expected SM result in µ > 0 and µ < 0 respectively. Thus
µ =

SM
σ obs −σS+B
.
σSSM

The signal strength is normalised to the SM cross section of the

semileptonic tt̄H(bb̄).
All of our search strategies lead to one of two types of final distributions. Usually,
this is a Higgs candidate mass distribution mc , but it could also be a MVA score
vBDT . These are the distributions from which the CL limits are extracted with a twosided frequentist test using the profile likelihood test statistic and CLs to quote the
confidence level. To calculate the statistical model and build the profile likelihood
distributions for different values of µ we use the RooStats framework [137]. The null
hypothesis corresponds to µ = 0, the expected number of events according to the
SM, and we vary µ in the alternative hypothesis to find the upper and lower limits
on the signal strength from BSM contributions that this analysis can impose. The
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stage

tt̄H

tt̄bb̄

tt̄+jets

tt̄Z

S/B

MC level

94

7.3×103

2.6×105

50

3.5×10−4

1 lepton

60

4.7×103

1.6×105

22

3.6×10−4

>1 fat jets

15

400

9.5×103

5.9

1.5×10−3

1 top tag

4.8

110

2.6×103

1.9

1.8×10−3

3 b-tags

0.59

7.6

4.2

0.25

0.049

mc cut

0.2

0.9

0.48

0.023

0.14

Table 4.3: Signal and background cross sections in femtobarn and S/B ratios at
different stages of the boosted analysis of Section 4.1.
background uncertainty is treated in two ways. Either as a Gaussian centred at the
null hypothesis expectation value with a flat 15% standard deviation (Fig. 4.13) or
in a more optimistic scenario a decreasing standard deviation as the square root of
R
the integrated luminosity above Ldt = 300 fb−1 (Fig. 4.14). The bands in those
figures cover the µ values that are too close to the background hypothesis to be

excluded at 95% CL with the analysis and this choice of error. The green band
assumes that the observed value is the median of the null hypothesis, while the
yellow band assumes a 1σ deviation from the median. Appendix A elaborates in
more detail the statistical methodology.

4.4.1

Standard boosted analysis

The most notable conclusion from the results of the standard boosted analysis in
Sec. 4.1 is that the sensitivity to tt̄H(bb̄) events is worse compared to the very similar analysis in [123]. Since the latter was proposed before the Higgs mass was
known, we can extrapolate the S/B ratio between the two closest mass points
mH = 130, 120 GeV. The 2009 analysis found for these choices of the Higgs mass
the ratios S/B = 42%, 28% respectively. Compared to that, the analysis in section
4.1 obtained S/B = 14%, which is significantly less. The cross section after the
different steps as well as the corresponding S/B ratio are presented in Table 4.3.
We explain the discrepancy with the relative corrections to the signal and backDecember 21, 2016
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Figure 4.13: Two-sided 95% CL limit of the signal strength µ as a function of the
integrated luminosity assuming a constant 15% normalisation uncertainty for the
SM background.
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Figure 4.14: Two-sided 95% CL limit of the signal strength µ as a function of the
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ground simulations, the change in b-quark tagging methodology and the switch to
HEPTopTagger.
The most detrimental effect is the overall increase by 35% of the total background, mainly accounted for by a huge contribution from tt̄ + jets compared to
[123], and a 30% drop in the tt̄H cross section that remains after the final cut.
Both the signal and background simulations are much more reliable in the current
analysis, as they rely on NLO accuracy tools as described in Sec.II of [3] compared
to LO + P S in [123]. The correction is especially large for tt̄ + light jets events,
which were generated in [123] from a tt̄ + 1 jet LO matrix element. For this study
the events were generated from an inclusive tt̄ matrix element accurate up to 2 light
jets at LO and normalised to NLO cross section.
There is an additional contribution to the relative increase in tt̄ + jets events in
the final selection cut from the b-tagging. There are two effects at play - one acts
to reduce the signal while the other boosts the background. Looking at the effect of
triple b-tagging on the tt̄H sample (Table 4.3 rows 4 and 5), the signal is reduced by
a large factor of 8. A naive application of the incorporated b-tag efficiency b = 0.7
suggests that the signal should be suppressed only by a factor of −3
b ≈ 3. There must
be another source of efficiency loss within the b-tagging method. This comes from
an inherent mismatch between geometrically defined objects, like jets and subjets,
and the particles that initiate them. We only apply the b tagging efficiency to jets
and subjets that contain a B-meson within their radius. Especially when it comes
to the R = 0.2 subjets of the Higgs candidate, the probability that the B-meson is
away from the jet, initiated by the b-quark, is small but significant. Even a single
mismatch reduces the efficiency of the event by a factor of 70. Therefore, in order
to preserve the naive expectation, not a single mismatch must occur. This is where
the difference between tt̄H and tt̄ + jets lies. Since there are three b-quarks in the
former, compared to only one in the latter, the probability of no mismatch is smaller
for the signal. Therefore, the signal will be reduced more often by this artefact of
our b-tagging method.
Looking at the b-tagging suppression factor of the tt̄ + jets background we see
that three tags reduce its contribution by 2600/4.2 ' 620. However, given the tiny
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mistag rate mt = 0.01, one would expect a stronger suppression. Naively, for example, n = 4 light jets and a single b-jet give a suppression factor [n(n−1)/2 2mt b ]−1 '
2400. There is an event topology, where the hadronic top is reconstructed without
a b-quark, which leaves both b-quarks for Higgs and tlep tagging. Then the configurations with maximum contribution involve both b-jets and the suppression factor
becomes [fT n mt 2b ]−1 . This factor will depend upon the contribution of this topology. However it will dominate even for fT ' 0.05 and give a suppression factor
of around 1000, which is more comparable to the observed value. A jet topology
study similar to the one in Sec. 4.1.1 is needed to determine the exact fT fraction.
In any case the arguments above show that the relative suppression of signal and
background events from b-tagging is very sensitive to the exact method of b-tagging,
top-tagging, and the correct simulation of multi-jet emissions in the tt̄ + X samples.
There is still the possibility of including a fourth b-tag to reduce the tt̄ + light jets
sample. It will improve relative signal and background contributions, but not by a
naive factor of 70.
We mentioned that the HEPTopTagger also contributes to the different results
in Sec. 4.1 and [123]. The jet topology study in Sec. 4.1.1 showed that the HEPTopTagger is very consistent in its top reconstruction even when additional hard
radiation pollutes the fat jet candidate. The top tagging method in [123] has a different behaviour. It has a larger efficiency (and mistag rate), which increase further
as more radiation is added to the top decay products. Therefore, it is a less effective
tool in removing non-tt̄ types of backgrounds. However, since we do not consider
these, the effect of the old tagger is to increase the overall event count.
The sensitivity of the analysis from Sec. 4.1 is presented in Fig. 4.13a-4.14a. We
can see that, with a constant systematic uncertainty of 15%, it is not sensitive to
|µ| . 1 and, therefore, the only BSM contributions that can be excluded must be
larger (in absolute terms) than the Standard Model cross section for tt̄H. Moreover,
this sensitivity is largely constant for most integrated luminosities over Runs 2 and
3, meaning that the exclusion is limited by the systematic uncertainty. A more
qR
generous assumption, reducing this uncertainty as 1/
Ldt, will allow 95% CL
R
exclusions of models that predict |µ| & 0.5 at the final integrated luminosity Ldt =
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3000 fb−1 .

4.4.2

Improved boosted analyses T1–T5 and unboosted MVA
approach

It is interesting to see how much the extension of the standard boosted analysis improves the sensitivity to BSM contributions, and also how this sensitivity compares
with an unboosted analysis. The results from the different selection channels from
Sec. 4.2, including the unboosted one, are summarised in Table 4.4. Isolating the
2-prong Higgs fat jets into a category of their own, T1, drastically improves the
Higgs mass peak sharpness. After selecting the events in the chosen mc window,
S/B jumps from 14% to 23%. However, the improvement in the purity comes at
a price. We already discussed that the T1 channel accounts for about 20% of the
total signal that contributes to the standard boosted analysis. The rest falls within
the T2 bin. The addition of the ellipticity cut t̂ < 0.2 improves the S/B to 27%
and costs only 15% of the signal yield. Even at 300 fb−1 , the target integrated luminosity at the end of Run 2, we expect to detect 12 tt̄H(bb̄) events with topology
T1. Nevertheless, the improved S/B ratio will outweigh the low statistics drawback
as the LHC moves into the high luminosity run. At 3000 fb−1 and a systematic
uncertainty of 15%, the T1 channel on its own will be able to exclude |µ| > 0.7,
which is an improvement on the standard boosted analysis (see Fig. 4.13). There
are four more statistically independent channels T2-T5, which can be added in the
statistical analysis and improve the exclusion limit.
Despite the multiple efforts to improve the S/B ratio of the events in the complementary T2 channel with 3 Higgs candidate jets, only a cut on vBDT , defined by
combining five variables associated with the reconstructed tt̄H system, is able to
bring the ratio from 13% to 15%. But this small boost is accompanied by a sizeable
drop in cross section (a factor of three). All other attempts at exploiting different
physics arguments - a cut on χ2 , the colour flow sensitive jet shape t̂ and helicity
angle between the lepton and the third b-quark - do not bring the S/B ratio up.
Still, using the T2 channel without the modifications and T1 in a common profile
likelihood, yields a drop in the exclusion limit from |µ| ' 0.7 to |µ| ' 0.6. The three
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Analysis

T1

T2

T3

T4

T5

MVA

110

stage

tt̄H

tt̄bb̄

tt̄+jets

tt̄Z

S/B

before b-tag

1.1

27

690

0.43

1.5×10−3

3 b-tags

0.075

0.77

0.37

0.032

0.064

mc cut

0.042

0.13

0.053

2.0×10−3

0.23

t̂ cut

0.035

0.089

0.038

9.5×10−4

0.27

before b-tag

12

240

4.6×103

4.5

2.5×10−3

3 b-tags

0.25

3.0

1.5

0.11

0.054

mc cut

0.14

0.66

0.36

0.01

0.13

vBDT cut

0.044

0.18

0.1

0.0031

0.15

before b-tag

51

1.2×103

1.9×104

18

3.0×10−3

3 b-tags

1.0

17

11

0.48

0.04

mc cut

0.53

3.2

2.0

0.032

0.1

before b-tag

630

1.5×104

2.2×105

210

3.0×10−3

3 b-tags

5.6

130

92

2.2

0.02

mc cut

1.5

16

10

0.2

0.06

before b-tag

4.2

220

5.7×103

1.5

7×10−4

3 b-tags

0.14

1.6

0.65

0.036

0.06

mc cut

0.094

0.6

0.28

0.011

0.11

>5 jets

14

420

6.0×103

5.1

2.2×10−3

4 b-jets

1.5

19

2.9

0.52

0.066

vBDT cut

0.041

0.16

0.033

2.4×10−3

0.21

Table 4.4: Signal and background cross sections in femtobarn and S/B ratios at
different stages of the various boosted analyses (T1–T5) of Section 4.2.1 and for
the unboosted MVA analysis of Section 4.2.2.
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bins with only a single boosted object (T3 to T5) have comparable or even smaller
S/B ratio to the T2 channel, ranging between 6% and 11%. Yet, they do not suffer
from low statistics. When combined with T1 and T2, they reduce the limit further
to |µ| = 0.45.
An alternative approach (but not statistically independent from T1 through
T5) is the unboosted MVA analysis presented in Sec. 4.2.2. It is done in the spirit
of the ATLAS and CMS collaborations’ analyses for the Run 1 data, even though
it lacks the comprehensive approach and detail. The main purpose is to compare
how the results of this classic strategy compares with the boosted search. The cut
on the BDT score, that leads to the result in the last row of Table 4.4, is rather
stringent. This is because to fairly compare the S/B ratio of this method to T1,
we should allow the cut to leave comparable signal yield. With that in mind, the
S/B ratio of the unboosted MVA analysis is very close but slightly under the T1
ratio at 21% compared to 23%. Yet this is not the optimal cut in terms of statistical
significance. With a looser constraint on vBDT it is possible to increase the signal
yield almost by an order of magnitude while dropping the S/B ratio to 18%. If we
use the BDT distribution to define a profile likelihood, at 3000 fb−1 it is possible to
exclude |µ| & 0.55. Therefore, the unboosted MVA analysis fairs better than the
T1 channel on its own, |µ| ' 0.7, but not as well as the combined sensitivity of all
five boosted channels |µ| ' 0.45. There are some benefits of the T1 channel over
the MVA analysis, which have not been employed here but could definitely tilt the
balance. There is a sharp Higgs resonance peak over a much more slowly varying
background, which can be used to constrain the background uncertainty by analysing
signal-depleted regions in the distribution. Moreover, if the b-jet energy correction
allows for it, the Z → bb̄ peak can become very distinct from the background, which
would provide additional avenues to constrain the uncertainty in a data driven way.
So far the data has only been interpreted under the assumption that the systematic uncertainty remains constant (Fig. 4.13). Yet, the final integrated luminosity of
3 ab−1 will not be reached for another decade. In this time, new advances may lower
the theoretical uncertainty. Moreover, the possibility of data driven constraints on
the nuisance parameters means that treating the uncertainty as a constant may not
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be optimal. In Fig. 4.14 we treat the systematic uncertainty in a similar way to a
statistical uncertainty in that we make the error proportional to the inverse square
root of the integrated luminosity beyond 300 fb−1 . This change shifts the balance between the importance of signal purity and signal yield at large luminosity. Whereas
before the S/B ratio played the most important role in determining the sensitivity
of the analysis at 3000 f b−1 , now the final signal count becomes vital. Therefore,
the unboosted analysis, having looser kinematic constraints, outperforms each individual boosted channel. For example T1 now excludes any |µ| larger than 0.5, but
the unboosted MVA goes as low as 0.29. Nevertheless, the combination of T1 to T5
provides the best exclusion at |µ| & 0.26. In an even more optimistic scenario where
the b-jet energy correction works nearly perfectly, the combined boosted analysis
can be sensitive to changes in the tt̄H cross section as low as 20% of the Standard
Model expectation value.

4.5

Summary of tt̄H tagging

This chapter was dedicated to evaluating the LHC capacity to measure the signal
strength µ of the semileptonic tt̄H Higgs production channel with the Higgs decaying hadronically H → bb̄. Even though a similar study [123], intended for Higgs
discovery through this mode, showed very promising sensitivity to deviations from
the SM expected value, through a combination of improved event simulation and
particle selection we have been able to acquire only loose exclusion limits on µ. In
order to improve the result, we have split the phase space of the tt̄H event that is
already analysed with boosted techniques and extended the search to other phase
space regions with only a single boosted object. The combined contribution of all
independent regions leads to a noticeable improvement of the expected 95% CL
exclusion limit. With those changes and under optimistic assumptions about the
theoretical and experimental uncertainties, the limit may shrink to |µ| = 0.2.
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Chapter 5
Conclusions
The LHC already proved to be a successful endeavour with the discovery of the
missing link in the Standard Model, the Higgs boson. There are still many questions
that need to be answered though. Some of them are straightforward to define - like
the properties of the Higgs boson. Other questions about what lies beyond the SM
are more open ended. In any case, the energy frontier requires new search techniques
to isolate interesting signal from overwhelming background processes. Particularly,
as the collisions are hadronic, QCD-infested events need to be well understood and
the important underlying event structure reconstructed. This thesis described the
attempts to ameliorate the signal extraction for three different processes.
In Chapter 2 we proposed a novel use of the shower deconstruction method in
the long-sought-after goal of tagging quark-initiated jets from gluon-initiated jets.
Even though we did not find a smoking-gun type of indicator, we were able to
improve the quark-to-gluon ratio above the performance of other taggers in a broad
range of useful kinematic regimes. Moreover, we learned that the distributions of
variables based on gluon and quark jets are never symmetric between the two. Thus,
the quark tagging has always been better than gluon tagging. This seems to be a
property of the gluon and quark evolutions as opposed to an artefact from the choice
of tagging variable because it is a persistent observation.
The next chapter (3) was dedicated to very boosted jets at high virtuality, where
the emission of a heavy electroweak boson is modified by logarithms. We proposed
techniques to isolate a W within a larger fat jet and quantified to what devia113
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tions from the expected rate our search strategies are sensitive. We looked for both
hadronically and leptonically decaying W bosons. Unsurprisingly, the leptonic channel is purer with respect to QCD-only background and is the easier option at the
energies of the LHC. However, at very large boosts, which might be achieved in a
100 TeV machine, the isolation criterion may hinder the leptonic channel to an extent that hadronic substructure techniques would be the better choice for collinear
W identification.
Finally, Chapter 4 developed an analysis for a very inclusive measurement of the
signal strength in the semileptonic tt̄H(bb̄) process in the second and third runs of
the LHC. We looked at different scenarios where the hadronic top or the Higgs or
both are modestly boosted. Thus, we were able to apply substructure techniques and
constrain the combinatorial background of this busy event, while preserving as much
signal as possible. We also compared our results to a more standard multivariate
analysis without boost requirements. Even though our new approach provides a
marginally better sensitivity in terms of S/B ratio in the signal-rich part of the phase
space, it allows for much better data-driven background estimation by providing a
known peak structure (the Z resonance) and a Higgs peak structure on top of tt̄bb̄
background.
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Appendix A
Statistical Method
To evaluate the sensitivity of the analysis techniques of chapters 3 and 4, we need
to model the probability of the final results under different hypotheses. Once a
statistical model is provided for each independent result, we can combine them
through a single test statistic, evaluate the distribution of the statistic under different
hypotheses, and provide exclusion limits and p-values.
In both searches, collinear W bosons and tt̄H events, the same building blocks
are used to form the full statistical model of the analysis results. The steps of our
algorithms lead either to a distribution of a variable, such as a mass distribution
or jet shape distribution, in the form of a histogram, or event counts in a selection
window, potentially one from a series of independent selection channel. From a
statistical point of view, there is no distinction. Each bin is a counting experiment.
Therefore, the most suitable probability mass function of the experimental results
is a Poisson distribution with mean given by the sum of the expected background
events b and the expected deviation from it by the new hypothesis s. In a counting
experiment the number of hits is
Pc (n|s, b) =

(s + b)n e−(s+b)
.
n!

(A.0.1)

Moreover, as long as the different bins represent independent regions of the phase
space, the probability of getting a particular result ni in bin i and result mj in bin j
is P (ni ∩ mj ) = P (ni )P (mj ). This is always true for the different histogram bins of
a single variable because a single collision event cannot fall into more than one bin.
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When different selection channels are involved, this is not always the case. However,
in our tt̄H search we have constructed the selection channels in such a way that they
are statistically independent and the simple multiplication of probabilities applies.
So far the statistical model of the results from our physical analyses covers the
possibility of statistical fluctuations, but there are systematic uncertainties associated with the parameters of this statistical model. They could come from a multitude
of sources, such as the theoretical accuracy of the expected cross sections for different models, the accuracy of the selection efficiencies of the analysis methods, the
integrated luminosity of the experiment, the experimental resolution, the efficiency
of the trigger conditions and many more. For example, the search for the Higgs
boson [138] incorporated ≈ 200 such uncertainties. An accurate modelling of this
magnitude is beyond our analyses, but we do wish to show the limitations of the
proposed methods given a systematic uncertainty of an ad hoc chosen proportion
on the parameters of the counting model.
The equation for the counting model, Eq. A.0.1, contains only two parameters
(we have combined all efficiencies, cross section and luminosity information into expected number of counts s and b). One of them s is the parameter that determines
the theoretical model we wish to test. We assume no information about this parameter and we wish to estimate or constrain it from the experimental results. The
parameter b contains our current knowledge, but this knowledge is not absolute, so
we apply a systematic uncertainty in the form of a Gaussian distribution around
the estimate of b from Monte Carlo results µ = b and with a standard deviation as
a selected proportion of b, σ =  · µ,

(b0 −µ)2
1
Ps (b0 |µ, σ) = √
e− 2σ2 .
2πσ

(A.0.2)

The way this error is implemented in the statistical model is different in Chapters
3 and 4, but the common feature it that it sets a limit to which collecting more data
improves the accuracy of the parameter estimation. This effect is most easily seen
in Fig.3.7, where the improvement in the sensitivity saturates at large luminosity.
In the next two subsections, we describe exactly how we build the statistical models,
the test statistic and how we extract limits and p-values for the results in chapters
3 and 4 respectively.
December 21, 2016

A.1. W boson tagging

A.1

117

W boson tagging

The statistical analysis of the results in Chapter 3 closely follow the modified frequentist approach [118] used in LEP. We model the outcomes in our collinear W
emission search by considering the number of hits in each bin in a mass or jet shape
distribution from Sec. 3.1 as a Poisson random variable. Under the assumption that
the background is exactly known, the results are described by
Y
i

Pc (ni |si , bi ).

(A.1.3)

In the context of the W splitting enhancement factor fW ≡ f from Eq. 3.0.2, the
null and alternative hypotheses are H0 = f0 sSM + bSM and Ha = f1 sSM + bSM ,
where sSM = (sSM 1 , sSM 2 , ...) are the SM expectation values for the contribution
from W emissions to each bin in the histogram according to the event generator.
Analogously, bSM = (bSM 1 , bSM 2 , ...) is the contribution from the QCD background.
According to the language of Eq. A.1.3, the parameters s and b for each bin i correspond to si = (f1 − f0 )sSM i + bSM i = ∆f sSM i + bSM i and bi = f0 sSM i + bSM i
respectively. The test statistic that combines information from all bins is the likelihood ratio:
qW (n) =

Y Pc (ni |Ha )
i

Pc (ni |H0 )

=

Y (si + bi )ni e−(si +bi )
ni !

i

Y
ni !
=
e−si
bni i e−bi
i


n
si i
1+
.
bi
(A.1.4)

In fact the same information is contained in the distribution of the natural logarithm
of this variable,
log(qW (n)) =

X
i



si
ni log 1 +
− si .
bi

(A.1.5)

For every choice of H0 and H1 , the test statistic is a function of the ”measurement”, which may be a real observation or from a toy MC simulation. Therefore,
this variable will have different probability mass function for the different hypotheses P0 (qW |H0 ) and P1 (qW |H1 ). In principle, since qW is a function of n and we
have the probability mass function over n for either of the two hypotheses, we can
construct P0 (qW |H0 ) and P1 (qW |H1 ). Even though the values that the function can
take are discrete, the discreteness does not present itself in a significant way, so from
now on the probability mass function will be referred to as probability density over
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continuous variables. With the two distributions at hand, for each experimental
measurement we can evaluate the test statistic qW (nobs ) ≡ q̃W and find the type II
error of falsely rejecting the alternative hypothesis
CLs+b = P (qW ≤ q̃W |H1 ) .

(A.1.6)

One way to define the confidence level of rejecting the alternative hypothesis
would be (1 − CLs+b ). This would be a reasonable value if the measurement falls
within or beyond the bulk of the null hypothesis distribution. In a case of severe
downward fluctuation, the exclusion (1 − CLs+b ) will be large for the alternative
hypothesis, but the same would be true for the null hypothesis and (1 − CLs+b )
does not have any information about that. Therefore, to avoid concluding that an
alternative hypothesis is false in an experiment that is an obvious outlier with respect
to both H0 and H1 , we use a definition of the confidence level that incorporates
information relative to both distributions [118]
CLs =

CLs+b
, where
CLb

(A.1.7)

CLb = P (qW ≤ q̃W |H0 ) .
The confidence level that we quote is Sec. 3.2 is (1 − CLs ) × 100%. With this
modification in the case of a downward background fluctuation, the experiment will
not be able to quote a large confidence level for exclusion.
The explanation so far has an implicit assumption that the expected events
under the alternative hypothesis are more than the null hypothesis mean. In our
application this means ∆f > 0. But the first result that we interpret is for ∆f = −1,
or the exclusion of the QCD-only hypothesis given the full SM as a null hypothesis.
It is not difficult to show how the same interpretation can be achieved by noting that
the log likelihood ratio is exactly the negative of what it would be if the expected
difference between H0 and Ha has the same magnitude but is positive. Essentially,
the probability density of the null hypothesis will correspond to larger values of qW
than the alternative hypothesis. Therefore, the confidence level can be estimated
if we change the direction of the inequality sign from qW ≤ q̃W to qW ≥ q̃W . Of
course in our analysis we do not have a real q̃W . Rather we calculate the expected
(1 − CLs ) for qW corresponding to the median of the H0 distribution.
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What is left is the technical issue of actually computing the probability densities
of the test statistic under the two hypotheses. This is done by generating two sets
of nj toy ”observations”, one set following the statistical model in Eq. A.1.3 for the
H0 and the other for the H1 hypothesis. For each ”observation” j the test statistic
j
is computed qW
. We order the two sets in ascending order, which allows us to easily

calculate probabilities like P (qW ≤ q̃W |H) by finding the nearest to q̃W member of

j
the set corresponding to hypothesis H, qW
, and dividing the ordered index j by the

total number of toys.
So far the statistical picture that we have used is purely frequentist. For the
inclusion of a systematic uncertainty on the background expectation value, we follow
the prescription in [118], which is Bayesian in nature. The updated statistical model
that describes the probability density to get a result ni in bin i is
R 0
dbi Pc (ni |si , b0i )Ps (b0i |bi )
R 0
P (ni |si , bi ) =
.
dbi Ps (b0i |bi )

(A.1.8)

In Bayesian terminology, we define a probability distribution of the true parameter
b0i that depends on the value calculated from theory bi . This probability distribution
is the prior and the Poisson model is the likelihood, which is a function of the true
parameter b0i . Marginalising over this parameter, we get a function proportional
to the probability density over the possible observations ni . The test statistic is
changed to accommodate the new statistical model
R
Y db0 Pc (ni |si , b0 )Ps (b0 |bi )
i
i
R i0
qW (n) =
.
0
0
db
P
(n
|b
)P
(b
|b
)
c
i
s
i
i
i
i
i

(A.1.9)

If we do the marginalisation over the alternative hypothesis in the numerator and the
null hypothesis in the denominator, we get a likelihood ratio. This notion of the true
parameter as a probability distribution that reflects the best belief, is quintessentially Bayesian. Once we have a definition of the test statistic for each possible
measurement and the associated probability of that measurement, we can construct
the probability distributions of the test statistic for each of the two hypotheses and
use the same inferential techniques as we did for a known background. Practically,
before each toy ”observation” we first select two values according to the normal
distribution N (1, ). Then we multiply all bi by one of them to generate all b0i for
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Pc (ni |si , b0i ) and we do the same with the other number to get Pc (ni |b0i ). Finally,
we extract a single ”observation” from these Poisson distributions. The steps are
repeated for the next ”observation”.

A.2

tt̄H identification

To analyse and interpret the results from our tt̄H search, we use broadly the same
framework of the modified frequentist method from the previous section. We combine the same building blocks into the statistical model of the results, we define a
test statistic and generate its distributions under null and alternative hypotheses.
From them we apply the CLs procedure to define the confidence level at which
models can be reject by the data. The similarities end here and the details of the
procedure are very distinct. We adopt the methodology agreed by the ATLAS and
CMS collaborations for the statistical interpretation of experimental results [139]
with small modifications to fit the nature of our search and huge simplifications in
the statistical models.
First, we define a signal strength modifier µ, common to all selection channels,
that is defined as a proportion of the expected Standard Model tt̄H signal. Then, in
every channel i, the null hypothesis is the sum of expected tt̄ + X events, including
tt̄H, as predicted by the SM (denoted bi ). The alternative hypotheses are defined as
µsi + bi , where si is the SM expected contribution from tt̄H events in that bin. With
this notation, the null hypothesis (the total expectation from the SM) corresponds to
µ = 0. Any deviation from it is measured in proportion to the SM tt̄H expectation.
Our analysis allows for µ < 0, which is not incorporated into the definition for the
original Higgs search in [39] for obvious reasons.
Previously, the systematic uncertainty was interpreted as a probability distribution over the true background-only expectation value. For this analysis we reinterpret this degree of belief as a posterior P (b0 |bi ) from an auxiliary measurement
that finds bi . Therefore, it is proportional to the product of the likelihood P (bi |b0i )

of getting the outcome bi given the true value b0i and a hyper-prior P (b0i ) that can
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be chosen to be minimally biased
P (b0i |bi ) ∝ P (bi |b0i ) · P (b0i ) .

(A.2.10)

With the Gaussian choice for the likelihood, a uniform hyper-prior and by relabelling for convenience the true parameter as bi and the auxiliary measurement as
b0i , we get the posterior-likelihood relation Ps (bi |b0i ) = Ps (b0i |bi ). This re-interpretation
allows to naturally incorporate the background uncertainty in a frequentist way to
the Poisson statistical model of a counting experiment. We can build distributions
of test statistics by sampling the improved statistical model instead of integrating
over the background parameter first.
Therefore the statistical model for the possible results is
Ptot (n|µ, b) =

Y
i

Pc (ni |µsi + bi ) · P (b0i |bi ) .

(A.2.11)

From it we can sample the distribution of n for different µ. Moreover, we can use
it to define a test statistic for each hypothesis Hµ . We borrow the profile likelihood
ratio from [139]
qµ = −2 log

Ptot (n|µ, b̂µ )
Ptot (n|µ̂, b̂)

.

(A.2.12)

The parameter b̂µ is the one that maximises Ptot (n|µ, b) for the ”measured” data n
and the signal strength (µ) we try to exclude. The denominator is the maximised
Ptot (n) for the ”measurement” n over the full range of µ and b.
Before evaluating confidence levels, the probability densities of the test statistic
need to be determined. Previously, it was relatively easy to generate toy ”observations” and evaluate qW for each, because the value of the nuisance parameters
was selected before the Poisson distribution was sampled. Now the observation is
required in order to find the best parameter b̂µ to define the sampling distribution,
from which we extract toy ”observations”. In order to break this paradox, we have
to supply the experimental observation. The obvious choice is the expected value
for the µ = 0 hypothesis. Now we have b̂0µ for the ”observation” n = b0 and we are
ready to create the probability distributions P (qµ |µ, b̂0µ ) and P (qµ |0, b̂00 ). For each
luminosity, we test 51 models within a luminosity-specific range [−µl , µl ] that are
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equally spaced. We do not perform the optimisation and MC sampling, but use the
RooStats [137] package in the ROOT [136] framework.
With these distributions it is easy to extract CLs+b = P (qµ ≥ q̃µ |µ, b̂0µ ) and

CLb = P (qµ ≥ q̃µ |0, b̂00 ). This allows us to construct a function CLs (µ, q̃µ ). We
find the two values of µ (one positive one negative) that give CLs = 0.025 for two
special choices of q̃µ . One of them is the median of the background distribution and
the other is a fluctuation by 1 σ. They provide the range of µ around the SM that
would not be able to be excluded at 95% CL if the experimental observation falls
exactly at the median of the null hypothesis P (qµ ≥ q̃µ |0, b̂00 ) = 50% (green band in
Fig. 4.13 and 4.14 ) or within 1σ (yellow band).
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HEPTopTagger
The HEPTopTagger [132], is an algorithm that determines if a (very wide) jet contains the decay products of a hadronically decaying top. There are two main stages
in the process of tagging. The first is a grooming procedure by which soft and spurious radiation is removed from within the jet. The second is a kinematic constraint
on the remaining hard structures within the fat jet, which is justified by the two
expected mass scales in a hadronic top decay - the top mass and the W mass.
The tagger is applied to a jet, so the first step is to define the fat jet. The only
constraint here is that the jet radius needs to be large in order to have a reasonable
chance of containing the remnants of the three quarks from the top decay. In our
tt̄H analysis, we define the fat jets to be Cambridge/Aachen with R = 1.5 and
pT > 200 GeV.
The next step is a mass drop condition at each clustering step in order to remove
structures that individually do not add significantly to the mass of the jet. Starting
from the final jet j, separate the last step of the clustering process into the parent
pseudo jets j1 and j2 . The convention is mj1 > mj2 . If the large-mass pseudo jet
satisfies mj1 < 0.8 mj , or in other words when there is a significant drop in the mass
scale, both pseudo jets are kept. Otherwise the softer pseudo jet is discarded. The
procedure is repeated to each remaining pseudo jet with mass mji > 30 GeV. If the
pseudo jet’s mass is less than than, it is not declustered any further, but is kept as
a hard structure for later use.
At the end of the mass drop procedure, all remaining hard structures are grouped
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into all possible combinations of three. The grooming proceed for each combination
separately. The constituents in the group are filtered by clustering them into small
C/A jets with R = min(0.3, ∆Rjk /2), where ∆Rjk is the distance in η − φ between
the pair of substructures (j, k). The hardest (up to) five filtered subjets form the
top candidate associated with the group of three substructures. The masses of all
top candidates are calculated and only the candidate with the closest mass to mt is
selected for the actual kinematic tagging.
The objects that will be used to assert if the kinematic conditions are satisfied
are exactly three exclusive subjets, reconstructed from the constituents of the top
candidate. They should correspond to the b quark and the two light quarks from the
W decay. The problem is we do not know which pair of subjets corresponds to the
W boson. In any case, the top is identified with the sum of the three jet momenta;
therefore we have the condition m2t = m2123 = (p1 + p2 + p3 )2 . In the limit where each
p2i ≈ 0, this turns into m2t = (p1 + p2 )2 + (p1 + p3 )2 + (p3 + p2 )2 = m212 + m213 + m223 .
Therefore, we can think of the three masses as x, y, z coordinates, and the top mass
condition as an equation of a sphere with radius mt in the space of m13 , m12 , m23 .
Since the masses are positive, it is actually an eighth of a sphere. There are two
degrees of freedom after the top mass constraint. Lets take one to be m23 /m123
(the z component), and the other - the azimuthal angle between the x axis (the
m13 values) and the projection of the (m13 , m12 , m23 ) vector in the x − y plane,
m12
φ = atan m
.
13

Assuming one of the pairs matches exactly mW , there are three possible relations
between m23 /m123 and atan(m12 /m13 ) ≡ φ. If the W pair is j2 , j3 then m23 /m123 =
mW /mt is a constant over all values of the angle atan(m12 /m13 ) ∈ [0, π/2]. If the
W pair is j1 , j2 , then the relation between m23 /m123 and φ is not trivial,
m2123 = m212 + m213 + m223
m223
m212
m213
=
1
−
−
m2123
m2123 m2123


m223
m212
m213
1− 2 = 2
1+ 2
m123
m123
m12
2
2

m
m
1 − 223 = W2 1 + cot2 φ .
m123
mt

(B.0.1)
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The last case mW = m13 is almost equivalent to the one above. Swapping m12 and
m13 in the third line yields
1−


m223
m2W
=
1 + tan2 φ .
2
2
m123
mt

(B.0.2)

Since the configuration of the top decay must fall into one of these three categories,
the tagger can require that the three subjets satisfy any of three constraints:
m23
< Rmax and φ ∈ [0.2, 1.3] ;
m123


m23
m223
2
2
1 + cot2 φ and
> 0.35 ; (B.0.3)
1 + cot φ < 1 − 2 < Rmax
m123
m123


m2
m23
2
1 + tan2 φ < 1 − 223 < Rmax
1 + tan2 φ and
> 0.35 .
m123
m123

1. Rmin <
2
2. Rmin
2
2. Rmin

The ratios Rmin = 0.85 mmWt and Rmax = 1.15 mmWt define the band around mW /mt that

the tagger considers acceptable. The φ range in the first line is constrained because
neither m12 nor m13 can be zero, but are bound at around 30 GeV. The tagger also
excludes regions where m23 is small.
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Ellipticity
The ellipticity t̂ of a jet is calculated from its particles’ three-momentum components
kT i transverse to the jet. Thus, it is defined in the plane transverse to the momentum
P
pJ = i pi , where pi are the three-momenta of the jet constituents, as
kT i = pi − (pJ · pi )

pJ
.
|pJ |2

(C.0.1)

While we take pJ to be the thrust axis, we calculate thrust major Tmaj and thrust
minor Tmin using the kT i as input
P
|kT i · nmaj |
iP
Tmaj = max
nmaj
i |pT i |

and

Tmin =

P

|kT i
iP

· nmin |
,
i |pT i |

(C.0.2)

where n2maj = n2min = 1, nmin · nmaj = 0 and nmin · pJ = 0. We then define the
ellipticity as the ratio
t̂ =

Tmin
.
Tmaj

(C.0.3)

The two limiting cases are homogeneously distributed radiation within the jet cone
(a circle in the transverse plane) and a planar distribution of the radiation within
the cone (a line in the transverse plane). The former gives t̂ = 1 and the latter t̂ = 0.
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