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Introduction

The Standard Model (SM) of fundamental interactions is the underlying theory
describing all elementary particles, as well as the electromagnetic, strong and weak in-
teractions they can establish. Over the years, many experimental results have precisely
confirmed the predictions of this theory, the last one being the discovery of the Higgs
boson in 2012 at the Large Hadron Collider (LHC) by the joint efforts of the ATLAS
and CMS Collaborations.
However, there are still some open questions whose answers cannot be presently found
within the SM framework: the hierarchy problem, the existence of dark matter, the
asymmetry between matter and antimatter observed in our universe. All these issues
suggest a new theory, or at least an extension of the existing SM, must be considered
to reach an exhaustive view of particle physics.
SUperSYmmetry (SUSY) is a theoretical extension of the SM supposing the existence
in nature of fermionic (bosonic) supersymmetric partners for the bosons (fermions)
predicted in the SM, whose spin differs by 1/2 unit from their SM partners. SUSY
provides an elegant solution to the hierarchy problem through loop cancellations. In
SUSY models that conserve R-parity, SUSY particles (sparticles) must be produced
in pairs and the lightest supersymmetric particle (LSP) in the SUSY decay chains is
stable and weakly interacting, thus potentially providing a viable candidate for dark
matter. Finally, this theory would allow the unification of the strong, electromagnetic
and weak interactions.
Sparticle production cross-sections at LHC are highly dependent on the sparticle
masses, as well as on the production mechanisms. The coloured sparticles (squarks and
gluinos) are strongly produced and have significantly larger production cross-sections
than non-coloured sparticles of equal masses, such as the sleptons (superpartners of
the SM leptons) and the electroweakinos (superpartners of the SM Higgs and the
electroweak gauge bosons). If gluinos and squarks were much heavier than low-mass
electroweakinos, then SUSY production at the LHC would be dominated by direct
electroweak production. Since the latest ATLAS and CMS limits on squark and gluino
production extend well beyond the TeV scale, this allows for electroweak production
of sparticles to be a promising and important probe in searches for SUSY at the LHC.

This PhD thesis describes my contribution to the search of electroweak production
of charginos χ̃±1 (the lightest combination of the charged superpartners of the SM
Higgs and electroweak bosons) and sleptons decaying into final states with two charged
leptons (electrons and/or muons) using proton-proton collision data recorded by the
ATLAS detector during the entire LHC Run II (from 2015 to 2018), resulting in a
total integrated and validated luminosity of 139 fb−1 . The analysis is optimized to
target the direct production of χ̃+

1 χ̃
−
1 , where each chargino decays into the lightest

neutralino χ̃0
1 (LSP, the lightest combination of the neutral superpartners of the SM
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Higgs and electroweak bosons) and an on-shell W boson. Due to the similarity of SM
diboson processes and decays (particularly WW ), this signature is very challenging to
be studied and discriminated.
The same analysis strategy is also applied to two other searches. The former is the
search for the direct production of χ̃+

1 χ̃
−
1 , where each chargino decays into a slepton

(charged slepton ˜̀ or sneutrino ν̃) via the emission of a lepton (neutrino ν or charged
lepton `) and the slepton itself decays into a lepton and the LSP. The latter is the
search for direct pair production of sleptons, where each slepton decays into a lepton
and the LSP. All of these three scenarios are based on simplified models, i.e. assuming
a branching ratio of 100% for the considered decay.
Chapter 1 is dedicated to review the Standard Model briefly and to introduce the Mini-
mal Supersymmetric Standard Model (MSSM). Chapter 2 provides a description of the
LHC and the ATLAS experiment, alongside a presentation of the new MicroMegas de-
tectors which will be installed in ATLAS during the LHC Long Shutdown II, in whose
validation with cosmic rays I have been involved in. Chapter 3 presents the physics
objects used in the analysis with their features, as reconstructed by the ATLAS exper-
iment. Chapter 4 reports the full analysis strategy, results and interpretations. Finally,
Chapter 5 describes future perspectives of this analysis, now targeting the compressed
phase space still not excluded: for this purpose a new signal grid has been requested
and a MultiVariate approach is being considered. The work described in this Thesis
has been submitted by the ATLAS Collaboration and published on European Physics
Journal C on February 2020 with the following title: Search for electroweak produc-
tion of charginos and sleptons decaying into final states with two leptons and missing
transverse momentum in

√
s = 13 TeV pp collisions using the ATLAS detector [1].



Chapter 1

The Standard Model of
fundamental interactions and
Supersymmetry

Our current knowledge of particle physics is enclosed in the Standard Model (SM)
theory [2–7]. Starting from the second half of XX century, when it reached its complete
definition and structure, many experiments were put in place in order to confirm the
predictions coming from this theory.
Although several experimental results have shown an impressing agreement with the
theory, there are still some open questions: the most notable ones are the so-called
hierarchy problem [8] and the nature of dark matter [9]. In order to provide answers
to them, it is necessary to extend the Standard Model with other theories, known as
Beyond Standard Model (BSM) theories. Supersymmetry [10–15] is one of the most
promising BSM theories, since a solution to the hierarchy problem is found in it, be-
cause of the natural cancellation of loop diagrams and a natural dark matter candidate
is provided by it, thanks to the LSP particle within the model.
This chapter is dedicated to a brief introduction to the Standard Model and its su-
persymmetric extension, i.e. Minimal Supersymmetric Standard Model (MSSM) [16],
in order to provide a general overview of the two theories, as well as of the process on
which the analysis described in this thesis is focused on.

1.1 The Standard Model of particle physics

In the Standard Model leptons (e, µ, τ and their neutrinos ν`=e,µ,τ ) and quarks (u,
d, c, s, t, b) are the basic components of the matter: they are spin 1/2 fermions and
they are arranged in three different families, or generations, characterized by spin s,
weak-isospin T, weak-hypercharge Y and electric charge Q1. Moreover, according to
the properties of SU(2) group of weak-isospin, a further organization into singlets or

1The electric charge is expressed in terms of the third component of the weak isospin T3 and the
weak-hypercharge Y through the relation Q = T3 + Y/2.
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doublets can be achieved:

First Generation −→
(
νe
e

)
L

eR

(
u
d′

)
L

uR d′R

Second Generation −→
(
νµ
µ

)
L

µR

(
c
s′

)
L

cR s′R

Third Generation −→
(
ντ
τ

)
L

τR

(
t
b′

)
L

tR b′R

where d′, s′ and b′ are the weak eigenstates obtained through linear combinations of
the mass eigenstates d, s and b by applying the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [17, 18]. The L and R pedices stand for left/right-handed spinors, eigenstates of
γ5 matrix obtained by applying the following projection operators to a generic spinor

PR =
1

2
(1 + γ5) PL =

1

2
(1− γ5).

In the SM neutrinos are assumed to be purely left-handed and massless2.
For each fermion in the model there is an associate particle, called antiparticle, result-
ing from the application of the charge conjugation operator which inverts all internal
quantum numbers (charge, baryon and lepton numbers, strangeness).
Opposed to fermions, gauge bosons are integer-spin particles and they are responsible
of the interactions among fermions, acting as force carriers. The electromagnetic inter-
action, experienced by fermions with electric charge, is mediated by the photon γ; the
strong interaction, experienced by fermions with color charge, is carried by the gluon
g ; the weak interaction, experienced by fermions with weak charge, is mediated by the
W± and Z0 heavy bosons; the gravitational interaction is not considered in the model,
since the relative intensity, if compared to the strong one, is smaller by several orders
of magnitude. Table 1.1 summarizes the properties of the Standard Model particles3.
From a theoretical point of view, the Standard Model is a non-abelian gauge theory
invariant under the symmetry group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ,

where SU(3)C is related to the strong interactions, with C being the color charge, and
SU(2)L ⊗ U(1)Y is the symmetry group of the electroweak interactions. While the 8
massless gluons can be identified as the gauge bosons of SU(3)C , for the electroweak
sector a spontaneous symmetry breaking introduces the three massive W± and Z0

bosons; this process lies within the Glashow-Weinberg-Salam model [20] and it is known
as Higgs Mechanism [21, 22].

1.1.1 Spontaneous symmetry breaking: the Higgs mechanism

In the ’60s Glashow postulated a model for the weak and electromagnetic interac-
tions based on the SU(2)⊗ U(1) gauge invariance. However, he did not get the mass
for the W± and Z0 bosons directly from the model, introducing them “by hand”; the

2Due to the absence of direct mass measurements, the quantity measured is the mass splitting,
with the mass eigenstates νi=1,2,3 being related to weak eigenstates ν`=e,µ,τ via the neutrino mixing
matrix, |ν`〉 =

∑
i U`i |νi〉.

3The Natural Units system is adopted to express kinematical quantities, implying ~ = c = 1.
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Generation Particle Q s B L Mass [GeV]
Le

pt
on

s

I
e −1 1/2 0 1 ∼ 511× 10−6

νe 0 1/2 0 1 ∼ 0

II
µ −1 1/2 0 1 ∼ 106× 10−3

νµ 0 1/2 0 1 ∼ 0

III
τ −1 1/2 0 1 1776.86± 0.12

ντ 0 1/2 0 1 ∼ 0

Q
ua

rk
s

I
u 2/3 1/2 1/3 0 2.16+0.49

−0.26×10−3

d −1/3 1/2 1/3 0 4.67+0.48
−0.17

II
c 2/3 1/2 1/3 0 1.27± 0.02

s −1/3 1/2 1/3 0 93+11
−5 × 10−3

III
t 2/3 1/2 1/3 0 172.9± 0.4

b −1/3 1/2 1/3 0 4.18+0.03
−0.02

B
os
on

s

γ 0 1 0 0 < 1× 10−27

W± ±1 1 0 0 80.379± 0.012

Z0 0 1 0 0 91.1876±0.0021

gi=1,...,8 0 1 0 0 0

Table 1.1: Summary of the properties of the SM particles; the electric charge Q, ex-
pressed in units of the electron charge, the spin s, the baryon B and lepton L quantum
numbers are reported [19].

result was a non-renormalizable4 model. Some years later, Weinberg and Salam suc-
ceeded in overcoming this issue by introducing a potential that causes the spontaneous
breaking of the symmetry, i.e. a theory in which the Lagrangian describing the phys-
ical system exhibit a symmetry, while the lowest-energy state of the system does not
exhibit the same symmetry. The general idea is that weak interaction is mediated by
gauge bosons, massless at the beginning; the lagrangian also contains terms for mass-
less leptons and it is invariant under an internal gauge symmetry; a scalar field (the
Higgs field) is then introduced with a non-vanishing expectation vacuum expectation
value and the resulting interaction produces a spontaneous symmetry breaking which
gives mass to fermions and gauge vector bosons.
Focusing on the description of the leptonic part of the model, the corresponding La-

4Quantum field theories can be classified as super-renormalizable, in case of a finite numbers of
divergent Feynman diagrams, renormalizable, if they have a finite number of divergent amplitudes,
whose divergencies occur at all orders of perturbation theory, non-renormalizable, for theory with
divergent amplitudes at a sufficiently high order in the perturbation theory. The advantage of renor-
malizable theories is the presence of dimensionless coupling costants, while for the other two categories
such constants have positive or negative mass dimensions.
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grangian can be expressed as follows:

LSU(2)⊗U(1) = Lfermions + Lgauge =

+ i
(
ν̄f f̄

)
L
γµ
[
∂µ + ig

τi
2
·W i

µ + ig′
Y

2
Bµ

](
νf
f

)
L

+ if̄Rγ
µ

(
∂µ + ig′

Y

2
Bµ

)
fR −

1

4
BµνB

µν − 1

4
W i
µνW

iµν ,

(1.1)

where f is a generic lepton, g and g′ are the coupling costants, respectively, of weak
isospin and hypercharge group, τi are the Pauli’s matrices and, finally, W i=1,2,3

µ and
Bµ are the gauge fields of SU(2) and U(1), such as

Bµν = ∂µBν − ∂νBµ (1.2)

W i
µν = ∂µW

i
ν − ∂νW i

µ − gεijkW j
µW

k
µ . (1.3)

Since there are four vector gauge bosons, W±, Z0 and γ, three of them being massive
and the last one massless, the same number of real scalar fields φi are introduced;
the resulted Lagrangian contains an extra term, LHiggs, which must always ensure the
total Lagrangian being SU(2)L ⊗ U(1)Y gauge invariant, therefore this new four scalar
fields are arranged in a weak isospin doublet of complex scalar fields with hypercharge
Y = 1:

Φ =

(
φ+

φ0

)
where

φ+ ≡ (φ1 + iφ2)/
√

2

φ0 ≡ (φ3 + iφ4)/
√

2
(1.4)

LHiggs =

∣∣∣∣(∂µ + ig
τi
2
·W i

µ + ig′
Y

2
Bµ

)
Φ

∣∣∣∣2 − V (Φ)

=

∣∣∣∣(∂µ + ig
τi
2
·W i

µ + ig′
Y

2
Bµ

)
Φ

∣∣∣∣2 − µ2Φ†Φ− λ(Φ†Φ)2.

(1.5)

Assuming µ2 < 0 and λ > 0, the minimum of the potential V (Φ) occurs when

Φ†Φ =
1

2

(
φ2

1 + φ2
2 + φ2

3 + φ2
4

)
= −µ

2

2λ
; (1.6)

this minimum identifies a set of degenerate points invariant under SU(2) transfor-
mations; by making a specific choice, the symmetry SU(2)⊗ U(1) is spontaneously
broken. A convenient choice of the vacuum expectation value is

φ1 = φ2 = φ4 = 0, φ2
3 = −µ

2

λ
≡ v2 =⇒ Φ0 =

1√
2

(
0
v

)
(1.7)

with quantum numbers T = 1/2, T3 = −1/2 and Y = 1. Although this procedure al-
lows to break SU(2)L and U(1)Y symmetries simultaneously, the charge group U(1)Q
symmetry is unaffected, therefore the corresponding gauge boson (photon) is left mass-
less.
Introducing the fields θi, i.e. the Goldstone bosons [23], it is possible to expand the Φ
field around this chosen minimun in terms of these new quantities, obtaining

Φ(x) =
1√
2

(
θ1(x) + iθ2(x)

v + h(x) + iθ3(x)

)
→ · · · → 1√

2

(
0

v + h(x)

)
. (1.8)
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Once a suitable gauge transformation is performed, θi fields vanish and the Higgs
doublet can be reduced to the only real field h(x), better known as the Higgs field,
with mass of

mh =
√
−2µ2 =

√
2λv2. (1.9)

In addition to the Higgs boson mass, the insertion of the expansion 1.8 in the La-
grangian 1.5 produces the eletroweak gauge boson mass terms to appear, thus enabling
the possibility to define the corresponding mass eigenstates W±, Z0 and γ as:

W± =
1

2

(
W 1 ∓W 2

) (
Z0

γ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
W 3

B

)
, (1.10)

with θW being the Weinberg angle, defined by the relation

tan θW =
g′

g
. (1.11)

Starting from relations 1.10, it is possible to derive the vector gauge boson masses5:

mW± =
1

2
vg mZ =

1

2
v

√
g2 + g′2 mγ = 0 (1.12)

Figures 1.1 and 1.2 show present experimental results of the gauge boson W± and Z
masses, respectively.

 [MeV]Wm
80320 80340 80360 80380 80400 80420

LEP Comb. 33 MeV±80376

Tevatron Comb. 16 MeV±80387

LEP+Tevatron 15 MeV±80385

ATLAS 19 MeV±80370

Electroweak Fit 8 MeV±80356

Wm

Stat. Uncertainty

Full Uncertainty

ATLAS

Figure 1.1: Most recent measurements [24] of the W mass, mW , performed by
the ATLAS experiment [25] and compared to the Standard Model model predic-
tions from the global electroweak fit [26], updated using recent measurements of
the top-quark mass [27], mt = (172.84± 0.70) GeV, and Higgs boson mass [28],
mH = (125.09± 0.24) GeV. The result is compared to the combined values of mW

measured at LEP [29, 30] and at Tevatron [31] colliders.

Using the same mechanism, it is possible to generate the fermion masses introducing
a Yukawa interaction between the fermionic fields (only the T3 = −1/2 member of the

5For the sake of simplicity, from now on the superscript 0-index of the Z0 boson will be dropped,
i.e. Z0 ≡ Z.
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Figure 1.2: Average of the Z mass measurements [32] performed at LEP by the
ALEPH [33, 34], DELPHI [35, 36], L3 [37–40] and OPAL [41–44] experiments.

weak isospin doublet is coupled) and the previously defined Higgs doublet.
In case of leptons, this additional term becomes

LY ukawa = −Gf
[(
ν̄f f̄

)
L

(
φ+

φ0

)
fR + h.c.

]
, (1.13)

with Gf coupling costant. The fermion mass is determinated by the relation

mf =
Gf√

2
v. (1.14)

In case of quarks, a more complex Yukawa term is needed: it has to satisfy the addi-
tional coupling with the T3 = 1/2 member of the weak isospin doublet and to take into
account the CKM matrix in order to rotate flavor eigenstates into mass eigenstates.
Such a term can be expressed as

LY ukawa = −Gijd
(
ūi d̄′i

)
L

ΦdjR −Giju
(
ūi d̄′i

)
L

(−iτ2)Φ∗ujR + h.c., (1.15)

where ui is a generic T3 = 1/2 quark (u, c, t), d′ a generic T3 = −1/2 quark (d′, s′, b′)
and Giju,d are the coupling costants between the Higgs field and the quarks. Figure 1.3
reports the agreement between the measured masses of the top-quark and W boson
with the values provided by the electroweak global fit of the Standard Model.

1.1.2 Quantum ChromoDynamics

The quark model, originally developed by Gell-Mann [45] and Zweig [46], evolved
over the years into a renormalizable quantum field theory, based on SU(3) symmetry,
known as Quantum ChromoDynamics (QCD) [6, 7]. This theory is dedicated to the
description of the interactions of quarks and gluons.
An additional quantum number, called color, is assigned to each quark and, conven-
tionally, there are Red (R), Glue (B) or Green (G) quarks. Gluons, mediators of the
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Figure 1.3: The 68% and 95% Confidence Level contours of the mW and mt indi-
rect determination from the global electroweak fit [26], compared to the analogous
Confidence Level contours of the ATLAS measurements of the top-quark and W
boson masses. The Higgs boson mass measured at the Large Hadron Collider [28],
mH = (125.09± 0.24) GeV, is used as input for the determination of the global elec-
troweak fit.

strong interactions, come in eight different color-anticolor combinations:

RḠ, RB̄, GR̄, GB̄, BR̄, BḠ,
1√
2

(RR̄−GḠ),
1√
6

(RR̄+GḠ− 2BB̄).

All observable particles must be in a neutral colorless state (white). The strong inter-
action can be thought as an exchange of colors through colored mediators, the gluons,
which can interact each others and with quarks.
The coupling costant of the strong interaction αs is a free parameter in QCD and it is
inversely proportional to the momentum exchanged in the interaction. Strictly related
to this feature, one particular property is predicted in this theory, the so-called asymp-
totic freedom: at high momentum, colored particles (or partons) almost behave as free
independent particles, because of the small magnitude of the coupling constant; on the
other hand, at low momentum or, equivalently, at large distances, the interaction is
strong and it bounds partons in non-colored states known as “hadrons”.
As a consequence, there is no possibility to observe colored particles in nature, as
(anti-)quarks are confined in the hadrons: baryons (combinations of three quarks) or
mesons (combination of quark/anti-quark). In particle physics experiments where col-
lisions can occur at parton level, the produced quarks and gluons “hadronize”, i.e.
colored particles emerges from the vacuum in proximity of them and produce final
coloreless states. The result of this process, called hadronization is a “jet” of particles
moving in the initial direction of the produced parton.
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1.1.3 Limits of the theory

The Standard Model is considered an extremely successful theory since its predic-
tions agreed with the experimental results in several experiments. Nevertheless, some
questions are still unanswered in its framework, e.g. the nature of the dark matter, the
matter-antimatter asymmetry observed in the universe and the neutrino oscillations,
a phenomenon not predicted by the Standard Model. All of these aspects, just to cite
a few, do not make it a complete physics theory [47, 48].
However, the unification of the electromagnetic and weak interactions in the SU(2)L ⊗ U(1)Y
group was a major outcome for the Standard Model, providing a desiderable feature in
unifying two apparently different forces in one interaction; the Standard Model can be
considered an effective field theory (EFT), i.e. a low energy approximation of a more
fundamental and general theory also including, for instance, the strong interaction.
Theories of unified gauge groups are called Grand Unified Theory (GUT); they are
based on the idea that all known interactions are low-energy approximation of a unique
theory associated with a more general gauge group. The Standard Model makes very
precise prediction concerning the running of the different coupling strengths, and their
values do not coincide, even at very high energies. Therefore it becomes necessary a
determination of the energy scale Λ, beyond which evidences of new physics could
appear. A possible option could be to assume Λ at the Planck scale (2.4× 1018 GeV),
the fundamental mass scale where gravity is expected to become as strong as other
interactions, or at the GUT scale (∼ 1016 GeV); comparing both to the electroweak
scale (∼ 100 GeV), there is a difference of several orders of magnitude, issue better
known as hierarchy problem.
Such a discrepancy is not a real issue within the Standard Model itself [8], but, as a
consequence of it, the value of the Higgs mass, m2

h, receives large quantum corrections
from the loop diagrams of each particle coupling, directly or indirectly, to the Higgs
field.

t

t̄

h h

Figure 1.4: One-loop diagram coupling the top-quark to the Higgs particle. Being
the Standard Model particle with higher mass, the top-quark provides a dominant
contribution to the radiative corrections to the Higgs mass.

Each of the one-loop diagram, as the one reported in Figure 1.4, is quadratically di-
vergent, hence the contribution to the mass of the Higgs particle is

δm2
h = O

(
g2

16π2

)∫ Λ

d4k
1

k2
= O

(α
π

)
Λ2. (1.16)

Assuming Λ to be the Planck or GUT scale, this quantum correction is much larger
than the physical value of the Higgs mass, mh ∼ 125 GeV. Since the theory is renor-
malizable, there could be an opposite-sign large contribution to cancel it out, but this
would require to adjust each correction in order to be consistent with the physical
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mass value of the Higgs boson. This procedure seems to be very unnatural, therefore
this issue is known as naturalness (or fine-tuning) problem.
Another phenomenon whose explanation cannot be found within the Standard Model
framework is the evidence for the existence of dark matter [9]: many independent
observations in large astrophysical systems, with sizes ranging from galactic to cosmo-
logical scales, provided evidences of “anomalies” which can only be explained either by
assuming the existence of a large amount of unseen, dark, matter or by assuming a
deviation from the known laws of gravitation and the theory of general relativity.
All previous problems can be addressed in an elegant and natural way by extending
the Standard Model with the Supersymmetry theory. In the simplest formulation of
this extension, called Minimal Supersymmetric Standard Model (MSSM), the running
of the gauge couplings, whose calculation is done in the model in a similar way as in
the Standard Model, converges to a specific value corresponding to an energy scale
where couplings are unified, as shown in Figure 1.5 [49].

Figure 1.5: Evolution of the inverse of the three coupling constants in the SM (left)
and in the MSSM (right). Only in the latter case unification is obtained [49].

Then, the one-loop corrections to a generic, fundamental fermion mass mf are propor-
tional to the mass itself, becoming only logarithmically divergent:

δmf = O
(

g2

16π2

)
mf

∫ Λ

d4k
1

k4
= O

(α
π

)
mf ln

Λ

mf
. (1.17)

The magnitude of this correction is no more larger than the physical value, for any
Λ < ΛGUT. This holds also for the divergent term 1.16, exploiting the fact that boson
and fermion loop diagrams have opposite signs. Assuming an equal number of fermions
and bosons and equal couplings withing the supersymmetric theory, the quadratic
divergence cancels out

δm2
h = −

(
g2
F

16π2

)
(Λ2 +M2

F ) +

(
g2
B

16π2

)
(Λ2 +M2

B) = O
( α

4π

)
|M2

B −M2
F |, (1.18)

which is a small contibution if

|M2
B −M2

F | . TeV. (1.19)

This naturalness argument is one of the theoretical motivation behind the assumption
that evidences of Supersymmetry may manifest at an accessible energy scale.
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Finally, the R-parity-conserving Supersymmetry, discussed in Section 1.2, could pro-
vide naturally a good dark matter candidate through the Lightest Supersymmetric
Particle (LSP), a stable particle predicted by this theory.

1.2 SUperSYmmetry

As already mentioned, Supersymmetry is one of the most promising among the
so-called Beyond the Standard Model theories, which postulates the existence of a
fundamental symmetry between bosons and fermions. In the MSSM, the particles are
called superpartners (or superparticles o sparticles), with spin differing by 1/2 unit
with respect to the Standard Model counterparts. Apart from the spin, masses and all
other quantum numbers are the same.
Concerning the nomenclature, the name of these superpartners are derived from the
names of their Standard Model counterparts. The bosonic partners of the fermions
have the prefix “s” to their names, leading to names such as squarks and sleptons
(standing for “scalar quark” and “scalar lepton”, respectively); the symbols for squarks
and sleptons are the same as for the corresponding fermion, but with a tilde on them,
generically q̃ or ˜̀. On the other hand, the names of fermionic partners of bosons
have the suffix “ino” to their names, such as gluinos for gluons, winos for SU(2)L
gauge bosons and bino for U(1)Y gauge boson. Moreover, in the MSSM two chiral
supermultiplets as Higgs fields are introduced, instead of the single one present in the
Standard Model; their corresponding sparticles are called higgsinos. Tables 1.2 and 1.3
summarize the supermultiplet structures within the MSSM.

Names spin-0 spin-1/2 (SU(3)C , SU(2)L, U(1)Y )

squarks, quarks Q
(
ũL d̃L

) (
uL dL

)
(3, 2, 1/6)

3 families
ū ũ∗R ũ†R (3̄, 1, −2/3)

d̄ d̃∗R d̃†R (3̄, 1, 1/3)

sleptons, leptons L
(
ν̃ ẽL

) (
ν eL

)
(1, 2, −1/2)

3 families ē ẽ∗R ẽ†R (1, 1, 1)

Higgs, higgsinos Hu

(
H+
u H0

u

) (
H̃+
u H̃0

u

)
(1, 2, 1/2)

Hd

(
H0
d H−d

) (
H̃0
d H̃−d

)
(1, 2, −1/2)

Table 1.2: Chiral supermultiplets in the MSSM: the spin-0 fields are complex scalars,
while the spin-1/2 are left-handed two-component Weyl fermions. Only the first family
is reported as example [16].

Names spin-1/2 spin-1 (SU(3)C , SU(2)L, U(1)Y )

gluino, gluon g̃ g (8, 1, 0)

winos, W bosons W̃± W̃ 0 W± W 0 (1, 3, 0)

binos, B bosons B̃0 B0 (1, 1, 0)

Table 1.3: Gauge supermultiplets in the MSSM [16].
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1.2.1 R-parity

Due to the renormalizability and gauge invariance, the Lagrangian of the Standard
Model conserves the barion B and lepton L quantum numbers, without assuming it
explicitly. However, when including the most general gauge-invariant and renormaliz-
able superpotential, some terms may violate barion and/or lepton number conservation
and, as a consequence, new decay channels never observed before are allowed. Proton
decay p→ e+π0 can be considered an example.
In order to avoid the presence of such violating terms, a new symmetry needs to be
added; it is called R-parity and the associate quantum number is defined as follows:

PR = (−1)3(B−L)+2s =

{
+1 for SM particles
−1 for MSSM sparticles

, (1.20)

with s being the spin of the particle. If R-parity is exactly conserved, no kind of
mixing is allowed between particles of the Standard Model and their supersymmetric
counterparts. Moreover, every interaction vertex in the theory contains an even number
of sparticles having PR = −1 and three main consequences are derived from this
statement:

1. The lightest particle with odd R-parity, the so-called lightest supersymmetric
particle, must be stable. If the LSP has no electric charge, then it interacts
only weakly with ordinary matter, making it a potential candidate for the non-
baryonic dark matter.

2. Each other supersymmetric particle different from the LSP must decay into a
state containing an odd number of LSPs.

3. In collider experiments, sparticles are produced in even number, typically in
pairs.

The MSSM is assumed to preserve R-parity but, apart from phenomenological reasons,
there is no intrinsic motivation to support this assumption. There are other SUSY mod-
els not requiring R-parity conservation and the phenomenologically forbidden terms
present in the lagrangian allow the violation of baryon or lepton quantum numbers,
but not both of them [50].
Only R-parity-conserving scenarios will be considered in this thesis.

1.2.2 Soft SUSY breaking

The fundamental statement adduced when SUSY and MSSM have been introduced
is that sparticles differ only by one-half spin unit from the corresponding Standard
Model counterparts, then assuming particles and their superpartners to be mass de-
generate. However, if Supersymmetry was an exact symmetry, sparticles would have
already been observed; since this is not the case so far, soft breaking [8] additional
terms need to be added in the MSSM Lagrangian, leading to Supersymmetry breaking
but preserving, at the same time, the gauge invariance and the cancellation of the di-
vergent terms in the radiative corrections. Only mass terms and coupling parameters
with positive mass dimension can be included in the Lagrangian; applying it to the
MSSM, such terms are:
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• Mass terms for gluinos, winos and bino:

Lgaugino = −1

2

(
M1B̃B̃ +M2

3∑
i=1

W̃ iW̃i +M3

8∑
i=1

G̃iG̃i + h.c.

)
(1.21)

• Mass terms for the scalar fermions:

Ls.f. = −
3∑
i=1

(
m2
Q̃i
Q̃†i Q̃i +m2

L̃i
L̃†i L̃i +m2

ũi |ũRi |
2 +m2

d̃i
|d̃Ri |2 +m2

l̃i
|l̃Ri |2

)
(1.22)

• Mass and bilinear terms for the Higgs bosons:

LHiggs = −[m2
HuH

†
uHu +m2

Hd
H†dHd +Bµ(Hu ·Hd + h.c.)] (1.23)

• Trilinear coupling between sfermions and Higgs bosons:

Ltril. = −
3∑

i,j=1

(
AuijY

u
ij ũ
∗
RiHu · Q̃j +AdijY

d
ij d̃
∗
RiHd · Q̃j +AlijY

l
ij l̃
∗
RiHd · L̃j + h.c.

)
(1.24)

The MSSM just described is usually defined uncostrained MSSM, because of the ab-
sence of extra constraint applied to the Lagrangian. In the general case, where mixing
among generations and complex phases are allowed, the soft SUSY breaking will in-
troduce a huge number of unknown parameters, to be summed to the 19 currently in
the Standard Model, reaching a total of 120 free parameters.

1.2.3 Constrained MSSM

The large number of free parameters in the unconstrained MSSMmakes any analysis
a hard task to be performed. A phenomenologically more viable MSSM can be built
by making the following assumptions:

• all the soft SUSY-breaking parameters are real, thus no new source of CP-
violation is introduced, in addition to the one coming from the CKM matrix;

• the matrices for sfermion masses and trilinear couplings are all diagonal, implying
the absence of Flavor Changing Neutral Currents (FCNC) at tree-level;

• the soft SUSY-breaking masses and trilinear couplings of the first and second
sfermion generations are the same at low energy.

As a consequence of these three assumptions, the 120 free parameters of the model are
reduced to 22 parameters:

• tanβ, ratio of the vacuum expectation values of two Higgs doublet fields;

• m2
Hu

and m2
Hd

: mass parameters for the two Higgs doublets;

• M1,M2,M3: mass parameters for bino, wino and gluino;
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• mass parameters for the first, second and third generation of sfermions;

• Au, Ad, Ae: trilinear couplings of the first and second generation;

• At, Ab, Aτ : trilinear couplings of the first and second generation.

Having a moderate number of free parameter, this model is more predictive and suit-
able for any phenomenological investigation, if compared to the unconstrained MSSM;
it is usually referred to as phenomenological MSSM or pMSSM. In this model the
description of the electroweak symmetry breaking is tougher due to the two complex
Higgs doublets being present. And, finally, the masses and the CKM mixing angles of
quarks and leptons are also function of the tanβ parameter, in addition to the Yukawa
couplings of the superpotential.

1.2.4 The MSSM mass spectrum

The effects of the previously described electroweak symmetry breaking are the
reason why higgsinos and electroweak gauginos do not match exactly their mass eigen-
states, generating the following two mixing combinations:

• Charginos χ̃±i (i = 1, 2 in order of increasing masses), two mass eigenstates from
the mixing of the charged higgsinos (H̃+

u and H̃+
d ) and winos (W̃+ and W̃−).

• Neutralinos χ̃0
j (j = 1, ..., 4 in order of increasing masses), four mass eigenstates

from the mixing of the neutral higgsinos (H̃0
u and H̃0

d) and the neutral gauginos.

In the gauge-eigenstate basis ψ0 = (B̃, W̃ 0, H̃0
u, H̃

0
d) the neutralino mass term in the

lagrangian is:

Lχ̃0 = −1

2
(ψ0)TMχ̃0ψ0 + h.c., (1.25)

with

Mχ̃0 =


M1 0 − cosβ sin θWmZ sinβ sin θWmZ

0 M2 cosβ cos θWmZ − sinβ cos θWmZ

− cosβ sin θWmZ cosβ cos θWmZ 0 −µ
sinβ sin θWmZ − sinβ cos θWmZ −µ 0

 .

This matrix can be diagonalized and the four mass eigenstates are labelled as χ̃0
j ,

j = 1, ..., 4.
Analogously, in the gauge-eigenstate basis ψ± = (W̃+, H̃+

u , W̃
−, H̃−d ) the chargino

mass term in the lagrangian is:

Lχ̃± = −1

2
(ψ±)TMχ̃±ψ

± + h.c., (1.26)

where the matrix is (in a 2× 2 notation)

Mχ̃± =

(
0 XT

X 0

) (
M2

√
2 sinβmW√

2 cosβmW 0

)
.

The resulting four mass eigenstates, two of them being degerate, are labelled as χ̃±i ,
i = 1, 2.
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It can be verified that there is a limit for which the electroweak symmetry breaking
effects can be seen as a small perturbation on the neutralino mass matrix. In particular,
the following two assumptions

mZ � |µ±M1|, |µ±M2| and M1 < M2 � |µ| (1.27)

have an impact on chargino and neutralino eigenstates, becoming

• bino-like (χ̃0
1 ' B̃),

• wino-like (χ̃0
2 ' W̃ 0 and χ̃±1 ' W̃±),

• higgsino-like (χ̃0
3,4 ' (H̃0

u ± H̃0
d)/
√

2 and χ̃±2 ' H̃±u,d),

with, respectively, M1, M2 and µ as mass eigenvalues. In many SUSY models the
lightest neutralino, χ̃0

1, is interpreted as the LSP.

The same mixing procedure should be also applied to scalars with same electric charge,
R-parity and color quantum numbers: this implies that the MSSM mass eigenstates
of the squarks and sleptons should be obtained by diagonalizing three 6× 6 matrices
for up-type quarks (ũL, c̃L, t̃L, ũR, c̃R, t̃R), down-type quarks (d̃L, s̃L, b̃L, d̃R, s̃R, b̃R) and
charged sleptons (ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R), including one 3× 3 matrix for sneutrinos (ν̃e,
ν̃µ, ν̃τ ). However, it can be demonstrated that most of these mixing angles are very
small and the relevant ones are in the third generation of squarks and charged sleptons.
In particular, the mixing is very strong in the stop sector, generating a high mass
splitting between the two mass eigenstates which makes the state t̃1 much lighter than
the other squarks.

1.3 SUSY searches at the LHC: Electroweak sector

A hadron collider, such as the Large Hadron Collider (LHC) [51], is one of the best
places to look for Supersymmetry. If it exists, SUSY coloured (squarks and gluinos)
particles are expected to be produced with a relatively high rate; they are strongly
produced and have significantly larger cross-sections (Figure 1.6) with respect of non-
coloured SUSY particles of equal masses, such as sleptons and electroweak gauginos.
If SUSY coloured particles were much heavier than the SUSY electroweak ones, then
the sparticle pair production at the energies achievable by the LHC would be dominated
by the electroweak sector. Recent results from ATLAS [25] and CMS [53] experiments
extended exclusion limits on squark and gluino masses [54–70] well beyond the TeV
scale, making the SUSY electroweak sector an important probe for future SUSY anal-
yses at the LHC.
The search for the electroweak production of charginos and sleptons is the main subject
of this thesis. At leading order, the Feynman diagrams relevant for these productions
are reported in Figure 1.7, together with other diagrams entering in the electroweak
production of charginos and sleptons at hadron colliders.
The results of SUSY searches at the LHC need to be presented and characterized in
a precise way, considering the dimension of the parameter space probed. A small one
can be efficiently and accurately studied, but the obtained results are less likely to be
extrapolated on a larger parameter space, in order to derive more general considera-
tions. However, the number of free parameters in the MSSM is so high that scanning
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Figure 1.6: Production cross-section of several SUSY particles as a function of their
mass in proton–proton collisions at a centre-of-mass energy of

√
s = 13 TeV [52].

Figure 1.7: Feynman diagrams for electroweak production of sparticles from qq̄ anni-
hilation. Squark masses are supposed to be higher with respect to the chargino and
neutralino ones, therefore the t-channel mediated production is assumed to be negli-
gible, indeed dominated by the γ, Z and W± s-channels [16].

all of them could be an unrealistic undertaking.
The natural compromise between these two kinds of approaches is to start from a
minimal subset of free parameters, corresponding to a specific parameter space, and
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gradually to enlarge it until an interpretation of the collected data is found. A min-
imal model, having the simplest spectra compatible with SUSY-like signatures, is an
ideal starting point. Such models are referred to as simplified models [71, 72] and the
number of their free parameters is kept at a minimum by reducing the number of new
particles being considered by the model itself; this will ensure that small variations to
these parameters will produce large effects on the observables.
In a first characterization, these parameters are the most important ones to focus on in
case of evidence for new physics. A simplified model allows to constrain several SUSY
models alongside the one in which it has been formulated, since it relies on the phe-
nomenology of SUSY particles, instead of a particular SUSY model, therefore being
sensible to models with similar phenomenology6.
A simplified model is obtained starting from a more general SUSY model and then
proceeding to ignore the masses of particles7 not of interest in the specific model con-
sidered, so they will not affect the physics involving the remaining SUSY particles in
the model, whose masses are free parameters. This flexibility allows to focus a generic
analysis on a specific model and then to reinterpret the obtained results in another
model sharing a similar topology, resulting in a higher scanning efficiency of a selected
mass plane.
The processes studied in this thesis are illustrated in Figure 1.8: the analysis is opti-
mized to target the direct production of χ̃±1 χ̃

∓
1 , where each chargino decays into an

on-shell W boson and the LSP χ̃0
1 (Figure 1.8(a)) with a 100% branching ratio (BR).

The chargino is assumed to be a pure wino state, while the χ̃0
1 pure bino. Finally,

only the leptonic decay of the two W s is considered, with a 10.7% BR factor for each
leptonic flavor considered8, generating a signature consisting of two opposite charged
leptons and missing transverse energy.
The same analysis strategy is also applied to two other searches, all conserving lepton
flavor:

• the direct production of χ̃±1 χ̃
∓
1 , where each chargino decays into a slepton (charged

slepton ˜̀or sneutrino ν̃) via the emission of a lepton (neutrino ν or charged lep-
ton `) and the slepton itself decays into a lepton and the LSP χ̃0

1 (Figure 1.8(b)).
Here it is assumed that the scalar partners of the left-handed charged leptons
and neutrinos are mass-degenerate and their masses are chosen to be midway
between the mass of the chargino and that one of the χ̃0

1. Equal BR for the
three slepton families are assumed and charginos decay into charged sleptons or
sneutrinos with a BR of 50% to each;

• the direct pair production of sleptons, where each slepton decay into the corre-
sponding lepton and the LSP χ̃0

1 (Figure 1.8(c)) with a 100% BR. Only ẽ and µ̃
are considered in these models and and different assumptions about the masses
of the superpartners of the left-handed and right-handed charged leptons, ẽL, ẽR,
µ̃L and µ̃R, are considered.

Figure 1.9(a) shows the exclusion limits at 95% of Confidence Level (CL) on chargino
and neutralino masses set by all the SUSY electroweak searches of the ATLAS experi-
ment [73] at the starting time of the analysis described, with results from Run I papers

6This peculiarity is not restricted to SUSY models; in principle, as long as a similar phenomenology
is shared among other non-SUSY models, simplified models can be used to probe them.

7This is done by setting those masses to some unphysical multi-TeV values.
8In this analysis only final states with e and/or µ are considered.
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Figure 1.8: Diagrams of the supersymmetric models considered in this thesis, with two
leptons in the final state: 1.8(a) χ̃±1 χ̃

∓
1 production with W -boson-mediated decays,

1.8(b) χ̃±1 χ̃
∓
1 production with slepton/sneutrino-mediated-decays and 1.8(c) slepton

pair direct production. In the model with intermediate sleptons, all three flavors (ẽ,
µ̃, τ̃) are included, while only ẽ and µ̃ are included in the direct slepton model. In the
final state, ` stands for an electron or muon, which can be produced directly or, in
the case of 1.8(a) and 1.8(b) only, via a leptonically decaying τ -lepton with additional
neutrinos.

or 2015-2016 data taking years of Run II, while Figure 1.9(b) shows results [74] from
data collected by the ATLAS experiment during 2015, 2016, 2017 corresponding to
∼ 80 fb−1 . They were presented during the 26th International Conference on Super-
symmetry and Unification of Fundamental Interactions for the SUSY model reported
in Figure 1.8(a).
The search described here extends the areas of the parameter space beyond those ex-
cluded by the previous searches by ATLAS [74–76] and CMS [77–82] Collaborations
in the same channels.

1.4 Other SUSY searches

Although the SUSY search described in this thesis belongs to the electroweak sec-
tor, a glance on the main other fields of interest is provided in this chapter, in order
to give a quite comprehensive picture of the global SUSY context.
If SUSY exists, the most abundantely produced supersymmetric particles have to be
those ones resulting from the interaction with the proton constituents via the strong
interaction. As it can be noticed in Figure 1.6 for a given particle mass, the first two
squark generations, together with gluinos, are the sparticles expected to be mainly
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Figure 1.9: SUSY electroweak searches summary updated in March 2018 1.9(a) and
July 2018 1.9(b).

produced at the LHC, because they can benefit from t-channel diagrams and, conse-
quently, they have higher production cross sections. However, as already mentioned in
Section 1.2.4, t̃1 can be lighter than other squarks, making its production dominant
at the LHC; moreover, from a naturalness point of view, a light top squark is largely
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hoped since it is responsible of the largest contributions to the Higgs mass correction
at one-loop order. These two facts justify the large interests in t̃1 direct production
and dedicated searches are summarized in Figure 1.10.
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Figure 1.10: Summary of the dedicated ATLAS searches for top squark pair production
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1 mass plane. The dashed and solid lines show the expected and

observed limits, respectively, including all uncertainties except the theoretical signal
cross section uncertainty (PDF and scale). Four decay modes are considered separately
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1 (2-body decay), t̃1 → W + b + χ̃0
1 (3-body decay for

m(t̃1) < m(t) + m(χ̃
0
1)), t̃1 → c + χ̃0

1 and t̃1 → f + f ′ + b + χ̃0
1 (4-body decay). The

latter two decay modes are superimposed [83].

Strictly related to t̃1 searches, there are dedicated searches for b̃1 direct production,
summarized in Figure 1.11, completing third generation squark searches.
Concerning squarks and gluinos in general, the corresponding summary plots are shown
in Figure 1.12.
Finally, a quick mention about long-lived particles: if a charged SUSY particle pro-
duced in a high-energy collider acquired a relatively long lifetime, it would leave mul-
tiple hits in the traversed detector tracking layers before decaying, allowing it to be
reconstructed as a track segment in the innermost part of the detector. Therefore, a
charged track arising from a long-lived particle can disappear, i.e. leave hits only in the
innermost layers and no hits in the portion of the detector at higher radii. A summary
plot for this kind of searches is shown in Figure 1.13.
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Figure 1.12: Exclusion limits at 95% CL based on 8 and 13 TeV data in the (q̃ or g̃,
χ̃0

1) mass plane for different simplified models featuring the decay of squarks 1.12(a)
or gluinos 1.12(b) to the lightest supersymmetric particle (lightest neutralino or grav-
itino) either directly or through a cascade chain featuring other SUSY particles with
intermediate masses. For each line, the squark decay mode is reported in the legend and
it is assumed to proceed with 100% branching ratio. Some limits depend on additional
assumptions on the mass of the intermediate states, as described in the references
provided in the plot [83].
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model with the gluino R-hadron decaying into a gluon or light quarks and a neutralino
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lines indicate the expected limits. The area below the curves is excluded. For the
displaced vertices result the expected and observed limits are identical. For the stopped
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The dots represent results for which the particle is assumed to be prompt or stable. In
this context, stable means escaping the detector [83].



Chapter 2

The ATLAS experiment

The work described in this thesis was performed on data of proton-proton collision
collected by the ATLAS1 experiment [25] at the Large Hadron Collider (LHC) [51] at
CERN2 during the Run II operation, from 2015 to 2018, at a centre-of-mass energy
(
√
s) of 13 TeV.

After a brief, general introduction about LHC, this chapter is mainly devoted to the
description of the ATLAS experiment, in order to provide a complete overview of the
experimental apparatus.
Finally, the last paragraph contains a general description of the ATLAS upgrade pro-
gram and of the work done on the MicroMegas detector, which will be installed in the
experiment before starting the Run III operation, in 2021.

2.1 The Large Hadron Collider

The Large Hadron Collider is an accelerating facility installed in the existing, 27 km
long, tunnel initially built to host the Lepton Electron-Positron (LEP) machine [29]
at CERN, dismissed in 2000. This tunnel is located underground between 45 and
170 m, on a plane inclined with a slope of 1.4%, at the frontier between France and
Switzerland and it is made up of eight straight sections and eight arcs. LHC consists
of superconducting magnets together with a series of accelerating structures devoted
to increase the particle momentum along the way; thanks to this structure, LHC is
able to accelerate protons or heavy ions.
LHC is designed to reach a centre-of-mass energy of 14 TeV, making it the most pow-
erful accelerating machine for physics research ever built. It started its operation in
2008, collecting ∼ 25 fb−1 of proton-proton (pp) collisions data from March 2010 to
early 2013; the centre-of-mass energy was raised from the initial 7 TeV to 8 TeV in the
last period of operation, called Run I. At the end of these first years of activity, the
accelerator underwent a series of upgrades during the following two years (a period
known as Long Shutdown I, or LS1), before starting again its operation in early 2015
for a second period of data taking, called Run II, at a centre-of-mass energy of 13
TeV. Run II ended in October 2018, after delivering ∼ 158 fb−1 in more than three

1Acronym for A Toroidal Lhc AppatuS.
2Acronym for Conseil Européen pour la Recherche Nucléaire, with the initial convetion signed in

1953 by the 12 founding states Belgium, Denmark, France, the Federal Republic of Germany, Greece,
Italy, the Netherlands, Norway, Sweden, Switzerland, the United Kingdom and Yugoslavia. Today
CERN has 23 Member States.
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years of activity. The second series of upgrade (a period known as Long Shutdown II,
or LS2) is currently taking place during 2019-2020, before starting, in early 2021, the
third period of data taking, called Run III, at a centre-of-mass energy of 14 TeV, whose
end is scheduled in 2023. The final data taking period is called High-Luninosity LHC
(HL-LHC) and it will start in early 2026, achieving instantaneous luminosity values up
to 5÷ 10× 1034 cm−2 s−1. A sketch of the current roadmap is shown in Figure 2.1.

Figure 2.1: LHC schedule up to the HL-LHC phase [85].

LHC is the latest addition to CERN’s accelerating complex, whose schematic view is
reported in Figure 2.2.

Figure 2.2: Overview of CERN accelerator complex [86].

An electric field is used to extract protons from hydrogen atoms, which are then in-
jected in a linear accelerator, called Linac 2, boosting their energy to 50 MeV. The
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beam is injected into the Proton Synchrotron Booster (PSB), which accelerates the
protons to 1.4 GeV, then in the Proton Synchrotron (PS), obtaining a final energy
of 25 GeV, and in the Super Proton Synchrotron (SPS), to furtherly accelerate the
protons up to 450 GeV. Finally, they are injected in the LHC, and it takes 20 minutes
for the radiofrequency (RF) cavities to boost protons to finally reach their nominal
energy of 6.5 TeV in bunches of ∼ 1011 protons, with a nominal bunch separation of
25 ns.
Being a same sign particles collider, in LHC the two beams are counter-rotating in two
separate pipes. Since the tunnel housing LHC was originally designed for LEP, it has
longer straight sections than curved ones, in order to minimize the loss of energy due
to synchrotron radiation which would have affected the lepton beams at LEP.
Strong magnetic field, up to ∼ 8 T, is provided by superconducting electromagnets
to properly bend the proton beams. Two kinds of magnets are used, dipole and
quadrupole, in a continuous succession of bending and focusing stages for the two
beams.
The tunnel in the arc sections has an internal diameter of 3.7 m, dimensions which
made extremely difficult for two completely separated proton rings to fit in. The lim-
ited space available led to the adoption of twin-bore magnets [87], having coils and
beam pipes hosted within the same mechanical structure and cryostat, as shown in
Figure 2.3.

Figure 2.3: Cross-section of a cryodipole, the two-in-one LHC bending magnet. The
two rings are hosted inside a single vacuum vessel to save space [87].

Along the accelerator ring four interaction points are present and around them the
four major experiment, ALICE [88], ATLAS [25], CMS [53] and LHCb [89], are built
to record the collisions delivered by the LHC. The basic layout of the LHC tunnel is
sketched in Figure 2.4. The two largest experiments, ATLAS and CMS, are defined
“general purpose”, since they are designed to investigate a wide range of physics pro-
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cesses; on the other hand, ALICE and LHCb are specialized experiments to focus on
specific phenomena, i.e. heavy-ion collisions for ALICE and b-physics for LHCb.

Figure 2.4: Schematic layout of the LHC [90].

2.1.1 Luminosity

In a collider experiment the quantity measuring the number of events per second,
rate R(t), is strictly related to the cross-section σ of the process itself, through a
specific function called instantaneous luminosity :

R(t) = L(t)σ. (2.1)

The instantaneous luminosity is a quantity depending on the beams and the machine
parameters. Assuming a Gaussian profile and the same bunch structure for the two
beams, L(t) can be written as

L(t) = f
Nn1n2

4πσxσy
, (2.2)

where f is the revolution frequency, N the number of bunches per beam, n1 and n2 are
the number of particles in the bunch for the two beams, whose transverse dimensions
in the two direction orthogonal to the beam are represented by σx and σy.
Therefore, given an instantaneous luminosity L(t), the total number of events NE

produced during a generic time interval T for a process with cross-section σ is:

NE = σ

∫ T

0
L(t) dt ≡ σL, (2.3)

with L being the integrated luminosity.
The instantaneous luminosity per year delivered by LHC to ATLAS [91] during Run
II operations is reported in Figure 2.5, reaching a peak value of 21.4 · 1033 cm−2 s−1,
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(d) 2018

Figure 2.5: The peak instantaneous luminosity delivered to ATLAS during stable
beams for pp collisions at 13 TeV centre-of-mass energy, shown for each LHC fill as a
function of time during Run II [91].

while the design value at
√
s = 14 TeV was 1034 cm−2s−1. The reached value is more

than double of the nominal value expected.
Many processes are expected to occur in BSM physics scenarios in addition to the
ones specific of the Standard Model, typically with a much lower cross-section. They
can be observed with statistical significance only at high luminosity values. However,
by increasing the instantaneous luminosity, the number of pp interactions per bunch
crossing increases as well. The downside of this operation is related to several cross col-
lisions which contaminate the hard scattering processes typically triggering the event;
they complicate a lot the event reconstruction and identification and these collisions
are referred to as in-time pile-up or, simply, pile-up (PU).
During Run II operations, the increase in the delivered luminosity (Figures 2.6(a)
and 2.6(b)) produced an higher number of pp collisions per bunch crossing 〈µ〉, as
reported in Figure 2.6(c).
Pile-up represents a serious problem for all analyses and they must properly take into
account the different PU condition in which the analyzed events were collected.

2.2 The ATLAS detector

The ATLAS detector was designed to perform high-accuracy measurements on a
wide spectrum of physics processes and, at the same time, to maximize the sensitivity
for potential discoveries of new physics. For this reason, ATLAS is a general purpose
experiment. The detector is composed by different cylindric shells, each one corre-
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Figure 2.6: LHC cumulative integrated luminosity [91] versus time delivered to ATLAS
during stable beams for high energy pp collisions 2.6(a) and during Run II operations,
divided in total one (green), recorded by ATLAS (yellow) and certified to be good
quality data (blue) 2.6(b). Luminosity-weighted distribution 2.6(c) of the mean number
of interaction per crossing from 2015 to 2018 is also reported.

sponding to a specific subdetector for a dedicated class of measurements, as shown in
Figure 2.7.
The central part of the apparatus is called barrel, while the disks in the forward/backward
regions are called end caps, enclosing the cylindrical volume. Before proceeding with
the description of the detector components, it is useful to illustrate the coordinate
system definition and the basic nomenclature that will be used.
ATLAS uses a right-handed coordinate system with its origin at the nominal inter-
action point (IP) in the centre of the detector and the z -axis along the beam pipe.
The x -axis points from the IP to the centre of the LHC ring and the y-axis points
upwards. In the x-y plane, called trasverse plane, the azimuthal angle φ is measured
with respect to the positive x -axis direction and r is the radial distance. The polar
angle θ is measured in the z-y plane starting from the z -axis positive direction. It is a
common choice to express θ in terms of the pseudorapidity η, defined as:

η = − ln

(
tan

θ

2

)
. (2.4)
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Figure 2.7: Schematic view of the ATLAS detector [25], whose dimensions are 25 m in
height and 44 m in length. The overall weight of the entire structure is ∼ 7000 t.

For a particle with energy E and momentum p = (px, py, pz), assuming p� m, η is
approximately equal to the rapidity y [19]:

y =
1

2
ln

(
E + pz
E − pz

)
. (2.5)

At collider experiments, η is preferred over θ since differences in pseudorapidity are
invariant under Lorentz boosts along the z -axis.
Starting from the IP, the Inner Detector (ID) is the innermost cylindric shell in AT-
LAS. It is immersed in a solenoidal magnetic field of 2 T, which allows to measure
the trajectories and momenta of the charged particles, and it is composed of subdetec-
tors employing different technologies: the Pixel Detector, the Semi-Conductor Tracker
(SCT) and the Transition Radiation Tracker (TRT). The Inner Detector is surrounded
by the Calorimeter, whose purpose is to measure the particle enegy. There are two spe-
cific substructures: the Electromagnetic Calorimeter, designed for electrons/positrons
and photons, and the Hadronic Calorimeter, for charged and neutral hadrons. The
outer shell of the apparatus is the Muon Spectrometer to perform muon identification,
reconstruction and momentum measurement; it is located within a toroidal magnetic
field with an intensity varying between 0.5 and 1 T.

2.2.1 Inner Detector

The ATLAS Inner Detector (ID) [92] is designed to provide high precision tracking
and an excellent momentum resolution, relying on a robust pattern recognition for
the majority of particles coming from the interaction point. The ID also provides
both primary and secondary vertex measurements for charged particles within the
pseudorapidity range |η| < 2.5, as well as electron identification in the same η-range.
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Figure 2.8: View of the ATLAS ID [25] showing the detector elements crossed by a
charged particle (red line) coming from the interacion vertex at small |η|: after the beam
pipe, the track crosses the Insertable B-Layer (made of silicon pixels), three cylindrical
silicon-pixel layers, four cylindrical double layers of barrel SCT and approximately 36
layers of axial straw tubes contained in the barrel TRT modules.

Figure 2.9: Side view of one quadrant of the ATLAS Inner Detector [93], showing
each of the major detector elements with the relative dimensions and envelopes [25].
Insertable B-Layer is not shown.
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Schematic views of the ID layout are reported in Figures 2.8 and 2.9.
The ID consists of three independent and complementary subdetectors, able to achieve
an excellent resolution for charged particle momentum measurements:

σpT
pT[GeV]

= 0.05% pT ⊕ 1%. (2.6)

At inner radii, high resolution pattern recognition capabilities are ensured by using
discrete space-points from silicon pixel layers and stereo pairs of silicon microstrip
layers. On the other hand, at outer radii the transition radiation tracker comprises
many layers of gaseous straw tubes interleaved with transition radiation material.

Pixel Detector

Close to the interaction point, a high detector granularity is achieved by the semi-
conductor Pixel Detector [94, 95]. This system needs to cope with a high track density
and it provides very precise measurements over the full acceptance, mostly defining
the ability of the ID to identify short-lived particles. In the barrel region four pixel
layers are arranged on coaxial cylinders around the beam axis, while in the end-cap
regions the pixel modules are mounted on three disks perpendicular to the beam axis.
During LS1 an extra layer was inserted between the innermost of the three existing
pixel detector layers and a new beam pipe with reduced radius, also inserted during
LS1. This extra layer is called Insertable B-Layer (IBL) [96] and it contains ∼ 13
million pixels with nominal size 50× 250 µm2; the nominal pixel size is 50× 400 µm2

for the ∼ 80 million ones in the remaining layers.
The average resolution of IBL [97] is of 9.0 µm in the transverse plane and ∼ 60 µm
along the z -axis. In the three outermost layers, the Pixel Detector is able to reach
a nominal, spatial resolution of 10 µm in the azimuthal plane and 115 µm along the
z -axis direction in the barrel and along the radial direction in the end-caps [98].

Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) [99, 100] surrounds the pixel detector and it
consists of double-face silicon microstrip detectors, arranged in four cylindrical layers
in the barrel and nine angular disks in each end-cap. The underlying technology is
similar to the pixel detector one, the main difference being the arrangement structure
(strips, instead of pixels) of the active material, with each sensitive element having
a surface of 64× 64 mm2 with a strip pitch of 80 µm; in the end-caps the disks use
wedge-shaped sensors of five slightly different sizes, with a strip pitch ranging from 57
to 90 µm [101]. These elementary units are glued back-to-back at a stereo angle of 40
mrad, in order to provide three-dimensional information from the hits.
The layout was designed in order to energetic charged particles will pass through at
least four layers everywhere in the acceptance region. A nominal resolution of 580 µm
is achieved in the z -axis direction in the barrel and in the radial direction in the
end-caps, while a resolution of 17 µm is achieved in the azimuthal plane [98].

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [102] is the outermost part of the ID.
The basic detector elements are about 300000 polyamide thin-walled proportional drift
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tubes of 4 mm diameter, called straws. In the barrel they are 144 cm long and oriented
parallel to the beam, while in the end-caps they are 37 cm in length and radially ori-
ented. The anodes are ∼ 30 µm gold-plated tungsten wires and a typical operating gas
mixture is Xe:CO2:O2 (70:27:3). The detector geometry ensures that particles cross
35-40 straws in a pseudorapidity interval of |η| < 2.
TRT provides r − φ information with an intrinsic accuracy of 130 µm per straw [98],
lower than the one of the silicon technology employed closer to the beam pipe. How-
ever, since the TRT can operate at very high rates at a higher average radius, the
contribution provided to the momentum measurement of the charged particle is im-
portant.
In addition, TRT is able to perform electron identification, exploiting the so-called
transition radiation, i.e. an electromagnetic radiation in the X-ray spectrum emitted
when a relativistic charged particle crosses the boundaries between media with dif-
ferent electromagnetic properties. Having a lower mass with respect to other charged
particle, electrons reach relativistic condition for the emission of the transition radia-
tion at lower energies. The emitted photons are detected by the gas mixture in which
straws are immersed, thus allowing a significant e±/π± discrimination power between
electrons and charged pions in the range of energies from 1 GeV up to ∼ 100 GeV [103].

2.2.2 Calorimeters

Figure 2.10: General view of the different components of the ATLAS calorimeter sys-
tem [25].

The ATLAS calorimetric system [104] consists of a number of sampling detectors
allowing to measure the energy of electrons, photons and hadrons entering the total
sensitive volume, shown in Figure 2.10. The energy is deposited by the particles in
the form of electromagnetic or hadronic showers. The features of the shower depend
on the nature of the particle originating it and on its energy, providing fundamental
information in order to perform particle identification.
The calorimetric system is one of the biggest component of the ATLAS detector, to
fully contain the shower originated by one or more particles within the entire detector
acceptance volume, and it covers a pseudorapidity region up to |η| ' 4.9. Only high-



2.2. The ATLAS detector 35

energy muons and neutrinos are expected to escape it. A description of the two main
calorimeter subcomponents is reported in the following paragraphs.

Electromagnetic Calorimeter

The first (inner) part of the ATLAS calorimeter is the ElectroMagnetic (EM)
Calorimeter [105, 106], located immediately after the Inner Detector system. It is di-
vided into a barrel part (|η| < 1.475) and two end-caps components (1.375 < |η| < 3.2),
each one inserted in a dedicated cryostat. The barrel calorimeter consists of two iden-
tical half-barrels, separated by a small gap of 4 mm at z = 0. The length of each
half-barrel is 3.2 m, while inner and outer diameters are 2.8 and 4 m, with an approx-
imate weight of ∼ 57 t each. Each end-cap calorimeter is mechanically divided in two
coaxial wheels: an outer one covering the region 1.375 < |η| < 2.5 and an inner one
spanning the region 2.5 < |η| < 3.2.

Figure 2.11: Longitudinal segmentation scheme in a barrel module where the different
layers are visible with the ganging electrodes in the φ-direction. The granularity in η
and φ for each of the three layers and for the trigger towers [25] is reported.

The EM Calorimeter uses Liquid Argon (LAr) as active material, accordion-shaped
kapton electrodes and lead absorber plates over its full coverage volume. The accor-
dion geometry provides complete φ symmetry without azimuthal cracks, as shown in
Figure 2.11. In the barrel the accordion waves are axial, running in the φ-direction,
and the folding angles of the waves vary with radius to keep the LAr gap constant. In
the end-caps they are parallel to the radial direction, running axially.
The calorimeter is divided in towers which provides the position measurements of the
energy deposited by electrons or photons (cluster). The cooling system exploits liquid
Helium, sharing the cryostat with the solenoidal magnet.
Due to its low granularity, the EM Calorimeter cannot achieve high position resolu-
tions, while the nominal energy resolution [25] is:

σE
E

=
10%√
E[GeV]

⊕ 0.7%. (2.7)
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Hadronic Calorimeter

The second (outer) part of the ATLAS calorimeter is the Hadronic Calorimeter,
dedicated to measure the energy of the hadronic jets coming from the hadronization
processes of quarks and gluons. It has a composite structure: the Tile Calorimeter
(TileCal), the Hadronic End-cap Calorimeter (HEC) and the Forward Calorimeter
(FCal).

Figure 2.12: Schematic view of the ATLAS Tile Calorimeter and integration with the
optical read-out [25].

The Tile Calorimeter [107] is located directly outside the EM Calorimeter envelope:
its barrel component covers the region |η| < 1, while the two extended barrels the
range 0.8 < |η| < 1.7. It is a sampling calorimeter with steel plates as absorbers and
plastic scintillating tiles, hence the name, as active material; the structure is shown in
Figure 2.12.
The radial segmentation is done, in depth, in three layers. Two sides of the scintillanting
tiles are read out by wavelength shifting fibers into two separates photomultiplier
tubes. In the η-direction, the read-out cells, built by grouping the fibers into the
photomultipliers, provide a pseudo-projection towards the interaction point.

The Hadronic End-cap Calorimeter [108] consists of two independent wheels per end-
caps and exploits a LAr technology with copper plates, located directly behind the
end-cap Electromagnetic Calorimeter, which shares the same LAr cryostats with. The
pseudorapidity region covered by this structure is 1.5 < |η| < 3.2.
Each wheel is built from 32 identical wedged-shaped modules, an example of which
is shown in Figure 2.13, assembled with fixtures at the periphery and at the central
bore. Each wheel is divided into two segments in depth, resulting in a total of 4 layers
per end-cap. The wheels closest to the interaction point are built from 25 mm parallel
copper plates, dimension increased to 50 mm for those further away.
The nominal energy resolution of TileCal and HEC is [25]:

σE
E

=
50%√
E[GeV]

⊕ 3%. (2.8)
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Figure 2.13: Schematic view of a HEC module with a cut-away showing the read-out
structure and the active-pad electronics [25].

The Forward Calorimeter [109] is integrated in the end-cap cryostat structures and it
covers the region 3.1 < |η| < 4.9. Being located at high η, FCal modules are exposed to
high particle fluxes. To overcome this situation, the design resulted in very small LAr
gaps obtained by using an electrode structure of small-diameter rods placed centrally
in tubes which are oriented parallel to the beam direction. Copper is used as passive
material for the electromagnetic measurements, while tungsten for hadronic particle
measurements. A view of the FCal layout is shown in Figure 2.14.

Figure 2.14: ATLAS Forward Calorimeter structure: tubes containing LAr are embed-
ded in a copper or tungsten matrix [19].

The nominal energy resolution of FCal is [25]:

σE
E

=
100%√
E[GeV]

⊕ 10%. (2.9)
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2.2.3 Muon Spectrometer

The ATLAS Muon Spectrometer [110] (MS) is the outermost layer of the ATLAS
apparatus. It measures the momentum of the charged particles exiting the barrel and
the end-cap calorimeters from the track deflection in the magnetic field generated by
three air-core toroidal magnets, in the pseudorapidity range |η| < 2.7.
The design of the MS was driven by the request to achieve a transverse momentum
resolution of

σpT
pT

= 10% at pT = 1 TeV, (2.10)

which corresponds to measure a muon sagitta in the magnetic field of ∼ 500 µm with
a resolution ≤ 50 µm. The two end-cap air toroids (each one covering the region
1.6 < |η| < 2.7) are inserted in the barrel air toroid (|η| < 1.4) at both ends. The
region with 1.4 < |η| < 1.6 is usually referred to as transition region, where the deflec-
tion is provided by the overlapping of barrel and end-cap magnetic fields. The toroids
provide a field mostly orthogonal to the muon trajectories, which are bent in the η-
direction; this is opposite from what happens inside the ID, where charged particles
are bent in the transverse plane.
In addition to the tracking capabilities, the MS is designed to trigger on muons in the
region |η| < 2.4.
Muon momenta down to few GeV and up to few TeV can be measured by a system of
chambers arranged as reported in Figure 2.15. In the barrel region, muon tracks are
measured by chambers arranged in three cylindrical layers at radii of approximately
5 m, 7.5 m and 10 m around the beam axis (Figure 2.15(a)); in the transition and
end-cap regions, chambers are installed in three layers (or wheels), located in planes
perpendicular to the beam axis at distances of |z| ≈ 7.4 m, 14 m and 21.5 m from the
interaction point; due to the presence of the end-cap air toroid, another partial layer
is located at |z| ≈ 10.8 m (Figure 2.15(b)).
Over most of the η range (|η| < 2.7) a precision measurement of the track coordinate
in the bending direction is provided by the Monitored Drift Tubes chambers (MDT). In
the innermost end-cap layer the coverage is provided by the Cathode-Strip Chambers
in the range 2.0 < |η| < 2.7.
For the trigger system, Resistive Plate Chambers (RPC) and Thin Gap Chambers
(TGC) are used, respectively, in the barrel and in the end-cap regions. Because of the
stringent requirements on the momentum resolution at high momenta, a sophisticated
optical alignment system has been designed to monitor the relative chamber positions
and possible deformations and the chamber alignment with respect to the full detector,
reaching a precision of a few tens of µm.

Monitored Drift Tubes

The Monitored Drift Tubes (MDT) [25, 111] chambers are crucial for the precision
measurement of the muon trajectories. They consist of two multi-layers (3-4 layers)
of aluminium drift tubes with a diameter of 30 mm. Tubes are filled with an Ar:CO2
(93:7) gas mixture at an absolute pressure of 3 bar. Chambers are rectangulary-shaped
in the barrel and trapezoidaly-shaped in the end-caps. The direction of the tubes both
in the barrel and in the end-caps is along φ.
The MDT time-to-distance relation depends on several parameters (e.g. gas tem-
perature, pressure, magnetic field, etc.), and continuous calibrations are needed. The
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(a) Cross-section of the barrel muon system perpendicular to the z -
axis, showing three concentric cylindrical layers of eight large and eight
small chambers. A schematic view of the eight coils of the barrel air
toroid is also shown.

(b) Cross-section of the muon system in a plane containing the beam
axis. Infinite-momentum muons would propagate along straight trajecto-
ries which are illustrated by the dashed lines, typically traversing three
muon stations

Figure 2.15: Cross-sections in the non-bending 2.15(a) and bending 2.15(b) plane of
the ATLAS MS [25]. Monitored Drift Tubes (MDT) detectors, in green and light blue
boxes, Cathode-Strip Chambers (CSC), in yellow box, Thin-Gap Chambers (TGC),
in purple boxes, and Resistive Plate Chambers (RPC), in white boxes, are reported
in 2.15(b). CSC and EIL 1-3 stations constitute the so-called Small Wheel.

detector nominal resolution in the bending direction is ∼ 80 µm per single tube and
∼ 35 µm per chamber.
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Figure 2.16: Schematic view of the mechanical structure of a MDT chamber [25].

Cathode-Strip Chambers

In the region 2.0 < |η| < 2.7 Cathode Strip Chambers (CSC) replace MDT in the
innermost muon tracking layer, due to their higher rate capability and time resolution,
features needed in such critical region to cope with the high particle flux. The entire
CSC system consists of two disks with eight chamber each, eight small and eight large.
Each chamber contains four CSC planes, resulting in four indipendent measurements

Figure 2.17: Structure of the CSC [25].

in η and φ for each track. CSC are multiwire proportional chambers with the wires
oriented in the radial direction and an anode-cathode spacing equal to the anode
wire pitch. The operating gas mixture is Ar:CO2 (80:20); the absence of hydrogen
reduces the neutron background. Both cathodes planes are segmented in strips with
two different orientations: perpendicular to the wires, thus providing the precision
coordinate R, and parallel to the wires, then providing the φ coordinate. The position
of the track hits is obtained through an interpolation among the charges induced on
the neighbouring cathode strips. The structure of a CSC is shown in Figure 2.17. The
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spatial resolution of a single chamber (4 layers combined) is ∼ 40 µm in R and ∼ 5 mm
in φ.

Resistive Plate Chamber

Resistive Plate Chambers (RPC) [25, 111] are used in the barrel region (|η| < 1.06)
to trigger muons, given the time resolution σt ≤ 2 ns which allows bunch-crossing iden-
tification and assignment. They are gaseous detectors with resistive parallel electrode-
plates. The basic RPC unit is made by two Bakelite resistive plates, kept parallel to
each other at a distance of 2 mm by insulating spacers to form a gap, as shown in
Figure 2.18. The operating gas mixture in the gap is C2H2F4:iC4H10:SF6 (94.7:5:0.3).

Figure 2.18: Section view of a RPC, where two units are joint to form a chamber.
The sandwich structure (hashed) is made of paper honeycomb. The φ-strips are in the
plane of the figure and the η-strips are perpendicular to it. Dimensions are given in
mm [25].

When ionizing particles cross the gap, the strong electric field between the two plates
allows the generation of the avalanche process, with the following drift towards the
anode. The generated signal is read out via capacitive couplings to metallic strips,
mounted on the outer sides of the resistive plates.
RPC also provide measurements of hits φ coordinate to the track reconstructing pro-
cedure, complementing the η measurement performed by MDT, since they can only
measure the hit position on the z -axis. Spatial resolution is ∼ 1 cm both in η- and
φ-directions.

Thin Gap Chambers

Thin Gap Chambers [25] are multiwire proportional chambers, with the peculiarity
to have the wire-to-cathode distance of 1.4 mm, smaller than the wire-to-wire dis-
tance of 1.8 mm, as shown in Figure 2.19, in order to achieve smaller drift times. The
gas mixture is highly quenched, mainly composed of CO2 and n-C5H12, with a high
operating voltage of about 3 kV; these two features, together with the peculiar cell
geometry, result in an operational saturated mode with very short drift times, leading
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to an excellent time resolution (a few ns) for the majority of tracks.

Figure 2.19: Schematic TGC structure [25].

TGC are arranged in circular disks, mounted in two concentric rings: an outer (or end-
cap) one covering the pseudorapidity range 1.05 < |η| < 1.92 and an inner (or forward)
one for the region 1.92 < |η| < 2.4.
TGC play a double role inside the end-cap MS, since they ensure muon trigger ca-
pability and determination of the second, azimuthal coordinate to complement the
measurements of the precision tracking detectors in the bending plane. The middle
wheel has three TGC station to complement the single layer of MDT, while only one
TGC station is present in the inner layer. Spatial resolution of the TGC is of a few
mm in both R- and φ-directions, respectively (2÷ 6) and (3÷ 7).

2.2.4 Trigger and Data Acquisition

The ATLAS trigger system [112] plays a key role in the experiment, given the high
collision rate at the LHC. During Run I three different levels of trigger were used:
Level-1 (L1), Level-2 (L2) and Event-Filter (EF). Conversely, during Run II oper-
ations the ATLAS trigger system was reduced to a hardware-based Level-1 trigger3

paired with a software-based High Level Trigger (HLT) [113, 114] replacing L2 and
EF, which has the task to reduce the rate from 100 kHz, output rate coming from L1,
to ∼ 1 kHz on average within a processing time of about 200 ms. The general scheme
of the trigger system is reported in Figure 2.20.
The L1 trigger is activated by a broad range of high-momentum particles (electrons,
muons, τ -leptons decaying into hadrons, photons, jets), as well as when the event shows
large missing and total transverse energy. Its selection is performed by collecting in-
formation coming from a subset of detectors. High transverse momentum muons are
identified by signals received from trigger chambers in the barrel and end-cap regions
of the Muon Spectrometer. Calorimeter selections are based on the reduced-granularity
information from all the calorimeters. Results from the L1 muon and calorimeter trig-
gers are processed by the Central Trigger Processor (CPT), which implements a trigger
menu containing combinations of different trigger selections. In each event, L1 defines
one or more Regions-of-Interests (RoI) defined by the η and φ coordinates within the
detector, regions where the selection process identified interesting features to be pre-
served. These kind of information also include, of course, the nature and the specific

3It is able to reduce the rate from 40 MHz to ∼ 100 kHz, making trigger decision within an average
time of 2.5 µs.
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Figure 2.20: Schematic layout of the ATLAS trigger and data acquisition system in
Run II [114].

criteria passed and, then, they are taken as seeds for the subsequent HLT processing.
After the L1 trigger acceptance, surviving events are buffered in the Read-Out Sys-
tem (ROS) and processed by the HLT. In the HLT, events are processed considering
the finer-granularity calorimeter clusters, in addition to the precision measurements
coming from the Muon Spectrometer and the tracking information from the Inner De-
tector. Moreover, depending on the necessity, HLT reconstruction can be performed
within the L1 RoI or considering the full detector.
Finally, events accepted by the HLT are transferred to local storage at the experimen-
tal site and exported to the Tier-0 facility at CERN’s computing center for offline
reconstruction.

2.2.5 Forward detectors

Other minor detector systems cover the ATLAS forward region: their main purpose
is to measure the luminosity delivered to ATLAS, to detect neutral particles in heavy-
ion collisions and to perform beam monitoring.
LUminosity measurements Using Čerenkov Integrating Detector (LUCID) detects pp
inelastic scattering in the forward region and it is the main online relative-luminosity
monitor for ATLAS. Absolute Luminosity For ATLAS (ALFA) consists of scintillat-
ing fibre trackers designed to approach as close as 1 mm to the beam for absolute
luminosity measurements. Zero-Degree Calorimeter (ZDC) is a fundamental system
to determine the centrality of heavy-ion collisions. Diamond Beam Monitor (DBM),
Beam Condition Monitor (BCM) and Beam Loss Monitor (BLM) are monitoring sys-
tems used to prevent serious damages to other detectors.
In the following, a short description of these detectors is reported.
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LUCID

The original LUCID [25] detector used in Run I was upgraded for Run II opera-
tions [115], in order to cope with the new harsh LHC conditions. The detector consists
of two identical modules, symmetrically located at a distance of ±17 m from the in-
teraction point. Each module is installed on a carbon fiber cylindrical support tube
surrounding the LHC beam pipe, at a radial distance of about 10 cm from the beam
pipe, corresponding to |η| ' 5.8.
The active detectors consist of 16 photomultipliers and 4 optical quartz fibers: the
photomultipliers are attached to the carbon fiber support, whose quartz windows act
as a Čerenkov radiator, and they are placed inside the high radiation zone near the
beam pipe; the optical quartz fibers also act as Čerenkov radiators, but they are read
by 4 photomultipliers placed outside the high radiation region, at about 1 m from the
detector.
Two different techniques can be employed by the LUCID system to measure luminos-
ity: hit/event counting, which counts the hits produced as a result of one or several
particles being inside the acceptance, after applying a threshold in amplitude to dis-
criminate the electric signal, and particle flow, which registers the amplitude of the
electric signal, proportional to the passage of one or more particles, if no threshold is
applied. Independently of the approach chosen, LUCID is able to estimate the number
of particles exiting the forward region due to pp inelastic scattering and to provide
both a measurement of the integrated luminosity and the online monitoring of the
beam conditions together with the instantaneous luminosity.

ALFA

The ALFA [25, 116] detector is located at a distance of ±240 m from the interaction
point and it is used to measure the absolute luminosity via elastic scattering at small
angles. However, this technique is efficient only for scattering angles (∼ 3 µrad) smaller
than the nominal beam divergence. Therefore, dedicated beams must be set up, with
high beta and reduced emittance, to allow this kind of measurements; nevertheless, they
can be also exploited for the calibration of LUCID detector. The ALFA scintillating
fiber trackers are located inside Roman pots, which can be moved close to the beam
down to a distance of 1 mm.

ZDC

The ATLAS ZDC [25, 117] is located at ±140 m and its primary purpose is the
detection of forward neutron with |η| > 8.3 in heavy-ion collisions. It consists of two
sampling calorimeters, each one composed of 4 modules: one electromagnetic and three
hadronic. Tungsten plates are the absorber material and quartz rods the active medium
for both calorimeters.
In addition to neutron detection, the ZDC system is used to reduce the background
of beam-gas and beam-halo interactions by requiring a tight coincidence from the two
detectors at the opposite sides of the interaction point.
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DBM, BCM and BLM

The ATLAS [25] DBM [118], BCM [119, 120] and BLM [120] are three types of
diamond detectors, symmetrically located at 0.93 m, 1.84 m and 3.45 m from the in-
teraction point, respectively. Their main role is to protect the entire apparatus when
several proton bunches hit the collimators in front of the detectors. In this situation,
in addition to the accumulated radiation during normal days of operation, the huge
instantaneous rate might cause severely detector damages. Therefore, this set of detec-
tors is designed to identify this kind of events and trigger an abort in time to prevent
serious damages to detectors.
BCM can also be used for luminosity determination, although it saturates when the
instantaneous luminosity reaches ∼ 1034 cm−2s−1. Instead, thanks to its better seg-
mentation, DBM can overcome this limitation.

2.2.6 Towards Run III and HL-LHC: the Muon Spectrometer up-
grade

As already mentioned, in early 2021 the third data taking period will start with an
expected instantaneous luminosity which will constantly increase with respect to Run
II operations, value that will be enhanced further during HL-LHC period. This increase
in the instantaneous luminosity will lead to an higher flux of particles throughout the
ATLAS apparatus. The subdetectors which should be mainly affected by these new
operating conditions are the ones closed to the beam pipe and the interaction point,
namely the Inner Detector, the Forward Calorimeters and the innermost wheel of the
Muon Spectrometer, called Small Wheel. For this reason, their upgrades are planned
in two phases, taking place in the LHC long technical shutdowns. During the Long
Shutdown II, in 2019-2020, the Small Wheel in the positive z -axis direction will be
replaced by a new detector, called New Small Wheel (NSW) [121]; the remaining one
will be replaced during Long Shutdown III.
This new detector will operate in an environment with very high particle rate (up to
15 kHz/cm2, whereas currently installed detectors will become ineffective at hit rates
of ∼ 2 kHz/cm2) and two detector technologies will be employed: small-strip Thin
Gap Chambers (sTGC) [122, 123], primarily devoted to the Level-1 muon trigger, and
MicroMegas (MM) [124], mainly dedicated to muon precision tracking. Nevertheless,
each of the two technologies may be exploited for both tasks. Trigger information
coming from the NSW will be matched with the existing TGC ones to reject muons
not coming from the interaction point, then reducing muon trigger rates and allowing
to run with lowered trigger thresholds. In order to reduce the muon Level-1 trigger rate
to 20 kHz for muons with pT > 20 GeV, trigger track segments must be reconstructed
satisfying the following quality criteria:

• angular resolution (in terms of RMS) of 1 mrad or better;

• granularity better than 0.04× 0.04 in the η − φ plane, in order to match the one
of the current muon trigger system;

• online track segment reconstruction efficiency > 95% in the full η coverage of
the NSW trigger (1.3 < |η| < 2.5).

Concerning tracking, at high luminosity the performance of the new detector replacing
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the current one should be, at least, as good as the current detector at low luminosity
is. In particular, the requests are:

• reconstruction of track segments with a position resolution in the bending plane
better than 50 µm, to match the performance of the current MDT system. This
will ensure that the Muon Spectrometer will have a momentum resolution better
than 10% at pT ∼ 1 TeV. The required resolution results in a resolution per plane
better than 100 µm for a 4-layer multi-plane detector;

• segment finding efficiency better than 97% for muons with pT > 10 GeV;

• efficiency and resolution should not degrade at very high momenta or for a high
background flux;

• measurement of the second coordinate with a resolution of 1− 2 mm, to match
the Muon Spectrometer and the Inner Detector for the combined muon recon-
struction.

The New Small Wheel

The New Small Wheel has been designed to meet all requirements previously listed.
It consists of 16 detector planes arranged in two multilayers. The following baseline
layout of the NSW has been defined:

• sTGC will act as primary trigger detectors and MM as primary precision tracking
detectors;

• trigger acceptance in 1.3 < |η| < 2.5;

• precision tracking acceptance in 1.3 < |η| < 2.7;

• eight small and eight large sectors spanning the corresponding EM and EO MDT
chambers sectors (see Figure 2.15(b)) in projective geometry for the precision
tracking;

• planar detectors, i.e. no inclined chambers like the present CSC;

• eight layers of sTGC and eight of MM in each sector, with the following layer
order in the z -direction: four layers of sTGC and four layers of MM, an optional
spacer and support structure, four layers of MM and four layers of sTGC;

• 40 µm precision on the knowledge of the internal positions of the strips providing
the precision coordinate;

• the re-use of the present disk shielding [125].

Concerning MM, each sector is segmented in two parts of different size, covering dif-
ferent regions in η. This division results in 4 subchambers (or Modules), as shown in
Figure 2.21: two Small Sectors Modules (SM1 and SM2) and two Large Sectors Modules
(LM1 and LM2). The chamber surface is ∼ 2 m2 for the Small Sectors and ∼ 3 m2 for
the Large Sectors.
As previously mentioned, the MM precision tracking system is designed with eight
independent layers. Muon tracks coming from the interaction point are expected to
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Figure 2.21: Overall view of the NSW. Left: views of the wheel, highlighting the large
sectors LM1 and LM2 and the small ones SM1 and SM2. Right: exploded view of a
SM1 module, with two sTGC chambers and two MM quadruplets [126].

impinge on each layer with angles in the range ∼ 0.14÷ 0.56 rad with respect to the
direction orthogonal to the layers. The two quadruplets provide eight precision points
per muon track, with an overall lever arm of about 20 cm.

MicroMegas chambers: layout and construction scheme

The construction of the 32 SM1 chambers is under responsibility of the INFN sec-
tions of Cosenza, Frascati, Lecce, Napoli, Pavia, Roma Tre and Roma Sapienza.

Figure 2.22: Basic layout and operating principle of a MM detector [121].

Figure 2.22 shows the structure of a single MM layer: a cathodic plane and a Printed
Circuit Board (PCB) create a gap, filled with a gas mixture of Ar:CO2 (93:7) at 3
mbar overpressure. The anode is made with copper resistive strips on a kapton layer,
set on the PCB. A stainless steel stretched mesh is positioned on the top of 128 µm
high insulating spacers, called pillars, which are deposited on the anode. The drift
cathode, 5 mm apart from the mesh, is held at a negative High Voltage (HV), typi-
cally at −300 V, with respect to the mesh, which is grounded. The anode is held at a
positive HV, typically around 500÷ 600 V. As a result, two different electric field are
in this layout: the first one in the 5 mm gas gap, called Drift region, corresponding to
∼ 600 V/cm, and the second one in the mesh-anode gap, called Amplification region,
corresponding to ∼ 50 kV/cm.
Charged muons crossing the drift region ionize the gas and the electrons produced dur-
ing the ionization process drift towards the mesh; since in the amplification region the
electric field is 50-100 stronger than in the drift region, the mesh is almost transparent
to the electrons, allowing more than 95% to pass. The avalanche multiplication process
takes place in the amplification region and it occurs in a few nanoseconds, resulting in a
fast signal pulse on the read-out strips; moreover, the small amplification gap provides
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a fast evacuation of the positive ions (∼ 100 ns). MM detectors work in proportional
regime, but with this layout the total number of electrons in the avalanche may reach
values of about 108 and, combining this value with the extremely thin amplification
region, chambers can be particularly vulnerable to sparks which can damage both the
detector and the read-out electronics. In addition, sparks can alter the chemical struc-
ture of the materials used to build the chamber, thus increasing the spark rate and the
time needed to deplete the charge excess, leading to large dead times.
In order to prevent sparking, the read-out strips are protected by a thin layer of in-
sulator, on top of which a layer of resistive strips is deposited, matching the pattern
of the read-out strips. The charge produced by the avalanche process is read through
capacitive couplings between the resistive and copper strips, preventing these ones to
be directly exposed to the gas and to the sparks. The layout including the insulator
is reported in Figure 2.23 and it makes MM a more robust detector, hence the name
resistive bulk micromegas [127].

Figure 2.23: Layout of a resistive bulk micromegas, including examples of signal pro-
duction and read-out [126].

The MM which will be installed on the NSW have a specific design: the read-out strips
are 17 µm thick and 300 µm wide, with a strip pitch of 425 µm. On top of the cop-
per strips a 25 µm thick layer of glue is deposited with a 50 µm kapton foil acting
as insulator. The final carbon-based resistive strip layer is placed following the same
geometry as the copper strip layer [128].
Each SM1 chamber is built as a quadruplet, each one being composed of five panels
which give rise to four active gaps. Each panel has a trapezoidal shape 11.77 mm thick
and 2210 mm high with the two extremities measuring 368 mm and 1187 mm, divided
into 5 independent PCBs; the read-out panels have an extra border to host the front-
end electronic boards and services, such that their dimensions extend to 500 mm and
1320 mm at the two sides (Figure 2.24(a)). As shown in Figure 2.24(b), out of five,
three panels contain only cathodic planes and they are referred to as drift panels. In
each drift panel the face directly exposed to the gas mixture is covered by a 17 µm
layer of copper providing the conductivity of the cathodic plane. The remaining two
panels are read-out panels; the strips of one of the panels are parallel to the chamber
bases and the panel is called eta panel, since the read-out strips are orthogonal to the
bending plane of the muon tracks in the toroid system. The remaining panel has its
strips inclined by ±26 mrad relatively to the strips of the eta panel and it is called
stereo panel. This configuration allows for a precise determination of the η coordinate,
mandatory for the measurement of the momentum, still retaining a less precise deter-
mination of the azimuthal coordinate φ.
Finally, in this configuration the mesh is mechanically floating (floating mesh tech-
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(a) A SM1 quadruplet. In blue the
drift panels and in red the exten-
sions of the read-out panels. Dimen-
sions are in mm.

(b) A schematic view of the five panels of a
MM quadruplet.

Figure 2.24: Dimensions and structure of a SM1 chamber [126].

nique [129, 130]), as it is not fixed on the read-out board, like in the bulk technology;
this technique allows the detector to be re-opened again, essentially for cleaning pur-
poses.

SM1 quadruplet validation at INFN Cosmic Ray Stand

In the MM construction team I took part in the SM1 quadruplet validation at the
Cosmic Ray Stand in INFN National Laboratories of Frascati. More precisely, my work
was dedicated to the adaptation and optimization of the reconstruction code used to
analyze the cosmic data taken with SM1, in order to provide an estimate of quadruplet
performance in terms of efficiency, dead channels and uniformity.
After joining the team, the second-produced SM1 (the so-called Module 0.5 ) chamber
was available for testing. Figure 2.25(a) shows the experimental setup, also sketched
in Figure 2.25(b).

(a) Side view of the the setup (b) Sketch of the telescope scheme.

Figure 2.25: View of the experimental setup of the Cosmic Ray Stand.

The chamber was filled with the usual Ar:CO2 (93:7) gas mixture at atmospheric pres-
sure with a flux rate of 20 l/h, constantly monitored by electronic mass flowmeters.
Data were collected with the HV in the drift gap set at −300 V, while in the amplifi-
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cation gap the HV value was 590 V. Two small dimension bulk MM chambers (Tmm4)
with a two-dimensional coordinate read-out (X & Y) were used as a reference; for these
two Tmm chambers the HV in the drift gap was set to −300 V as in the SM1 quadru-
plet, but in the amplification gap the HV value was fixed at 555 V. It is important to
note that, in order to obtain the same gain, the operating voltage of the SM1 chamber
has to be about 50 V larger than the voltage applied in bulk MM chambers, because
of a larger effective size of the amplification gap.
Two plastic scintillators are placed above and below the Tmm-SM1 system, acting as
a trigger, and their read-out system consisted of Silicon-PhotoMultipliers (Si-PM). A
lead block was placed above the bottom scintillator in order to stop low-energy cosmic
muons.
In the final NSW setup the MM read-out chain will be based on the VMM Application
Specific Integrated Circuit (ASIC) [131] in order to fulfill the read-out requirements.
Instead, on the cosmic ray stand the read-out electronics were composed of APV25
and SRS modules operating at 40 MHz, the same read-out used for all previous tests
performed on smaller MM chambers. The APV25 [132] is a 128 channel chip, whose
output data structure consists of the values of the charge collected in each sample,
while the SRS (Scalable Readout System) [133] is a module used to interface the
APV25 signal output5. For each event and channel, a total of 18 samples, one every
25 ns, was recorded in an acquisition time window of 450 ns.
Before starting processing raw data, the values of the charges in the single strips of the
module are pedestral subtracted and corrected in order to consider known cross-talk
effects between the electronic channels. The time of the signal is computed for each
channel, by fitting the 18 charge samples as a function of time with a Fermi-Dirac
distribution

Q(t) =
Qmax

1 + exp [−(t− tFD)/τ ]
+B, (2.11)

with four free parameters: Qmax, maximum charge collected by the strip, τ , slope of the
raising edge of the time distribution, B, charge baseline value and tFD. The half-height
parameter of the function (tFD) is considered as the time of the signal in the strip and
used in the reconstruction. A group of nearby channels6 with compatible times, pos-
sibly hit by the same track, and charges above a minimal threshold is identified as
a cluster. The associated coordinate is measured as the cluster centroid, computed
by weighting the position of each channel with its charge. The entire algorithm for
the fitting procedure was optimized further to enhance the rejection of noisy strips
without killing good signal ones; a similar optimization strategy was applied to the
clusterization algorithm, taking into account charge, time and position of the strips.
The efficiency of the quadruplet was also studied. Starting from events with exactly
one cluster reconstructed in both layers of the two Tmm chambers, for each layer of the
SM1 module a one-dimensional interval of ±5 mm around the extrapolated position
was defined. The layer was considered efficient if at least one strip with charge above
a selected threshold was found within that interval; Figure 2.26 shows a preliminary
efficiency for the four layers of the Module 0.57.

4The dimensions of the Tmm were 10× 10 cm2.
5Due to the large size of the SM1 quadruplet and the availability of APV25, only half of the PCB5

(see Figure 2.24(a)) was instrumented (an area corresponding to 512 strips), whose area was well
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Figure 2.26: Preliminary software efficiency for each layer of the SM1 chamber.

The VMM read-out system

During my PhD I participated to a test beam which took place in the North Area
of CERN SPS (see Figure 2.2), at the H8 beam line [134]. The primary purpose was to
measure the performance of a SM2 quadruplet, as well as to test a VMM3 [135] board
on a Tmm MM chamber (Figure 2.27).

Figure 2.27: Experimental setup with VMM3 board connected to a Tmm chamber.

As already mentioned, the VMM will be used in the front-end read-out electronics of
both MM and sTGC detectors of the NSW upgrade project. It consists of 64 linear
front-end channels and a block diagram of one of the identical channels is shown in
Figure 2.28.
A low-noise charge amplifier (CA) with adaptive feedback and test capacitor is inte-
grated in each channel. The filter (shaper) is a third-order designed in delayed dissi-
pative feedback [136] with adjustable configurations. Next to the shapers are the dis-
criminators [131] with Neighbour Enabling Logic and individual threshold trimming,

covered by the Tmm chambers telescope.
6An APV25 channel was connected to each strip of the read-out panels, thus creating a one-to-one

connection, although other different connection patterns have been tested.
7After the end of qualification task, a new cleaning and assembly protocol was established by the

NSW Collaboration, allowing to obtain efficiency in agreement with the ATLAS requirements.
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Figure 2.28: Architecture of the VMM3 [135].

the Peak Detector and the Time Detector. The neighbour channel logic forces the mea-
surements from a channel neighbouring a triggered one, even if these channels did not
exceed a specific set threshold, preventing possible losses of signals; the peak detector
measures the timing using a Time-to-Amplitude Converter (TAC)8, i.e. a voltage ramp
that starts either at threshold crossing or at the time of the peak and it stops at a cycle
of the external Bunch Crossing clock (CKBC)9. Finally, the VMM integrates analogue
monitor capability to directly measure and control the global Digital to Analogue Con-
verters (DAC) and every part of the board logic.
The ASIC can be read-out, mainly, in three different modes, although other ones are
available but they are dedicated to trigger tasks. The main read-out mode used during
the test beam was the so-called Continuous mode and it is shown in Figure 2.29.

Figure 2.29: Data read-out of the VMM3 with DACs in the continuous mode [135].

In the continuous mode, there is a simultaneous read/write of data which is able to
handle rates up to the maximum of 4 MHz per channel. Once the enable logic is acti-
vated, the peak and time detector outputs (PDO and TDO) convert the voltages into
currents, routed to a 10-bit and 8-bit ADC, respectively; this second ADC provides

8Differently from APV25, VMM provides a time measurement within the ASIC.
9The total number of cycles, as well as the amplitude, can be chosen according to the needs of the

measurement; a typical value is 40 MHz.
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the conversion of the time measured using the TAC from to the time of the peak (or a
set threshold) until an external stop signal (CKBC) is registered. The bunch crossing
counter value at the TAC stop time is latched into a local 12-bit memory, thus provid-
ing a total of 20-bit deep time-stamp with a nanosecond resolution. Finally, the event
enters a chain of FIFO chains to be sequentially multiplexed to the two digital output.
During the test beam I learned a new read-out technology operating principles, being
able to contribute in data taking operations and to monitor, at the same time, the
acquisition process through an existing and dedicated graphical interface.





Chapter 3

Event reconstruction

After each bunch crossing, all particles originated in the interactions cross the
various subdetectors in ATLAS and they produce several electric signals, which are
acquired and processed by complex algorithms in order to identify and classify the orig-
inating particles, to determine their properties and, finally, to perform the full event
reconstruction. This chapter is dedicated to the description of the procedures used in
the experiment in order to define the fundamental “physical objects”, i.e. electrons,
muons, jets and missing transverse energy, which characterize the events studied in
physics analyses and, more specifically, in the analysis described in this thesis.
The physical objects described in this Chapter are the ones provided by the recostruc-
tion of the event (offline selection), which can be different from the ones measured by
HLT before accepting and storing the event (online selection), the latter being deter-
mined with a more limited set of information due to the reduced time to perform the
decision.

3.1 Track and vertex reconstructions

The instantaneous luminosity reached during Run II resulted in a high abundance
of events with high track occupancy. Starting from the end of Run I, the ATLAS
track reconstruction software has been continuously evolving in order to cope with
these harsh conditions. Particle tracking is one of the first task to be performed in the
event reconstruction and it is used for electrons, muons, hadronic jet identification and
missing transverse momentum measurement. It is performed in three main steps [137],
described below.

3.1.1 Track finding (seeding)

The first step in the track reconstruction chain is the definition of the initial list
of track candidates. Track seeds are defined as sets of three space-points, i.e. three-
dimensional coordinates of hits, measured in the Pixel Detector and SCT, which are
assembled into clusters. Drift times measured in the TRT are translated into calibrated
drift circles by exploiting appropriate time-to-distance relations. Track seeds are built
starting from the space-points passing specific cuts on pT and on the impact parameter;
finally, once the seeds are given, track candidates are selected by applying a pattern
recognition algorithm based on the Kalman filtering procedure [138], which assumes
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the electron hypothesis to allow energy loss at each material surface, accounting for
possible bremsstrahlung.

3.1.2 Ambiguity solving

In general, there is no unique and direct correspondence between a seed and a
track; more often, multiple tracks are produced from a given seed, thus requiring an
additional step to solve this ambiguity. The produced tracks are scored according to a
number of parameters associated to the track quality (e.g. the number of disconnected
track segments, the track χ2 from the fit and log pT). With the calculated score, the
ambiguity is solved thanks to an Artificial Neural Network (ANN).

3.1.3 Track fitting

After solving the ambiguities, tracks are fitted for the final measurement of their
parameters. The track fit procedure takes into account the multiple scattering and the
energy losses in the various detector elements crossed by the track. After performing
the vertex reconstruction, discussed in the following paragraph, the track parameters
are computed again, including the vertex information as constraint for the fit.

3.1.4 Vertex reconstruction

A correct track reconstruction is a key element for the precise determination of the
primary vertex [139], defined as the point where proton-proton interactions occurred.
Moreover, the correct assignment of a generic charged particle track to the correspond-
ing source vertex is fundamental in order to reconstruct the full kinematic properties
of the hard-scattering interaction. The primary vertex reconstruction uses a subset of
all the reconstructed tracks, selected with tight requirements to reduce contamination
from fake tracks. The following steps are used for the determination of track vertices,
once a set of tracks satisfying the selection and quality criteria is defined:

• a seed position for the first vertex is defined. The transverse position of the first
seed is taken as the center of the beam spot. The z -coordinate of the seed is the
mode of the z -coordinates of tracks at their respective points of closest approach
to the reconstructed center of the beam spot;

• tracks and seed are used to fit the best vertex position. The fit is an iterative
procedure and, in each iteration, the less compatible tracks are down-weighted
and the vertex position is recomputed;

• after the vertex position is determined, all the incompatible tracks are removed
from it and they are allowed to be used in the determination of another vertex.
Vertices are required to have at least two associated tracks;

• the procedure is repeated until all of the tracks are associated to a vertex in the
event or no additional vertex can be found in the remaining set of tracks.
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3.2 Electrons and photons

Electrons and positrons, collectively referred to as electrons [140] in the ATLAS
nomenclature, give rise to tracks in the Inner Detector and to energy deposits in the
Electromagnetic Calorimeter (clusters); thus, electron identification and reconstruction
must be based on signals coming from both these detectors. Several sets of identifi-
cation criteria, with different levels of discrimination power, are applied on electron
candidates in order to select the appropriate quality requested by the specific analysis,
e.g. to reject non-prompt electrons originating mainly from photon conversions and
heavy/light flavour hadron decays.
Photons are not considered in the analysis described in this thesis, however some de-
tails about their reconstruction and identification will be provided for completeness,
since their signature is similar to the electron one and their reconstruction is performed
in parallel with electrons.
In replacement of the sliding-window algorithm previously exploited in ATLAS for
the reconstruction of fixed-size clusters of calorimeter cells [141–143], in 2017 the of-
fline electron and photon reconstruction has been improved to use dynamic, variable-
size clusters, called superclusters. This technique is employed for measurements and
searches exploiting the complete LHC Run II dataset. While fixed-size clusters nat-
urally provide a linear energy response and good stability as a function of pile-up,
dynamic clusters change in size as needed to recover energy from bremsstrahlung pho-
tons or from electrons from photon conversions. The calibration techniques [144] exploit
the advantage of this dynamic clustering algorithm, while achieving similar linearity
and stability as for fixed-size clusters.
An electron is defined as an object consisting of a cluster built from energy deposits
in the calorimeter (supercluster) and a matched track (or tracks). A converted photon
is a cluster matched to a conversion vertex (or vertices), while an unconverted photon
is a cluster not matched to an electron track or to a conversion vertex.
The reconstruction of electrons and photons with |η| < 2.5 proceeds through the steps
shown in Figure 3.1.
In the first step the algorithm prepares the tracks and clusters which will be used: it
selects clusters of energy deposits measured in topologically connected (topo-clusters)
EM and Hadronic Calorimeter cells [145]; then, these clusters are matched to ID tracks,
which are refitted accounting for bremsstrahlung. The algorithm also builds conversion
vertices and matches them to the selected topo-clusters. Then, the electron and pho-
ton supercluster-building steps are performed separately using the matched clusters as
input. After applying initial position corrections and energy calibrations to the result-
ing superclusters, the supercluster-building algorithm matches tracks to the electron
superclusters and conversion vertices to the photon superclusters. The electron and
photon objects to be used for analyses are then built, their energies are calibrated and
discriminating variables used to separate electrons or photons from background are
added. The single steps are described in more detail in the following paragraphs.

3.2.1 Topo-cluster reconstruction

The topo-cluster reconstruction algorithm [143, 145] begins by forming proto-cluster
in the EM and Hadronic Calorimeters using a set of noise thresholds in which the cell



58 3. Event reconstruction

Figure 3.1: Algorithm flow diagram for the electron and photon reconstruction [140].

initiating the cluster is required to have significance |ςEM
cell | ≥ 4, where

ςEM
cell =

EEM
cell

σEM
noise,cell

. (3.1)

ςEM
cell is the cell energy at the basic signal scale, accounting correctly for the energy
deposited in the calorimeter by electromagnetic showers and σEM

noise,cell is the expected
noise cell, which includes the known electronic noise and an estimate of the pile-up noise
corresponding to the average instantaneous luminosity expected for Run II. The proto-
clusters, then, collect neighbouring cells with significance |ςEM

cell | ≥ 2. Each neighbour
cell passing this threshold becomes a seed cell in the next iteration, collecting each of
its neighbours in the enlarging proto-cluster. If two proto-clusters contain the same
cell with |ςEM

cell | ≥ 2 above the noise threshold, then these proto-clusters are merged. A
crown of nearest-neighbour cells is added to the cluster independently on their energy.
Electron and photon reconstruction starts from the topo-clusters, but only uses the
energy from cells in the EM Calorimeter1.

3.2.2 Track reconstruction, track-cluster matching and photon con-
version reconstruction

Electron tracks in the Inner Detector are mainly reconstructed according to the gen-
eral procedure described in Section 3.1. The standard ATLAS pattern recognition [146]
uses the pion hypothesis for energy loss due to interactions with the detector material,
complemented with another algorithm which uses the electron hypothesis allowing for
up to 30% energy loss at each intersection of the track with the detector material due
to possible bremsstrahlung effects. Then, track candidates are fitted using the pion or

1This procedure is not applied in the transition region of 1.37 < |η| < 1.63, where the energy
measured in the presampler and the scintillator between the calorimeter cryostats is also added.
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electron hypothesis, in agreeement with the one used in the previous pattern recogni-
tion step, using the ATLAS Global χ2 Track Fitter [147], allowing for additional energy
loss when the standard track fit fails. This procedure has minimal interference with
the main track reconstruction, while, at the same time, it improves the performance
for electrons. If a track has no associated hits in the silicon detector, it is discarded
from the procedure in order to reject photon conversions, while tracks with at least
four silicon hits loosely matched to fixed-size clusters, are refitted using a Gaussian
Sum Filter (GSF) [148] algorithm, a non-linear generalization of the Kalman filter, for
improved track parameter estimation.
The loosely matched, refitted tracks are then matched to the EM topo-clusters de-
scribed above. A track is considered matched if, with either momentum magnitude,
|∆η| < 0.05 and −0.10 < q · (φtrack − φclus) < 0.05, where q refers to the reconstructed
charge of the track. The asymmetric requirement is because tracks sometimes miss
some energy from radiated photons that clusters measure.
If multiple tracks are matched to a cluster, they are ranked with several criteria and
the highest-ranked track is used to define the reconstructed electron properties.

For photon candidates, it is expected to observe a cluster in the calorimeter without
any associated track, in case of no photon conversion, or with two tracks, in case of
the photon converts in a e±e∓ pair. Both tracks with silicon hits (Si tracks) and tracks
reconstructed only in the TRT (TRT tracks) are used for the conversion reconstruc-
tion. Two-track conversion vertices are reconstructed from two opposite-charge tracks
forming a vertex consistent with that one of a massless particle.
Changes were made with respect to the previous reconstruction software [142], mainly
to improve the reconstruction efficiency of double-track Si conversions (conversions
reconstructed with two Si tracks).
The conversion vertices are then matched to the EM topo-clusters. If there are multi-
ple conversion vertices matched to a cluster, double-track conversions with two silicon
tracks are preferred.

3.2.3 Supercluster reconstruction

The reconstruction of electron and photon superclusters proceeds independently,
each one in two stages: in the first stage, EM topo-clusters are tested for use as seed
cluster candidates, which form the basis of superclusters; in the second stage, EM
topo-clusters near the seed candidates are identified as satellite cluster candidates,
which may emerge from bremsstrahlung radiation or topo-cluster splitting. Satellite
clusters are added to the seed candidates to form the final superclusters if they satisfy
the necessary selection criteria.
In order to build superclusters, the initial list of EM topo-clusters is sorted according
to descending ET. The clusters are tested one by one in the sort order for a possible
use as seed clusters. To become an electron supercluster seed, a cluster is required to
have a minimum ET of 1 GeV and to be matched to a track with at least four hits
in the silicon tracking detectors. For photon reconstruction, a cluster must have ET
larger than 1.5 GeV to qualify as a supercluster seed, with no requirement made on
any track or conversion vertex matching. A cluster cannot be used as a seed cluster if
it has already been added as a satellite cluster to another seed cluster.
If a cluster meets the seed cluster requirements, the algorithm attempts to find satellite
clusters, using the process summarized in Figure 3.2.
For both electrons and photons, a cluster is considered a satellite if it falls within a
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Figure 3.2: Diagram of the superclustering algorithm for electrons and photons. Seed
clusters are shown in red, satellite clusters in blue [140].

window of ∆η ×∆φ = 0.075× 0.125 around the seed cluster barycentre, as these cases
tend to represent secondary EM showers originating from the same initial electron or
photon. For electrons, a cluster is also considered a satellite one if it is within a window
of ∆η ×∆φ = 0.125× 0.300 around the seed cluster barycentre and its best-matched
track is also the best-matched track for the seed cluster. For photons with conversion
vertices made up only of tracks containing silicon hits, a cluster is added as a satellite
one if its best-matched (electron) track belongs to the conversion vertex matched to the
seed cluster. These steps rely on tracking information to discriminate distant radiative
photons or conversion electrons from pile-up noise or other unrelated clusters.
The seed clusters with their associated satellite clusters are called superclusters.

Electron and photon candidates reconstruction

After the electron and photon superclusters are built, an initial energy calibration
and position correction [140] is applied to them and tracks are matched to electron
superclusters, while conversion vertices to photon superclusters. The matching is per-
formed in the same way that the matching to EM topo-clusters, but using the super-
clusters instead. Because electron and photon superclusters are built independently, a
given seed cluster can produce both an electron and a photon. In such cases, a dis-
criminating procedure is applied. The purpose is that if a particular object can be
easily identified only as a photon (a cluster with no good track attached) or only as an
electron (a cluster with a good track attached and no good photon conversion vertex),
then only a photon or an electron object is created for analyses; otherwise, both an
electron and a photon object are created and these cases are marked as ambiguous,
allowing the final classification of these objects to be determined taking into account
the specific requirements of each analysis.
After another step of calibration depending on matched tracks and conversion vertices,
shower shape parameters and other discriminating variables are obtained for electron
and photon identification. The complete list is shown in Figure 3.3.
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Category Description Name Usage

Hadronic leakage Ratio of ET in the first layer of the hadronic calorimeter to ET of the
EM cluster (used over the ranges |η | < 0.8 and |η | > 1.37)

Rhad1 e/γ

Ratio of ET in the hadronic calorimeter to ET of the EM cluster (used
over the range 0.8 < |η | < 1.37)

Rhad e/γ

EM third layer Ratio of the energy in the third layer to the total energy in the EM
calorimeter

f3 e

EM second layer Ratio of the sum of the energies of the cells contained in a 3 × 7 η × φ
rectangle (measured in cell units) to the sum of the cell energies in a
7 × 7 rectangle, both centred around the most energetic cell

Rη e/γ

Lateral shower width,
√

(ΣEiη
2
i
)/(ΣEi ) − ((ΣEiηi )/(ΣEi ))2, where

Ei is the energy and ηi is the pseudorapidity of cell i and the sum is
calculated within a window of 3 × 5 cells

wη2 e/γ

Ratio of the sum of the energies of the cells contained in a 3 × 3 η × φ
rectangle (measured in cell units) to the sum of the cell energies in a
3 × 7 rectangle, both centred around the most energetic cell

Rφ e/γ

EM first layer Total lateral shower width,
√

(ΣEi (i − imax)2)/(ΣEi ), where i runs
over all cells in a window of ∆η ≈ 0.0625 and imax is the index of the
highest-energy cell

ws tot e/γ

Lateral shower width,
√

(ΣEi (i − imax)2)/(ΣEi ), where i runs over all
cells in a window of 3 cells around the highest-energy cell

ws 3 γ

Energy fraction outside core of three central cells, within seven cells fside γ

Difference between the energy of the cell associated with the second
maximum, and the energy reconstructed in the cell with the smallest
value found between the first and second maxima

∆Es γ

Ratio of the energy difference between the maximum energy deposit
and the energy deposit in a secondary maximum in the cluster to the
sum of these energies

Eratio e/γ

Ratio of the energy measured in the first layer of the electromagnetic
calorimeter to the total energy of the EM cluster

f1 e/γ

Track conditions Number of hits in the innermost pixel layer ninnermost e

Number of hits in the pixel detector nPixel e

Total number of hits in the pixel and SCT detectors nSi e

Transverse impact parameter relative to the beam-line d0 e

Significance of transverse impact parameter defined as the ratio of d0
to its uncertainty

|d0/σ(d0)| e

Momentum lost by the track between the perigee and the last meas-
urement point divided by the momentum at perigee

∆p/p e

Likelihood probability based on transition radiation in the TRT eProbabilityHT e

Track–cluster matching ∆η between the cluster position in the first layer of the EM calori-
meter and the extrapolated track

∆η1 e

∆φ between the cluster position in the second layer of the EM calor-
imeter and the momentum-rescaled track, extrapolated from the
perigee, times the charge q

∆φres e

Ratio of the cluster energy to the measured track momentum E/p e

Figure 3.3: Discriminating variables used for electron and photon identification [140].

3.2.4 Electron identification

Further quality criteria, called “identification selections” below, are used to im-
prove the purity of selected electron and photon objects. The identification of prompt
electrons relies on a LikeliHood-based (LH) discriminant constructed from quantities
measured in the Inner Detector, the calorimeter and the combined Inner Detector and
calorimeter.
The quantities used in the electron identification are chosen according to their ability
to discriminate prompt isolated electrons from energy deposits coming from hadronic
jets, from converted photons and from genuine electrons produced in the decays of
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heavy-flavour hadrons. The variables can be grouped into properties of the primary
electron track, the lateral and longitudinal development of the electromagnetic shower
in the EM Calorimeter, and the spatial compatibility of the primary electron track
with the reconstructed cluster.
Three level of identifications, or Working Points (WP), are typically provided for elec-
tron identification: with respect to the background rejection, they are referred to as
Loose, Medium and Tight. These three working points are built using the same set of
variables to define the LH discriminant, but a different selection is applied, such that
the electrons classified as Tight are a subset of the ones selected as Medium, in turn
being a subset of the Loose ones.
The performance of the LH identification algorithms are reported in Figure 3.4, as a
function of ET and |η| using data recorded by the ATLAS experiment during 2015,
2016 and 2017. For typical electroweak processes they are, on average, 93%, 88% and
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Figure 3.4: Measured LH electron-identification efficiencies in Z → ee events for the
Loose, Medium, and Tight operating points as a function of ET (3.4(a)) and η (3.4(b))
using 81 fb−1 of data recorded

√
s = 13 TeV. For both plots, the bottom panel shows

the data-to-simulation (Monte Carlo, MC) ratios [140]. The efficiencies in MC are ob-
tained by applying data-to-simulation efficiency ratios that are measured in J/ψ → ee
and Z → ee events to the Z → ee simulation. The uncertainties are statistical and (in
the bottom panel) statistical and systematic uncertainties in the data-to-simulation
efficiency ratio added in quadrature.

80% for the Loose, Medium and Tight operating points and gradually they increase
from low to high ET.

3.2.5 Photon identification

The photon identification criteria are designed to efficiently select prompt, isolated
photons and reject backgrounds from hadronic jets. The photon identification is per-
formed using the shower shape variables described in table shown in Figure 3.3. The
variables using the first layer of the EM Calorimeter play a particularly important role
in rejecting π0 decays into two highly collimated photons. As for electrons, three levels
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of identification are available: the primary identification selection is labelled as Tight,
with less restrictive selections called Medium and Loose, which are used for trigger
algorithms. Because the reconstruction of photons in the ATLAS trigger system does
not differentiate between converted and unconverted photons, the Loose and Medium
identification criteria are the same for converted and unconverted photons.
To assess the performance (in terms of ET dependency) of the Tight photon identi-
fication on data, three photon efficiency measurements are performed using distinct
data samples. The first uses an inclusive-photon production data selection, the second
uses photons radiated from leptons in Z → ``γ decays and the third uses electrons
from Z → ee decays, with a method transforming the electron shower shapes to re-
semble the photon shower shapes [142]. Obtained efficiencies are larger than 80% for
ET > 30 GeV.

3.2.6 Electron and photon isolation

To enhance the discrimination between signal and background, most analyses re-
quire electrons to fulfill isolation requirements, in addition to the quality selections
discussed above. The activity near leptons and photons can be quantified from the
tracks of nearby charged particles or from energy deposits in the calorimeters, leading
to the following two classes of isolation variables for this purpose.

• Calorimetric isolation: the energy isolation variable Econe
T , built by summing the

transverse energy of topological clusters whose barycentre falls within a cone
centred around the electron or photon cluster barycentre, with some dedicated
corrections accounting for the energy deposit of the candidate particle and pile-
up effects. A cone size ∆R =

√
∆η2 + ∆φ2 = 0.2 is used for the electron working

points whereas cone sizes ∆R = 0.2 and 0.4 are used for photon working points.

• Track isolation: the track isolation variable pcone
T , computed by summing the

transverse momentum of selected tracks within a cone centred around the elec-
tron track or the photon cluster direction. Tracks matched to the electron or
converted photon are excluded. Since for electrons produced in the decay of
high-momentum heavy particles, other decay products can be very close to the
electron direction, the track isolation for electrons is defined with a variable cone
size (pvarcone

T ), the cone shrinking for larger transverse momentum of the electron:

∆R = min

(
10

pT[GeV]
,∆Rmax

)
where ∆Rmax is the maximum cone size (typically 0.2).

The implementation of the isolation criteria is specific to the physics analysis needs,
as it results from a compromise between a highly-efficient identification of prompt
electrons, isolated or produced in a busy environment, and a good rejection of electrons
from heavy-flavour decays or light hadrons misidentified as electrons. A variety of
selection requirements is applied on the quantities Econe0.2

T /pT and pvarcone0.2
T /pT for

electrons. Table 3.1 reports the definition of the various working points: they can be
defined in two different ways, targeting a fixed value of efficiency ε (Gradient) or with
fixed cuts (FC) on the calorimeter and/or track isolation variables (HighPtCaloOnly,
Loose, Tight).
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Working point Calorimeter Isolation Track Isolation

Gradient ε = 0.1143× pT + 92.14% ε = 0.1143× pT + 92.14%

HighPtCaloOnly Econe20
T < max(0.015× pT, 3.5 GeV) –

Loose Econe20
T /pT < 0.20 pvarcone0.2

T /pT < 0.15
Tight Econe20

T /pT < 0.06 pvarcone0.2
T /pT < 0.06

Table 3.1: Definition of the electron isolation working points. In the Gradient working
point definition, the unit of pT is GeV [140].

Analogously, three photon isolation operating points are defined using requirements
on the calorimeter and track isolation variables, as summarized in Table 3.2.

Working point Calorimeter Isolation Track Isolation

Loose Econe20
T < 0.065× ET pcone0.2

T /ET < 0.05
Tight Econe40

T < 0.022× ET + 2.45 GeV pcone0.2
T /ET < 0.05

TightCaloOnly Econe40
T < 0.022× ET + 2.45 GeV –

Table 3.2: Definition of the photon isolation working points [140].

3.3 Muons

Muons are precisely identified and reconstructed using the Muon Spectrometer
and the Inner Detector, although the information coming from various subdetectors,
calorimeters included, is also used [149, 150] in the final track reconstruction; in MS
and ID tracking proceeds independently. Like any other charged particle, the muon
track in the ID is reconstructed using the procedure described in Section 3.1.
In the Muon Spectrometer the first step is the search for hit patterns inside the MDT to
form segments. Muon track candidates are then built by combining hits from segments
in different layers. The algorithm performs a segment-seeded combinatorial search, with
seeds being the segments generated in the middle layers of the detector, where more
trigger hits are available. The search for segments is then extended to the outer and
inner layers. The segment selection criteria are based on hit multiplicity and fit quality,
while the segment matching is performed using their relative position and angles. At
least two matching segments are required to build a track, the only exception being in
the barrel-end-cap transition region, where a single high quality segment in η and φ
can be used to build a track. The hits associated with each track candidate are fitted
using a global χ2 fit and the track candidate is accepted if the resulting χ2 fulfills
the selection criteria. Hits providing a large contribution to the χ2 are removed and
the track fit is repeated once again. A hit recovery procedure is performed looking
for additional hits consistent with the candidate trajectory and, if found, the track
candidate is refitted.
After the reconstruction in the MS, the combination of the muon information collected
in the other subdetectors is performed, leading to the definition of four different types
of muons, described below.

• Combined (CB): two independent track reconstructions are performed in the In-
ner Detector and Muon Spectrometer, building a combined track which uses hits



3.3. Muons 65

from the two subdetectors with a global refit. The majority of muon candidates
are CB muons, representing the best category in terms of hit purity and momen-
tum resolution. Tracking is performed following an outside-in strategy, meaning
that muons are firstly reconstructed in the MS, and then extrapolated inward to
match an ID track. The inside-out reconstruction is used as a complementary
strategy.

• Standalone (SA): the track is reconstructed in the MS only; the parameters at
the interaction point are obtained after an extrapolation back to the point of
closest approach to the beam axis, taking into account the expected energy loss
and multiple scattering in the calorimeters. The purpose of this category is to
extend the muon acceptance to the region defined by 2.5 < |η| < 2.7, which is
not covered by the ID.

• Segment-Tagged (ST): a track is identified and classified as muon in the ID if,
once extrapolating it outward to the MS, it is associated to at least one local
track segment in the precision tracking chambers. The aim of this category is to
help in recovering those muons which crossed only one layer in the MS chambers,
because of their low momentum or the reduced acceptance of a particular MS
region.

• Calorimeter-Tagged (CT): using an approach similar to the ST category, a track
in the ID is identified and classified as muon if it can be matched to an energy
deposit in the calorimeter, this one being compatible with a minimum ionizing
particle. This category has the lowest hit purity among the four, but it is used
to recover the acceptance in the not-instrumented regions of the MS. The CT
identification is optimized in the ranges |η| < 0.1 and 15 < pT < 100 GeV.

When two muon categories share the same ID track, the preference to assign this track
is given to CB muons, then to ST muons and, finally, to CT muons. The overlap with
SA muons in the muon system itself is resolved through the analysis of the track hit
content, giving preference to the track with better fit quality and larger number of
hits.

3.3.1 Muon identification

As for electrons, muon identification is performed in order to select signal-like muons
and suppress the background, mainly coming from pion and kaon decays, by applying
track quality requirements. Several variables provide a good discrimination power in
distinguishing prompt muons from background and they have been studied in simulated
tt̄ events. For CB tracks, the following three variables are used for prompt muon
identification.

• q/p significance: it is defined as the absolute value of the difference between the
ratio of the charge and momentum of muons measured in the ID and in the MS,
divided by the sum in quadrature of the corresponding uncertainties.

• ρ′: it is defined as the absolute value of the difference between the transverse
momentum measurements in the ID and MS, respectively, divided by the pT of
the combined track.
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• χ2: the normalized value of the combined track fit.

Four different muon identification categories (or Working Points) are provided to ad-
dress the specific needs of physics analyses: Loose, Medium, Tight and High-pT. The
first three categories are the main ones and they are inclusive, i.e. the muons identified
with tighter requirements are also included in the categories with looser ones. A brief
description of each category is provided below.

• Loose: it is designed to maximize the reconstruction efficiency while providing
good-quality muon tracks. This working point was originally and specifically
optimized for the reconstruction of muons coming from H → 4l decay channel.
CT and ST muons are restricted to the |η| < 0.1 region.

• Medium: it is the default muon working point in ATLAS physics analyses, as it
minimizes the systematic uncertainties assigned to the muon reconstruction and
calibration. Only CB and SA muon tracks are used. In case of CB muons, a loose
selection on the compatibility between the ID and MS momentum measurements
is applied, in order to suppress the contamination of muons coming from in-flight
charged hadron decays. The requested significance is q/p < 7.

• Tight: it is designed to maximize the purity of the selected muons, sacrifying the
efficiency. Only CB muons satisfying the Medium requirements are considered,
with the additional request of hits in at least two stations of the MS. A two-
dimensional cut is performed on the ρ′ and q/p significance variables as a function
of the muon pT and |η| in order to reject background muons with pT lower than
20 GeV.

• High-pT: it is optimized to maximize the momentum resolution for tracks with
pT > 100 GeV. Some regions in the MS are vetoed due to the not optimal align-
ment and hits in, at least, three stations are required. The reconstruction effi-
ciency is reduced by 20%, while improving the pT resolution for muons above 1.5
TeV.

Reconstruction efficiencies for signal and background muons obtained from tt̄ simula-
tion are reported in Table 3.3. A comparison of the efficiencies of the first three working

4 < pT < 20 GeV 20 < pT < 100 GeV

Selection εMC
µ [%] εMC

Hadrons [%] εMC
µ [%] εMC

Hadrons [%]

Loose 96.7 0.53 98.1 0.76
Medium 95.5 0.38 96.1 0.17
Tight 89.9 0.19 91.8 0.11

High-pT 78.1 0.26 80.4 0.13

Table 3.3: Efficiency from prompt muons from W decays (εMC
µ ) and hadrons decaying

in flight and misidentified as prompt muons (εMC
Hadrons). The results are computed using

a tt̄ MC sample [150].

points as functions of η is shown in Figure 3.5, based on the full pp collision dataset
collected during the LHC Run II.
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Figure 3.5: Muon reconstruction efficiencies for the Loose/Medium/Tight identification
working points measured in Z → µµ events as a function of the pseudorapidity for
pT > 15 GeV muons. Reults on collision data (MC) are reported as full (empty) circles.
The bottom panel shows the ratio between Data and MC efficiencies, i.e. the so-
called efficiency scale factor. The errors in the bottom panel are the quadratic sum of
statistical and systematic uncertainties [151].

3.3.2 Muon isolation

Muons originating from heavy particles decay, such as W , Z or Higgs bosons, are
often produced isolated, thus well separated from other particles in the event. This
is in contrast with muons coming from semileptonic decays, which are embedded in
jets. The measurement of the detector activity around a muon candidate is referred to
as muon isolation and it is a powerful tool to enhance background rejection in many
physics analyses. As for electrons, two classes of variables are defined for muon isolation
and listed below.

• Calorimetric isolation: the variable Etopocone20
T , defined as the sum of the trans-

verse energy of clusters in a cone of size ∆R = 0.2 around the muon, after
subtracting corrections from energy deposity of the muon itself and from pile-up
effects.

• Track isolation: the variable pvarcone30
T , defined as the scalar sum of the transverse

momenta of the track with pT > 1 GeV in a cone size

∆R = min

(
10

pµT[GeV]
, 0.3

)
around the muon transverse momentum, excluding the muon track itself.

Five main isolation working points are defined, each one optimized for different physics
analyses, and they are listed in Table 3.4, with the corresponding discriminating vari-
ables and definition criteria.

3.4 Jets

Due to hadronization, colored particles emerging from the interaction point result
in jets of colorless particles, reconstructed as multiple tracks in the Inner Detector and
energy deposits in the Hadronic Calorimeter.
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Isolation WP Discriminating variable(s) Definition

Loose pvarcone30
T /pµT, E

topocone20
T /pµT ε = 99% in η and pT

Tight pvarcone30
T /pµT, E

topocone20
T /pµT ε = 96% in η and pT

Gradient pvarcone30
T /pµT, E

topocone20
T /pµT

ε ≥ 90% at pT = 25 GeV
ε ≥ 99% at pT = 60 GeV

FixedCutTightTrackOnly pvarcone30
T /pµT pvarcone30

T /pµT < 0.06

FixedCutLoose pvarcone30
T /pµT, pvarcone30

T /pµT < 0.15

Etopocone20
T /pµT Etopocone20

T /pµT < 0.30

Table 3.4: Definition of the five main isolation working points. The discriminating vari-
ables are listed in the second column and the efficiency/criteria used in the definition
are reported in the third column [150].

3.4.1 Jet reconstruction

Hadronic particles contained in a jet reach and deposit their energy in the EM and
Hadronic Calorimeters. The calorimeter cells are grouped in topological clusters [152],
following a similar procedure with respect to the one discussed in Section 3.2.1; since
the reconstructed objects are jets, different thresholds may be applied.
For each cluster the relevant variables needed for the jet definition and the subsequent
reconstruction are the sum of the energies of the cells in a cluster and the cluster
direction with respect to the interaction point; from these variables it is possible to
define a zero-mass four-vector to be used as input to the jet definition algorithm, whose
task is to merge the clusters in jets.
The standard ATLAS jet clustering algorithm is the anti-kt [153]: it introduces the
concept of distance between entities (particles or clusters) and it associate them within
a conic area of radius R, whose standard value adopted by ATLAS is 0.4. Once the
jet algorithm has defined the final jet object, energies and momenta of the clusters
belonging to it are added together.

3.4.2 Jet energy scale calibration

Figure 3.6 presents an overview of the ATLAS calibration scheme for jets, whose
purpose is to determine, from the jet energy measured in the detector, the energy at
particle-level, i.e. the Jet Enegy Scale (JES) [154].

• Origin correction: the measured four-momenta of jets are recomputed in order
to point back to the hard-scatter primary vertex, instead of the center of the
detector, but the jet energy is kept constant.

• Pile-up correction: the energy in excess due to in-time2 and out-of-time3 pile-up
is removed. It consists of two components: an area-based pT density subtrac-
tion [155], which is applied in each event, and a residual correction derived from
MC simulation.

2Soft pp interactions that occur together with the hard-scattering collisions.
3Signals from collisions in different bunch crossings, happening if the detector and/or the electronics

integration time is significantly larger than the time between two consecutive bunch crossings.
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Figure 3.6: Calibration steps for jets. Other than the origin correction, each stage of
the calibration is applied to the four-momentum of the jet [154].

• Absolute JES calibration: the four-momentum is corrected to the particle-level
energy scale, as derived using truth jets in dijet MC events.

• Global sequential calibration: the reconstructed energy and related uncertainties
are improved through the use of calorimeter, MS and track-based variables.

• Residual in situ calibration: the jet energy is corrected and the calibration pro-
cedure completed, by using well-measured reference objects, e.g. Z bosons and
calibrated jets.

3.4.3 Jet Vertex Tagger and pile-up dependency

As previously mentioned, both in-time and out-of-time pile-up contributions are
taken into account to correct the jet energy and they are typically subtracted on aver-
age. However, local fluctuations in the pile-up activity may lead to the reconstruction
of spurious pile-up jets, not considered in the jet energy correction. The additional jets
can be classified into two categories:

• QCD pile-up jets, where the particles in the central part of the jet mostly come
from a single QCD process occuring in a single pile-up interaction;

• stochastic jets which combine particles from different interactions.

The Jet-Vertex-Fraction (JVF) [156] variable has been designed with the aim to help
in effectively removing stochastic pile-up jets with requirements on it. It is defined as
the scalar pT sum of the tracks associated with the jet (

∑
k p

trkk
T (PV0)) and originated

from the hard-scattering vertex (PV0), divided by the scalar pT sum of all associated
tracks coming from any of the pile-up interactions, with vertices different from V0, in
the same bunch crossing (

∑
n≥1

∑
l p

trkl
T (PVn) ≡ pPU

T ):

JVF =

∑
k p

trkk
T (PV0)∑

l p
trkl
T (PV0) +

∑
n≥1

∑
l p

trkl
T (PVn)

. (3.2)

Starting from JVF, the quantity corrJVF is defined in a similar way, but with the
additional correction which takes into account the linear increase of the average pPU

T
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with the the total number of pile-up tracks in the event, nPU
trk ; for this reason pPU

T is
divided by (k · nPU

trk ), with k = 0.01:

corrJVF =

∑
k p

trkk
T (PV0)∑

l p
trkl
T (PV0) + [

∑
n≥1

∑
l p

trkl
T (PVn)]/(k · nPU

trk )
. (3.3)

corrJVT is set to −1 for jets without any associated track.
Another useful variable is RpT , defined as the scalar sum of all the transverse momenta
of the tracks associated with the jet and originated from the hard-scatter vertex,
divided by the fully calibrated jet pT, including pile-up subtraction:

RpT =

∑
k p

trkk
T (PV0)

pjet
T

(3.4)

RpT and corrJVF are combined to create a new multivariate discriminant called Jet
Vertex Tagger (JVT): it is built as a 2-dimensional likelihood to correctly identify and
remove pile-up jets, as shown in Figure 3.7 for hard-scatter and pile-up jets. It can be
observed that the standard cut |JVT| > 0.59, combined with a minimum one on RpT ,
allows to reject the majority of pile-up jets.
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Figure 3.7: 2-dimensional correlation of corrJVF and RpT for hard-scatter 3.7(a) and
pile-up 3.7(b) jets [156].

In the pseudorapidity range |η| > 2.5 the identification of pile-up, or more generically
forward [157], jets is more critical and crucial, due to the lack of track and vertex
information. Moreover, the resolution of the missing transverse momentum (Emiss

T )
components Emiss

x and Emiss
y (definitions and further details are given in Section 3.5)

in Z +jets events is also affected by the presence of forward pile-up jets, because the
inclusion of forward jets allows a more precise Emiss

T calculation, but a more pronounced
pile-up dependence, as shown in Figure 3.8.
The set of variables corrJVT and RpT are effective in suppressing stochastic pile-up
jets, but they do not address QCD pile-up jets which are the dominant contribution
in the forward region. A more comprehensive approach considers the total transverse
momentum of tracks and jets associated with each reconstructed vertex independently:
since the momentum conservation implies the total transverse momentum associated
within each pile-up interaction should be conserved, any imbalance would be due to a
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〈µ〉 [157].

forward jet from one of the interactions.
Starting from the JVF and RpT variables, a new procedure has been implemented and
it is referred to as forward Jet Vertex Tagging (fJVT). The main parameters are the
maximum JVT value, JVTmax, to reject central hard-scatter jets and the minimum of
∆RpT , the difference between the leading and median values of RpT for a central jet,
requirement to guarantee the selected pile-up jets belong to the QCD category. The
selected jets are, then, assigned to the vertex PVi corresponding to the highest RipT .
For each pile-up vertex i the missing transverse momentum 〈pmiss

T,i 〉 is calculated as the
weighted vector sum of the jet and track transverse momenta. This quantity is used
to build the fJVT discriminant defined as the normalized projection of the missing
transverse momentum on the forward jet’s transverse momentum pfj

T:

fJVTi =
〈pmiss

T,i 〉 · p
fj
T

|pfj
T|2

(3.5)

The forward jet is tagged as pile-up if its fJVT value

fJVT = max
i

(fJVTi) (3.6)

is above a suitable threshold.

3.4.4 b-tagged jets

Among all jets produced in pp interactions, the capability to identify the ones
arising from the hadronization of b-quarks (collectively, b-hadrons) is fundamental to
relate them to specific physics processes, particularly the the top-quark decays. Jets
containing b-hadrons are called b-tagged jets in the ATLAS nomenclature and the
associate procedure for correctly identifying them is called b-tagging [158, 159]. The
following three b-tagging classes of algorithms are used.

• Impact parameter-based algorithms: they exploit the long lifetime of b-hadrons
(cτ ∼ 450 µm) by searching at least one displaced vertex with respect to the
point where the hard-scatter took place. Two algorithms are employed, IP2D
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and IP3D, with the main difference being the discriminating variables used: the
transverse impact parameter significance d0/σd0 for IP2D or both the transverse
and longitudinal z0 sin θ/σz0 sin θ impact parameter significance for IP3D.

• Secondary vertex finding algorithms: this category explicitly reconstructs a dis-
placed secondary vertex within the jet; all track pairs are tested for a two-track
vertex hypothesis. If the vertex is found, it is rejected if its origin is compatible
with the decay of long-lived particles or resonances, for instance KL or Λ, oth-
erwise, for each surviving vertex, a new vertex is fitted with all the other tracks
which can be associated to it.

• Decay chain multi-vertex reconstruction algorithm: the topological structure of
weak b-hadron decays inside the jet is used as the starting point to try the recon-
struction of the full decay chain. A Kalman filter is applied in order to extract
a common line connecting the primary and bottom vertices, corresponding ap-
proximatively to the b-hadron flight path, and the respective positions of these
vertices.

The output of these three b-tagging algorithms is given as input to a Boosted Decision
Tree (BDT)4 [160] algorithm (MV2) [161] in order to achieve a combined performance,
instead of considering the results of the three algorithms individually. The training of
the multivariate classifier is performed on tt̄+jets events, considering b-jets as signal
and c-jets, together with light-flavour jets, as background. The kinematic properties
of the jets (pT and η) are included as training variables.
For training, the c-jet fraction in the background sample is set to 7%, with the remain-
der composed of light-flavour jets. The output discriminant of the MV2 algorithm for
b-jets, c-jets and light-flavour jets, evaluated with the baseline tt̄ simulated events, are
shown in Figure 3.9.
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Figure 3.9: Distribution of the output discriminant of the MV2 b-tagging algorithm
for b-jets, c-jets and light-flavoured jets in the baseline tt̄ simulated events [161].

Operative working points are defined by a single cut on the BDT output and a specific
working point is chosen on the basis of the b-jet efficiency in a tt̄ sample. Working
points for the MV2 tagger are reported in Table 3.5.

4The BDT algorithm is trained using the Root Toolkit for MultiVariate Analysis (Tmva)
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εb Selection Rejection
c-jet τ -jet Light-flavour jet

60% > 0.94 23 140 1200
70% > 0.83 8.9 36 300
77% > 0.64 4.9 15 110
85% > 0.11 2.7 6.1 25

Table 3.5: Selection and c-jet, τ -jet and light-flavour jet rejections corresponding to
the different b-jet tagging efficiency single-cut operating points for the MV2 b-tagging
algorithm, evaluated on the baseline tt̄ events [161].

Recently, several variants of the MV2 taggers have been developed as high-level tag-
gers, combining the results of low-level taggers and using the multivariate classifier to
maximize the b-tagging performance [162]:

• a reference version, based on the standard impact parameters (IP2D and IP3D)
and secondary vertex-based input variables;

• an updated version, including in addition the Soft Muon Tagger (SMT) algorithm
(MV2Mu);

• a full version, with the SMT and the Recurrent Neural Networks Impact Param-
eter (RNNIP) inputs, in addition to the standard variables (MV2MuRnn).

Furthermore, a new tagger (DL1) based on Artificial Deep Learning Neural Network
has already started being widely used by several SUSY analyses in ATLAS. The DL1
NN algorithm has a multidimensional output, corresponding to the probabilities for a
jet to be a b-, c- or light-flavour jet.

3.5 Missing Transverse Energy

Momentum conservation in the transverse plane requires that the sum of the mo-
menta of all particles emerging from the interaction point should be zero, if the particle
reconstruction and momentum measurement have been performed correctly. If some
particles escaped the detector being undetected, it would expect to observe an imbal-
ance in the sum of visible transverse momenta.
The quantity called Missing transverse energy (momentum) [163] and labelled as Emiss

T
is a fundamental observable which provides an experimental estimate of the transverse
momentum carried by undetected particles produced in the collision. In each event its
reconstruction is performed after all other objects, by using them as input. A non-zero
value for the Emiss

T may suggest the presence of weakly interacting particles in the
detector, like neutrinos or BSM candidates, e.g. SUSY LSP.
In ATLAS, two contributions enter in the reconstructed Emiss

T definition: the first one
comes from the hard event, comprising fully reconstructed and calibrated particles
and jets; the second contribution comes from soft event, consisting of reconstructed
charged-particle tracks associated to the hard-scatter vertex, but not to any hard ob-
jects. Starting from the x(y)-axis components of the transverse momentum vectors
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(pT) of the various contributions:

Emiss
x(y) = −

∑
i∈{hard }

px(y),i −
∑

j∈{soft }

px(y),j , (3.7)

where the vector Emiss
T = (Emiss

x , Emiss
y ) provides the magnitude of missing transverse

momentum Emiss
T = |Emiss

T | and its direction in the transverse plane in terms of the
azimuthal angle φmiss = tan−1(Emiss

y /Emiss
x ).

In the calculation of Emiss
x(y) the contributing objects to the hard event part need to be

reconstructed from mutually exclusive detector signals. For the Emiss
T reconstruction

sequence from the hard-object contribution, the order commonly used starts with
electrons, followed by photons, then hadronically decaying τ -leptons and finally jets.
As already mentioned in Section 3.3, muons are mainly reconstructed from ID and MS
tracks, with corrections based on their energy loss in the calorimeter, leading to little
or no overlap with the other reconstructed particles in the calorimeter.
Regarding the soft term, there are two different ways to calculate the energy associated
to it and they are described below.

• The most inclusive approach is performed starting from the calorimeter topo-
clusters (Calorimeter Soft Term) not associated with reconstructed hard objects.
The performance of this method is affected by a large dependence on pile-up.

• For each event, high-quality ID tracks emerging from the hard-scatter vertex but
not associated to any electron, τ -lepton, muon or jet are considered (Track Soft
Term). Since only reconstructed tracks associated with the hard-scatter vertex
are used, the Track Soft Term is largely unaffected by pile-up effects, but it does
not include contributions from any soft neutral particle.

Figure 3.10 shows the performance of Emiss
T reconstruction in data and Monte Carlo

simulation. The quality of the modelling of Emiss
x , Emiss

y and Emiss
T is evaluated for an

inclusive sample of Z → µµ events by comparing the distributions of these observables
in data recorded by the ATLAS experiment during 2015 and in Monte Carlo.

3.5.1 Emiss
T Significance

In collider experiments like ATLAS, fake Emiss
T can arise from particles which escape

the acceptance of the detector or uncorrectly reconstructed or failed to be reconstructed
altogether.
The degree of reliability of the reconstructed Emiss

T , i.e. how much it is consistent
with momentum resolution and particle identification efficiencies, can be estimated by
evaluating the Emiss

T significance variable, labelled as S [164]. On an event-by-event
basis, S is determined from the log-likelihood ratio that the reconstructed Emiss

T is
consistent with the null hypothesis of having zero real Emiss

T , given the full event
composition. Therefore, high values of S can be an indication that the observed Emiss

T
in the event cannot be only explained by momentum resolution effects, suggesting the
presence of undetected objects in the event, such as neutrinos or more exotic weakly
interacting particles.
In more details, the Emiss

T significance is defined to test the hypothesis that the total
transverse momentum carried by invisible particles (pinv

T ) is equal to zero against the
hypothesis that this quantity is different from zero. If L = (Emiss

T |pinv
T ) is the likelihood
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(a) Emiss
T

(b) Emiss
x (c) Emiss

y

Figure 3.10: Distributions of Emiss
T , Emiss

x and Emiss
y for an inclusive sample of Z → µµ

extracted from data and compared to MC simulations including all relevant back-
grounds. The last bin of each distribution includes the overflow, and the first bin
contains the underflow in 3.10(b) and 3.10(c). The respective ratios between data and
MC simulations are shown below the distributions, with the shaded areas showing the
total uncertainty for MC simulations [163].

function of the 2D parameter pinv
T for a given value of measured Emiss

T , the log-likelihood
ratio, corresponding to the significance S, is defined as

S2 = 2 ln

(
maxpinvT 6=0 L(Emiss

T |pinv
T )

maxpinvT =0 L(Emiss
T |pinv

T )

)
, (3.8)

where numerator and denominator are calculated maximizing on the parameters of
the likelihood with the constraints pinv

T 6= 0 and pinv
T = 0, respectively. The likelihood

function depends on the multiplicities, types and kinematics of the objects measured
in each event.
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3.6 Trigger

As already introduced at the beginning of this Chapter and in Chapter 2, the
HLT object reconstruction occurs only to the extent required by the executed trigger
algorithms, commonly referred to as online reconstruction. Events accepted by the
HLT are, then, transferred to the Tier-0 computing facility for offline reconstruction.
Event selections in the HLT are referred to as triggers and the collection of all triggers
is called the trigger menu.
The trigger menu [165] strategy is based on the five building blocks described below.

• Primary triggers, used for physics measurements and typically run unprescaled5

• Support triggers, used for efficiency and performance measurements, background
estimates or monitoring and typically run at small rate (∼ 0.5 Hz each).

• Alternative triggers, which run alternative reconstruction algorithms complemen-
tary to the aforementioned two categories.

• Backup triggers, in case of too high rate of the primary triggers, consequently
with tighter selections and lower expected rate.

• Calibration triggers, used for detector calibrations.

5For certain trigger chains the trigger rate may be too high to write every passing event to disk,
therefore a prescal factor p may be introduced to reduce by a factor of 1/p the probability of a passing
event to be recorded.



Chapter 4

Analysis strategy, results and
interpretations

The analysis described in this thesis targets the search of electroweak production
of the lightest chargino and slepton pairs in R-parity conserving SUSY scenarios. The
analysis is optimized to target the direct production of chargino pairs, where each
chargino decays into the lightest neutralino and an on-shell W boson. The neutralino
is considered the LSP of the model, whose momentum contributes to Emiss

T calcula-
tion, being undetected by the ATLAS apparatus. Only the leptonic decay of the W
is considered, resulting in a final state with two charged leptons (electrons or muons)
and large Emiss

T . The analysis strategy is based on the application of selection criteria
on some discriminating variables in order to maximize the signal acceptance, while
rejecting as much as possible the background of Standard Model events.
The analysis results are, then, reinterpreted in the context of other two searches, shar-
ing a similar final state topology: the search for the direct production of charginos
where each chargino decays into a slepton (charged slepton or sneutrino) via the emis-
sion of a lepton (neutrino or charged lepton) and the slepton itself decays into a lepton
and the LSP; the search for direct pair production of sleptons where each slepton de-
cays into a lepton and the LSP.
In order to avoid any bias due to previous results or theoretical expectations during
the different analysis steps, a Hidden Signal Box Blind Analysis technique [166] is em-
ployed: a set of Signal Regions is defined where the significance of the SUSY model
under study is maximized, but the data content of these regions is kept hidden until a
reliable background estimate strategy is fully developed.
My contribution to the described analysis ranges from the Monte Carlo sample pro-
duction and validation (both signals and backgrounds), through the finalization of the
object definitions, the preliminary event selection, the Signal Regions, Control Regions
and Validation Regions optimization, to the final evaluation of systematic uncertain-
ties. In particular, the generation and test of all signal grids were fully or partially
under my responsibility. Finally, I gave a general support to all analysis steps.

4.1 Data samples

The analysis uses data collected by the ATLAS experiment during the LHC Run
II data taking period, i.e. from July 2015 to October 2018. The cumulative luminosity
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collected during this period has already been shown in Figure 2.6(b). The delivered
luminosity takes into account the luminosity starting from when the stable beam flag
is raised, until the ATLAS detector is switched in a standby mode to allow beam dump
or beam studies.
Several factors contribute to the differences between the delivered luminosity and the
luminosity recorded by ATLAS: calibrations, trigger-specific data quality problems,
the “warm start” procedure1, DAQ inefficiencies. Finally, before being flagged as good
for physics, all data must be checked for known detector issues, in order to avoid
incomplete events. All luminosity blocks2 passing this selection are inserted in a Good
Run List (GRL) for the final luminosity estimation. The resulting integrated luminosity
for the period from July 2015 to October 2018 corresponds to 139 fb−1 .
After passing the GRL requirements, several additional cleaning cuts are applied to
data in order to completely remove all problematic events in the analyses:

• data events should not have raised error flags in the calorimeters, both Electro-
magnetic and Hadronic, and in the SCT;

• data events should not have been tagged as incomplete, i.e. events must contain
information from all subdetector systems;

• a generic event is rejected if it is not found a primary vertex with at least two
associated tracks;

• a generic event is rejected if a muon, tagged as cosmic, is found;

• a generic event is rejected if at least one jet in the event does not pass the Loose
quality criterion [167], having pT > 20 GeV.

4.2 Monte Carlo samples

The hidden signal box blind analysis approach implies all choices concerning the
Signal Region definitions have to be done without looking at the data yields. Monte
Carlo simulations must be used to investigate the physics processes of interest, in
order to find a suitable strategy to discriminate signals from the Standard Model
processes sharing a similar signature; these simulations must be able to model, as
much accurately as possible, both signals and backgrounds, as well as the detector
response to them.
The first step of a Monte Carlo simulation is the computation of the proton-proton
hard scattering cross section, which can be described by the parton interaction cross
sections and the Parton Distribution Functions (PDF) [168] inside the proton itself

σpp→X =
∑
a,b

∫ 1

0
dxa

∫ 1

0
dxbfa(xa, Q

2, µ2
F )fb(xb, Q

2, µ2
F )σab→X(s, µ2

F , µ
2
R), (4.1)

with Q being the transferred momentum, xa,b the fractions of the proton energy carried
by the two partons, fa,b the PDF and µR,F the renormalization and factorization

1When the stable beam flag is raised, the tracking detectors undergo this stage which includes a
ramp of the high voltage and, for the pixel system, the turning on of pre-amplifiers.

2A luminosity block is a time interval (typically ∼ 1− 2 minutes) of data recording which assumes
constant experimental conditions, especially the instantaneous luminosity.
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scales for a generic final state X. Once a specific choice of fa,b and µR,F is performed,
Equation 4.1 can be expressed as [169]:

σab→X =
∞∑
k=0

∫
dΦX+k

∣∣∣∣∣
∞∑
l=0

M(l)
X+k

∣∣∣∣∣
2

, (4.2)

where the matrix elementM(l)
X+k is the probability amplitude for the final state X+k,

with l one of the possible virtual loops and k one of the possible extra quarks or gluons
emitted alongside the final state, before or after the hard scatter process, thus called
Initial State Radiation (ISR) or Final State Radiation (FSR), respectively. Finally,
Equation 4.2 holds at all orders.
To keep the numerical calculation feasible in a reasonable amount of time, some ap-
proximations are applied:

• l = 0, k = 0: Leading Order (LO) approximation for the final state X.

• l = 0, k = n: Leading Order approximation for the final state X, plus n jets.

• k + l ≤ n: Next(n) to Leading Order (N(n)LO) approximation for the final state
X, also including the final state X plus 1 jet corresponding to N(n−1)LO.

In order to apply the correct approximation and simulate the detector response, ded-
icated software is used. After the simulation of all particles produced in a collision,
including the ones coming from the proton breakup but not participating to the hard
scattering (the so-called underlying event), the hadronization process of quarks and
gluons is performed, in a non-perturbative QCD regime, and then the final decay of
QCD objects.

The next step is the simulation of particle interactions inside the ATLAS apparatus.
The current standard full simulation (FullSim) relies on a detailed description of
the detector geometry and of the interactions with the detector materials, based on
Geant 4 [170]. This approach leads to very accurate results, however the CPU time
required for each event to be processed is very high (several minutes) and more than
90% of this time is dedicated to the interactions with the calorimeters. To limit this
long processing time, the FastCaloSim [171] tool has been developed and integrated
in the Geant 4 simulations, in order to reproduce the reconstructed objects without
the full calorimeter simulation, leading to the so-called Atlfast-II simulation3.
The last step of Monte Carlo simulation is the emulation of the trigger response and,
once this step is complete, simulated events are stored in a format similar to the data
one, ready to be used by physics analyses. Another possibility is to use Monte Carlo
samples before the reconstruction step takes place, i.e. just after the hadronization
process: these samples are referred to as Truth level simulations and they can be used
to check the effects of changing the generation parameters or to evaluate theoretical
systematic uncertainties.

Despite the several, accurate steps involved in the reconstruction of Monte Carlo sam-
ples, some discrepancies may still be present when comparing their kinematic dis-
tributions to the ones measured in data. For this reason, the simulation undergoes

3More precisely, it is the combination of Geant 4 simulation of the Inner Detector and the Muon
Spectrometer and the FastCaloSim. A variant is based on the combination of the fast calorimetric
simulation together with the ATLAS fast track simulation Fatras [172] of the Inner Detector and
the Muon Spectrometer, called Atlfast-IIF
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the following additional calibrations whose result is the production of specific weights
which must be applied on an event-by-event basis.
The additional sources of calibrations are the efficiencies of: trigger, identification and
isolation working points for electron and muons, b-tagging, which can be, potentially,
different in simulation and data. Then, several sets of scale factors are calculated for
each calibration source, by computing ratios of the efficiencies on dedicated samples
in data and Monte Carlo, and finally applied to simulations.
Pile-up is an important source of extra calibration, since its conditions are not constant
during data taking periods: the corresponding event weight is calculated through the
pile-up reweighting procedure and it has to be applied together with the other ones;
the general idea behind this procedure is to scale the pile-up in the simulation to match
the one of the considered data period.

4.2.1 Signal samples

The SUSY signal samples used in this analysis are generated from leading-order
(LO) matrix elements with up to two extra partons using MadGraph5_aMC@NLO
v2.6.1 [173] interfaced to Pythia 8.186 [174], with the A14 tune [175] for the modelling
of the SUSY decay chain, parton showering [176], hadronization and the description
of the underlying event. Parton luminosities are provided by the NNPDF2.3LO PDF
set [177]. Jet-parton matching is performed following the CKKW-L prescription [178],
with a matching scale set to one quarter of the mass of the pair-produced SUSY
particles. Signal cross-sections are calculated to next-to-leading order (NLO) in αs

adding the resummation of soft gluon emission at next-to-leading-logarithm accuracy
(NLO+NLL) [179–185]. The nominal cross-sections and their uncertainties are taken
from an envelope of cross-section predictions using different PDF sets, factorization
and renormalization scales [186].
The signal samples have been generated in the context of a simplified model with
chargino/slepton/sneutrino and neutralino masses being the only free parameters. The
χ̃±1 is assumed to be pure wino and the χ̃0

1 pure bino. The decays χ̃±1 → Wχ̃0
1 and

˜̀ → `χ̃
0
1 are assumed to happen with 100% branching ratios; for χ̃±1 → (˜̀ν)(`ν̃),

equal branching ratios for the three slepton flavours are assumed and charginos decay
into charged sleptons or sneutrinos with a branching ratio of 50% to each. It is also
assumed, in this last case, that the sleptons are mass-degenerate, with their masses
chosen to be midway between the mass of the chargino and that of the χ̃0

1. In models
with direct ˜̀̀̃ production each slepton decays into the corresponding lepton and a
χ̃0

1 with a 100% branching ratio. Only ẽ and µ̃ are considered in these models and
different assumptions about the masses of the superpartners of the left-handed and
right-handed charged leptons, ẽL, ẽR, µ̃L and µ̃R, are considered. The cross-section for
χ̃+

1 χ̃
−
1 production, each with a mass of 400 GeV, is 58.6±4.7 fb, while the cross-section

for ˜̀̀̃ production, each with a mass of 500 GeV, is 0.47±0.03 fb for each generation of
left-handed sleptons and 0.18± 0.01 fb for each generation of right-handed sleptons.
Several signal samples have been generated in order to probe a vast region of the mass-
parameter space; they are arranged in three different “grids” in the [m(χ̃

±
1 , ˜̀),m(χ̃

0
1)]

plane, as shown in Figure 4.1.
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Figure 4.1: The three different grids of signal models considered in the analysis: the
signal points related to the chargino pair production with W -boson-mediated decay
are marked with yellow stars, the ones related to the chargino pair production with
slepton-mediated decays with blue circles and the ones related to the direct slepton
pair production with red sketched stars.

4.2.2 Background samples

For this analysis two charged leptons and missing transverse energy are expected in
the final state. Several Standard Model processes produce this signature and, therefore,
they must be considered as background processes. An important step of the analysis
optimization procedure is the identification of the variables and the corresponding
ranges where the SUSY signature emerges with respect to the background in a statis-
tically significant way.
The background samples used in this analysis are reported below and they are listed
in a compact view in Table 4.1, along with the MC generators, the relevant parton
distribution function sets used by the generator and in the parton shower (PS), the
configuration of the underlying event and hadronization parameters (tune) and the
cross-section order in αs used to normalize the event yields for these samples.

• Diboson (V V ) processes: given the similarity of the chargino pair production
withW -boson-mediated decay with the SMWW production and decay, a careful
evaluation is needed. The diboson processes are generated with Powheg-Box v2
and split in WW , WZ and ZZ productions, with up to four charged leptons in
the final state; these samples are interfaced to Pythia 8.210 for parton shower,
with the AZNLO tune. Cross-sections are computed at NLO with CT10 NLO
and CTEQ6L1 PDF sets for, respectively, generator and parton shower.

• top-quark processes: tt̄ samples are generated with Powheg-Box v2, assuming
a top-quark mass of 172.5 GeV, interfaced to Pythia 8.230 for parton shower.
NNLO+NNLL cross-sections are used, with the A14 tune. The PDF used are
NNPDF3.0NNLO for generator and NNPDF2.3LO for parton shower. Single-
top-quark samples are produced with a similar setup, apart from the usage of
NLO+NNLL cross-sections.
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• Z/γ∗+jets: although this is not a primary source of background, they must be
considered due to the high production cross-section. These samples are generated
with Sherpa 2.2.1 with massive b/c-quarks for an improved treatment of the
associated production of Z bosons with heavy flavour jets. Matrix elements are
calculated for up to two partons at NLO and up to four partons at LO. The
NNPDF3.0NNLO PDF set is used in association with a dedicated parton shower
tuning developed by the Sherpa authors. Z production and Drell-Yan processes
are included. A global k-factor [187] of 0.9751 is used to normalize the Z/γ∗+jets
events to the NNLO QCD cross-sections. The samples are generated in non
overlapping slices filtered on the basis of the vector boson pT and of the presence
of b- and c-jets.

• Other minor background processes are also considered: multiboson processes,
such as triboson processes (WWW ,WWZ,WZZ, ZZZ) with up to six charged
leptons in the final states generated with Sherpa 2.2.2, tt̄ production associated
with W or Z generated with MadGraph5_aMC@NLO and Higgs boson pro-
cesses with Powheg-Box v2 as generator.

Physics Generator Parton Normalization Tune PDF PDF
process shower (generator) (PS)

tt̄
Powheg-Box v2 Pythia 8.230 NNLO+NNLL A14 NNPDF3.0NLO NNPDF2.3LO
[188–191] [192] [193] [175] [194] [177]

tt̄ + V MadGraph5_aMC@NLO Pythia 8.210 NLO A14 NNPDF3.0NLO NNPDF2.3LO
(V = W,Z) [173] [192] [173, 195]

tt̄ +WW MadGraph5_aMC@NLO Pythia 8.186 NLO A14 NNPDF3.0NLO NNPDF2.3LO[174] [173]

tZ, tt̄tt̄, ttt̄ MadGraph5_aMC@NLO Pythia 8.230 NLO A14 NNPDF3.0NLO NNPDF2.3LO[173]
Single top Powheg-Box v2 Pythia 8.230 NLO+NNLL A14 NNPDF3.0NLO NNPDF2.3LO(Wt) [189, 190, 196] [197, 198]
Z/γ∗(→ ll) Sherpa 2.2.1 Sherpa 2.2.1 NNLO Sherpa NNPDF3.0NNLO NNPDF3.0NNLO
+jets [199–201] [187] default [201] [194] [194]
WW,WZ, Powheg-Box v2 Pythia 8.210 NLO AZNLO CT10 NLO CTEQ6L1
ZZ [189, 190, 202, 203] [202–204] [205] [206] [207]
V V V Sherpa 2.2.2 Sherpa 2.2.2 NLO Sherpa NNPDF3.0NNLO NNPDF3.0NNLO
(V = W,Z) [199, 200, 204] [200, 204] default [204]
Higgs Powheg-Box v2 Pythia 8.186 NLO AZNLO NNPDF3.0NLO

4
CTEQ6L1boson [189, 190, 208–211] [212]

Table 4.1: Simulated background event samples with the corresponding matrix element
and parton shower (PS) generators, cross-section order in αs used to normalize the
event yield, underlying-event tune and the generator PDF sets used [1].

Figure 4.2 shows a summary of the Standard Model total production cross-sections as
measured by the ATLAS experiment [213].

4.3 Trigger

Since the request of two Opposite Sign (OS) leptons in the final state, dilepton
triggers are used to select events. The considered lowest unprescaled trigger items are
listed in Table 4.2 for different data taking periods together with a brief explanation of
the trigger requests; for a given period, all trigger chains are applied in a logical OR.
The trigger-level thresholds for the pT of the leptons involved in the trigger decision
are different according to the data-taking period. They are in the range 8-22 GeV for
data collected in 2015 and 2016, while 8-24 GeV for data collected in 2017 and 2018.
The trigger offline selection used in the analysis requires both leptons in the event to

4The PDF4LHC15 set have been used for some Higgs production processes, as via gluon-gluon
fusion, VBF and VH.
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∫
L dt

[fb−1]
Reference

tZj σ = 620 ± 170 ± 160 fb (data)
NLO+NLL (theory) 36.1 PLB 780 (2018) 557

t̄tZ σ = 176 + 52 − 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

σ = 0.92 ± 0.29 ± 0.1 pb (data)
Madgraph5 + aMCNLO (theory) 3.2 EPJC 77 (2017) 40

t̄tW σ = 369 + 86 − 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

σ = 1.5 ± 0.72 ± 0.33 pb (data)
Madgraph5 + aMCNLO (theory) 3.2 EPJC 77 (2017) 40

ts−chan
σ = 4.8 ± 0.8 + 1.6 − 1.3 pb (data)

NLO+NNL (theory) 20.3 PLB 756, 228-246 (2016)

ZZ
σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)

NNLO (theory) 4.6 JHEP 03, 128 (2013)
PLB 735 (2014) 311

σ = 7.3 ± 0.4 + 0.4 − 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

σ = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

WZ
σ = 19 + 1.4 − 1.3 ± 1 pb (data)

MATRIX (NNLO) (theory) 4.6 EPJC 72, 2173 (2012)
PLB 761 (2016) 179

σ = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

PLB 761 (2016) 179

σ = 51 ± 0.8 ± 2.4 pb (data)
MATRIX (NNLO) (theory) 36.1 ATLAS-CONF-2018-034

PLB 761 (2016) 179

Wt
σ = 16.8 ± 2.9 ± 3.9 pb (data)

NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

σ = 23 ± 1.3 + 3.4 − 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

σ = 94 ± 10 + 28 − 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

H
σ = 22.1 + 6.7 − 5.3 + 3.3 − 2.7 pb (data)

LHC-HXSWG YR4 (theory) 4.5 EPJC 76, 6 (2016)

σ = 27.7 ± 3 + 2.3 − 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76, 6 (2016)

σ = 57 + 6 − 5.9 + 4 − 3.3 pb (data)
LHC-HXSWG YR4 (theory) 36.1 ATLAS-CONF-2017-047

WW
σ = 51.9 ± 2 ± 4.4 pb (data)

NNLO (theory) 4.6 PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

σ = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

σ = 142 ± 5 ± 13 pb (data)
NNLO (theory) 3.2 PLB 773 (2017) 354

tt−chan
σ = 68 ± 2 ± 8 pb (data)

NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

σ = 89.6 ± 1.7 + 7.2 − 6.4 pb (data)
NLO+NLL (theory) 20.3 EPJC 77 (2017) 531

σ = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

t̄t
σ = 182.9 ± 3.1 ± 6.4 pb (data)

top++ NNLO+NNLL (theory) 4.6 EPJC 74: 3109 (2014)

σ = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74: 3109 (2014)

σ = 818 ± 8 ± 35 pb (data)
top++ NNLO+NLL (theory) 3.2 PLB 761 (2016) 136

Z
σ = 29.53 ± 0.03 ± 0.77 nb (data)

DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

σ = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

σ = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

W σ = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

σ = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

pp
σ = 95.35 ± 0.38 ± 1.3 mb (data)

COMPETE HPR1R2 (theory) 8×10−8 Nucl. Phys. B, 486-548 (2014)

σ = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50×10−8 PLB 761 (2016) 158
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Figure 4.2: Summary of several Standard Model total production cross section mea-
surements, corrected for leptonic branching fractions, compared to the corresponding
theoretical expectations. All theoretical expectations were calculated at NLO or higher.
The dark-color error bar represents the statistical uncertainty. The lighter-color error
bar represents the full uncertainty, including systematics and luminosity uncertain-
ties. The data/theory ratio, luminosity used and reference for each measurement are
also shown. Uncertainties for the theoretical predictions are quoted from the original
ATLAS papers [213].

have pT > 25 GeV, in order to efficiently select events triggered with the considered
items.

4.4 Object definition

Following on the discussion of the specific objects in Chapter 3, several features can
be requested to the objects used in a generic physics analysis. Table 4.3 reports these
features in case of the analysis described in this thesis. Two sets of selection criteria are
considered, baseline and signal, defined in such a way that the objects categorized as
signal were selected with tighter criteria with respect to the baseline ones, representing
a subset of them. Baseline objects are used in the analysis to compute Emiss

T and Emiss
T

significance, in the procedure to solve ambiguities between objects themselves (overlap
removal, see Section 4.4.1), in the estimation of the fake-and-non-prompt (FNP) lepton
background. On the other hand, signal objects are used in the analysis final selection.
Concerning Emiss

T , given the higher pile-up conditions during 2017 and 2018 data taking
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Event Topology
(channel) Triggers

Di-electron

2015

HLT_2e12_lhloose_L12EM10VH
− 2e± with ET > 12 GeV, loose likelihood
identification
− Seeded by L1 trigger requiring two EM clusters
with ET > 10 GeV

2016

HLT_2e17_lhvloose_nod0
− 2e± with ET > 17 GeV, very loose likelihood
identification
− No transverse impact parameter cut applied
HLT_2e24_lhvloose_nod0

2017- − 2e± with ET > 24 GeV, very loose likelihood
2018 identification

− No transverse impact parameter cut applied

Di-muon

2015
HLT_mu18_mu8noL1
− 2µ± with pT > 18 GeV and pT > 8 GeV
− Reconstructed without L1 seed (full scan at HLT)

2016- HLT_mu22_mu8noL1
2017- − 2µ± with pT > 22 GeV and pT > 8 GeV
2018 − Reconstructed without L1 seed (full scan at HLT)

Electron-Muon

2015
HLT_e17_lhloose_mu14
− Ee

±
T > 17 GeV, loose likelihood identification

− pµ
±

T > 14 GeV

2016- HLT_e17_lhloose_nod0_mu14

2017- − Ee
±

T > 17 GeV, loose likelihood identification

2018 and no transverse impact parameter cut applied
− pµ

±

T > 14 GeV

Table 4.2: List of dilepton trigger items used in the analysis. Due to the increase of
instantaneous luminosity and pile-up conditions during Run II, higher pT thresholds
or tighter trigger requests have been applied.

campaigns, the Tight working point is used. Tight Emiss
T is calculated without including

forward jets with |η| > 2.4 and 20 < pT < 30 GeV, thus removing regions of phase
space having more pile-up jets than hard scatter jets, in order to minimize the impact
of pile-up jets in the Emiss

T computation [214].
For jets with |η| > 2.5 and pT < 60 GeV, pile-up suppression is achieved through the
fJVT algorithm, which exploits topological correlations between jet pairs. Since these
jets can suffer of a relevant pile-up dependence, in the forward region they are not
explicitly vetoed or selected in the analysis, but only included in the Emiss

T calculation.
Jets used as possible ISR/FSR candidates are required to have |η| < 2.4.

4.4.1 Overlap removal

The overlap removal procedure is applied in order to prevent that a single physics
entry is reconstructed as multiple objects, being considered under multiple categories.
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Physics Object Definition

Electrons

Baseline
− ID: LooseAndBLayerLLH
− pT > 10 GeV and |η| < 2.47
− |z0 sin θ| < 0.5 mm

Signal

− ID: LLHTight
− Isolation: FCLoose (pT < 200 GeV)
− Isolation: FCHighPtCaloOnly (pT > 200 GeV)
− |d0/σd0 | < 5

Muons

Baseline
− ID: Medium
− pT > 10 GeV and |η| < 2.7
− |z0 sin θ| < 0.5 mm

Signal
− ID: Medium
− Isolation: FCLoose
− |d0/σd0 | < 3

Jets

Baseline − Reconstructed with anti-kt algorithm, R = 0.4
− pT > 20 GeV and |η| < 4.5

Signal

− JVT: |JVT| > 0.59 with pT < 120 GeV and |η| < 2.5
− fJVT: jet pT < 60 GeV and |η| > 2.5
− ISR/FSR: |η| < 2.4
− b-tagging: MV2 algorithm at 85% WP

Table 4.3: Summary of the objects used in the analysis: electrons, muons and jets are
listed. Signal objets are a subset of the Baseline ones.

It is performed at the baseline objects level and applied as follows:

• jet candidates within ∆R
′

=
√

∆y2 + ∆φ2 = 0.2 of an electron candidate are dis-
carded since they mostly originate from calorimeter energy deposits from electron
showers or bremsstrahlung;

• jets with fewer than three tracks lying within ∆R
′

= 0.4 of a muon candidate
are removed;

• electrons and muons within ∆R
′

= 0.4 of the remaining jets are discarded, in
order to reject leptons from b- or c-hadron decays;

• electron candidates are rejected if sharing an ID track with a muon.

4.5 Search strategy

The analysis sensitivity to the searched signal model relies on the definition of the
Signal Regions (SRs), i.e. regions where the signal/background ratio is maximized with
respect to the kinematics and features of the SUSY signal. Usually, a null hypothesis
is used to evaluate the statistical power of the SRs [215].
Given the null hypothesis Hb, the yields observed (nobs) in the SRs are supposed
to be explained only by the presence of background processes, with µb the expected
background yield. The alternative hypothesis Hs+b explains the same number of events
by considering both signal and background contributions, being µs the expected signal
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yield.
The p-value5 of the analysis is the measure of its statistical power. If nobs is large
enough, the Poisson distribution describing the data in the Hs+b hypothesis can be
approximated with a Gaussian distribution of mean µ = s+ b and standard deviation
σ =
√
s+ b. In this context, the p-value can be correlated with the Z-value [216]:

Z = Φ−1(1− p); Φ(Z) =
1√
2π

∫ z

−∞
exp(−t2/2) dt =

1 + erf(Z/
√

2)

2
. (4.3)

By calculating the p-value of the null hypothesis and assuming uncertainties on the
background estimate to be Gaussian distributed, but positively truncated, the pN 6

value is defined by the following set of equations:

Γ(n, 0, x) =

∫ x

0
tn−1e−t dt

pP =

∞∑
j=nobs

e−µbµjb
j!

=
Γ(nobs, 0, µb)

Γ(nobs)

pN =

∫
pPp(µb) dµb

, (4.4)

where Γ(nobs) is the usual and well-known Γ function, while p(µb) is the pdf encapsu-
lating the results of the background measurement, assumed to be normalized following
the procedure described in Section 4.7.2. The relative Z-value is called ZN and it can
be used to quantify the significance, defining a minimum value of ZN above which the
null hypothesis must be rejected.

4.5.1 Preliminary selection

After the trigger and the overlap removal requests, a preliminary event selection
is applied, asking for exactly two oppositely charged signal leptons in the event, both
with pT > 25 GeV. To remove contributions from low-mass resonances, the invariant
mass of the two leptons must be m`1`2 > 25 GeV. Events are further required to
have no reconstructed central7 b-jets, to suppress contributions from processes with
top-quarks. This set of criteria is summarized in Table 4.4.

4.5.2 The stransverse mass

The UA1 Collaboration [217] introduced the transverse mass variable in the search
for the leptonic decay of the W boson [218], in order to evaluate the mass of a parent
particle which decays into secondary particles, some of which, neutrinos in the UA1

5Considering a statistical variable X with the associate probability density functions (pdf, i.e.
function describing the relative likelihood for a generic variable to take on a value in a generic interval)
fb(X) for the null hypothesis and fs+b(X) for the alternative one, a critical value x0 for X for which
Hs+b is considered true, the p-value is defined as

p =

∫
X>x0

fb(X) dX

and this quantity is also known as the probability of a type I error.
6Here N stands for normal, as in the normal distribution.
7The attribute central refers directly to the signal jet criteria defined in Table 4.3.
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Variable Cut value

Number of signal leptons = 2
Lepton charge OS

Leading lepton pT [GeV] > 25
Subleading lepton pT [GeV] > 25
Invariant Mass m`1`2 [GeV] > 25

Table 4.4: Criteria defining the preliminary event selection.

case, undetected by the experimental apparatus. In events where a single produced
particle P decays into an invisible particle with mass mmiss, carrying a transverse
momentum qinvis

T , and into a detected particle X with mass mX and whose transverse
momentum is pXT , then the transverse mass can be defined as:

m2
T = m2

X +m2
miss + 2(EXT E

invis
T − pXT · qinvis

T ) ' 2pXT q
invis
T (1− cos ∆φ), (4.5)

if mX ' 0 and mmiss ' 0, with ∆φ being the difference in azimuthal angle between
the two particle momenta. The kinematic endpoint of this variable is the mass of the
parent particle: mT ≤ mP .
In case of two W bosons decaying leptonically in the event, the detectable part of the
decay is represented by (pT,1−2), but there are also two neutrinos which prevent the
usage of the transverse mass variable. However,

mW ≥ max[mT(pT,1,qT,1),mT(pT,2,qT,2)].

The two transverse momenta qT,1−2 of the two neutrinos can be combined together in

pmiss
T = qT,1 + qT,2 (4.6)

and, since the values of the neutrino momenta are unknown, the best obtainable in-
formation is:

mW ≥ min
qT,1+qT,2=pmiss

T

{max[ mT(pT,1,qT,1),mT(pT,2,qT,2) ]} ≡ mT2(pT,1,pT,2,p
miss
T ),

(4.7)
where the minimization is performed over all the possible decompositions of pmiss

T . The
mT2 variable is called stransverse mass [219, 220].
The upper limit in Equation 4.7 can be fixed in the case of an ideal detector with
perfect momentum resolution, where the only sources of pmiss

T are the two neutrinos,
both originating from an on-shell W . In the real case, the calculation of pmiss

T can be
affected by the detector resolution and the particles in the final state can come from
off-shell W bosons, resulting in a not sharp value for this kinematic endpoint as it can
be observed in Figure 4.3(a) for the two lepton system coming from tt̄ and tW events.

In the case of WW process, the tail after the ideal endpoint is highly populated since
the off-shell W does not have an upper bound at the top-quark mass like in the tt̄
process, as shown in Figure 4.3(b).
In the case of R-parity conserving SUSY models such as the ones considered in this
analysis, two LSPs are also present in the final states, complicating the decay chain.
However, neutrinos and neutralinos can be grouped together in the calculation, which
can be carried out in a similar way as the Standard Model case. The kinematic mT2
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(a) mT2 distribution for tt̄ and tW events. The dashed line in-
dicates the expected endpoint of the tt̄ system [221].
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(b) mT2 distribution for WW and tt̄ processes. The Monte Carlo sam-
ples are scaled and normalized to the total Run II luminosity (139
fb−1 ). A preliminary event selection is considered, with the additional
request of mT2 > 60 GeV.

Figure 4.3: mT2 distributions highlighting kinematical endpoints of tt̄ samples com-
pared to WW 4.3(b) and tW 4.3(a)events.

endpoint for these signal models is no longer the W -boson mass, expected from the
dominant SM backgrounds, but the mass difference between the χ̃±1 and the χ̃0

1. There-
fore, these events are required to have high-mT2 values and this is a key feature for
the SR definition.

4.6 Signal Region definition

As already discussed in Section 4.2.1, the SUSY signal samples used in the analysis
cover a wide mass range for the two particles entering the model as free parameters.
The kinematic of the final state is dependent on the splitting between the two masses,
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making almost impossible to achieve a unique set of optimal cuts. For this reason,
multiple Signal Regions are defined and arranged in two main categories: inclusive and
exclusive.
The exclusive SRs are defined to be orthogonal with respect to all other regions in the
analysis and they are optimized on the basis of the exclusion limits obtained via the
CLs prescription [222]; this method allows the likelihood fit (this procedure is decribed
in more detailed in Section 4.7.2, when the background estimation is presented) to
combine several Signal Regions in the likelihood function, providing more statistical
information than a single region, by analyzing the shape8 of the signal and of the
background.
The inclusive SRs are defined focusing the attention on the discovery of SUSY particles
and they do not have to be orthogonal, like the exclusive ones.
Following on the cuts defining the preliminary event selection shown in Table 4.4, a
common set of additional kinematic cuts are applied to both sets of SRs:

• m`1`2 : to ensure good modelling of the SM background in all relevant regions, a
cut on the invariant mass of the two lepton is required: m`1`2 > 100 GeV.

• Flavour : events are separated into “Same Flavour” (SF), i.e. e±e∓ and µ±µ∓,
and “Different Flavour” (DF), i.e. e±µ∓, since the two classes of events have
different background compositions, leading to the request of two set of cuts to
reject the different classes of background events. In particular, in order to reduce
the large background component of SF leptons resulting from the leptonic Z
decays (Z+jets, ZZ and WZ diboson processes), SF events are required to have
a dilepton invariant mass far from the Z mass peak; m`1`2 > 121.2 GeV.

• Jets: in the considered signal models no hadronic activity in the final state is
expected, apart from Initial State Radiation jets. Following the veto on central
b-tagged jets, central jets not tagged by the MV2C10 algorithm are limited to
one, in order to take into account the possibility of an ISR jet which can boost
the decay products to higher-Emiss

T values.

• Emiss
T : since the signal is expected to have a high Emiss

T coming from the two
neutralinos, a cut on this variable is appropriate; however, it is kept low enough
to retain sensitivity to lower mass points, i.e. Emiss

T > 110 GeV.

• Emiss
T significance: this cut is designed to remove events where Emiss

T is a result
of mismeasurement of other objects or wrong reconstruction, e.g. Z+jets events.
The object based definition of Emiss

T significance is used and a large value is
required: S > 10.

• mT2: the most powerful variable to discriminate signal from background is re-
quired to have values above theW -boson mass cut-off, leading tomT2 > 100 GeV
cut.

Different mT2 cuts and ranges are used to classify exclusive and inclusive SRs:

• exclusive regions: these regions are binned in mT2 so that the shape of this dis-
tribution can provide additional discrimination between signal and background.
The binning procedure is optimized to give low statistics in each bin without

8This method is called shape fit.



90 4. Analysis strategy, results and interpretations

statistical uncertainties become dominant. The non-uniform choice accounts for
the broader mT2 tails expected in events with higher chargino and neutralino
mass splitting, compared to sharper cut-off in events with a lower one. The mT2

values defining the lower bounds of the bins are: 100, 105, 110, 120, 140, 160,
180, 220 and 260 GeV; the last bin range does not include an upper threshold.
The selection defining this set of exclusive SRs is reported in Table 4.5;

• inclusive regions: four regions are defined. Two are fully inclusive, with a different
lower bound on mT2, 100 and 160 GeV, to target different chargino or slepton
mass regions, while two have both lower and upper bounds on mT2 to target
models with lower endpoints. The selection defining this set of inclusive SRs is
reported in Table 4.5.

Region SR-DF-0J SR-DF-1J SR-SF-0J SR-SF-1J
nnon-b-tagged jets = 0 = 1 = 0 = 1

m`1`2 [GeV] > 100 > 121.2
Emiss

T [GeV] > 110
S > 10

nb-tagged jets = 0

Binned SRs

mT2 [GeV]

∈ [100, 105)
∈ [105, 110)
∈ [110, 120)
∈ [120, 140)
∈ [140, 160)
∈ [160, 180)
∈ [180, 220)
∈ [220, 260)
∈ [260,∞)

Inclusive SRs

mT2 [GeV]

∈ [100,∞)
∈ [160,∞)
∈ [100, 120)
∈ [120, 160)

Table 4.5: Definition of exclusive and inclusive Signal Regions. The bins labelled “DF”
or “SF” refer to regions with different lepton flavour or same lepton flavour pair com-
binations, respectively, and the “0J” and “1J” labels refer to the multiplicity of non-b-
tagged jets [1].

Table 4.6 shows the expected background (discussed in the next Section) yields and
contributions from twelve benchmark points, four for each decay model, in the most
inclusive SR, requiring mT2 ∈ [100,∞).

4.7 Background estimation strategy

A careful evaluation of the expected backgrounds in the analysis event selection is
crucial, both to assess for a possible signal evidence in the data or to exclude it.
The background entering the SRs can be classified in two categories, described below.
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Region SR-DF-0J SR-DF-1J SR-SF-0J SR-SF-1J

m(χ̃
±
1 , χ̃

0
1) = (250, 1) 36.47± 2.11 20.87± 1.05 33.11± 1.86 19.82± 1.12

m(χ̃
±
1 , χ̃

0
1) = (300, 50) 26.41± 1.28 15.33± 0.72 25.40± 1.69 14.05± 0.68

m(χ̃
±
1 , χ̃

0
1) = (400, 1) 14.48± 0.84 10.32± 0.51 13.72± 0.84 9.08± 0.61

m(χ̃
±
1 , χ̃

0
1) = (400, 100) 12.43± 0.69 8.44± 0.46 14.34± 0.87 9.12± 0.63

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (400, 250, 100) 190.53± 9.53 135.05± 7.08 202.70± 10.96 144.86± 7.20

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (600, 300, 1) 53.79± 3.62 40.71± 2.93 55.97± 3.94 51.14± 2.50

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (800, 600, 400) 12.38± 0.70 8.29± 0.51 11.98± 0.75 10.93± 0.74

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (1100, 600, 100) 2.32± 0.18 1.91± 0.13 2.47± 0.17 22.84± 1.55

m(˜̀, χ̃
0
1) = (300, 100) – – 225.28± 12.05 136.39± 7.86

m(˜̀, χ̃
0
1) = (400, 200) – – 75.08± 4.29 8.76± 0.42

m(˜̀, χ̃
0
1) = (500, 200) – – 32.33± 2.22 41.70± 2.23

m(˜̀, χ̃
0
1) = (600, 1) – – 13.57± 1.11 2.08± 0.15

Total Expected SM 84.06± 10.87 69.77± 9.46 124.74± 8.53 112.70± 12.03

WW 59.94± 5.57 38.18± 4.82 57.66± 3.63 38.14± 2.99
WZ 1.29± 0.13 1.30± 0.17 9.10± 0.52 11.33± 0.75
ZZ 0.00+0.16

−0.00 0.07± 0.01 32.51± 1.77 18.68± 1.24
tt̄ 16.32± 8.56 23.88± 7.85 15.16± 5.03 19.24± 9.31
Singletop 4.51± 2.45 3.37± 1.65 2.88± 1.69 3.99± 2.09
Others 0.24± 0.08 0.80± 0.13 2.07± 1.55 11.08± 4.06
FNP 1.77± 0.62 2.17± 0.60 5.37± 1.42 10.25± 1.51

Table 4.6: Expected yields in the most inclusive SRs for an integrated luminosity of 139
fb−1 . The expected signal contribution is also reported for three sets of benchmark
points, whose masses are expressed in GeV. The “Other” background is comprehensive
of all processes that contribute marginally, such as Higgs boson, Z+jets, multiboson
production and tt̄ produced in association with a gauge boson. The FNP lepton back-
ground is calculated using the data-driven matrix method. Statistical (for both signal
and background samples) and systematic (only for background samples) uncertainties
are included. Entries marked “–” indicate a negligible contribution.
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• Irreducible: the same final state is shared between signal and background. If the
expected contribution of the latter is small in the SR, the corresponding Monte
Carlo yields can be a sufficiently accurate estimate.

• Reducible: the final state is different with respect to the signal one but, due to
misidentification, errors in reconstruction, etc., the two signatures may become
compatible, e.g. if at least one of the leptons in the final state is a misidentified jet
or a non-prompt lepton emerging from decays of particles in jets. Also the Emiss

T in
the final state can be originated from objects mismeasured in the corresponding
detectors.

For both reducible and irreducible backgrounds, an important point to highlight is
that if the expected contribution in the SR is not negligible, dedicated procedure to
evaluate them must be adopted. They will be described in the following paragraphs of
this Section.

4.7.1 Reducible background: the Matrix Method

In this analysis the reducible background of FNP is estimated using a data-driven
technique, known as Matrix Method [223]. This technique relies on the definition of
two categories of leptons, loose and tight : for the current analysis they correspond to
the baseline and signal lepton definitions reported in Table 4.3.
According to which identification criteria are fulfilled, three cases, with the correspond-
ing labels, can occur:

• T (Tight): leptons pass the tight identification criteria.

• l (exclusive loose): leptons pass loose but not tight criteria.

• L (inclusive loose): leptons pass at least the loose identification criteria.

All the observed events containing two inclusive loose leptons are counted, ordered in
pT, and classified into four different categories, NTT , NT l, NlT and Nll, where the first
subscript index corresponds to the leading lepton, and the second one to the subleading.
Based on this classification, two probabilities can be defined: the real efficiency r, i.e.
the probability for a real lepton passing loose criteria to pass the tight ones as well,
and the fake rate f, i.e. the probability for a fake9 lepton passing loose criteria to
pass the tight ones as well. If an event contains two leptons of opposite flavor (eµ
or µe) four probabilities are needed, since the electron and muon probabilities are in
general different. For the leading and subleading leptons real and fake probabilities
are, respectively, r1, r2, f1 and f2.
From these inputs the number of events with two real (NRR

LL ), one real and one fake
(NRF

LL andNFR
LL ) and two fake (NFF

LL ) leptons can be estimate by inverting the following
matrix:

NTT
NTl
NlT
Nll

 =


r1r2 r1f2 f1r2 f1f2

r1(1− r2) r1(1− f2) f1(1− r2) f1(1− f2)
(1− r1)r2 (1− r1)f2 (1− f1)r2 (1− f1)f2

(1− r1)(1− r2) (1− r1)(1− f2) (1− f1)(1− r2) (1− f1)(1− f2)



NRR
LL

NRF
LL

NFR
LL

NFF
LL

 ,

(4.8)

9It is generically referred to both FNP leptons.



4.7. Background estimation strategy 93

then obtaining:

NRR
LL = (1− f1)(1− f2)NTT − [f2(1− f1)]NT l − [f1(1− f2)]NlT + f1f2Nll (4.9a)

NRF
LL = −(1− f1)(1− r2)NTT + [r2(1− f1)]NT l + [f1(1− r2)]NlT + f1r2Nll (4.9b)

NRF
LL = −(1− f2)(1− r1)NTT + [f2(1− r1)]NT l + [r1(1− f2)]NlT + f2r1Nll (4.9c)

NFF
LL = (1− r1)(1− r2)NTT − [r2(1− r1)]NT l − [r1(1− r2)]NlT + r1r2Nll (4.9d)

These are the expected number of events with two, one and zero real leptons in a
sample of two inclusive loose leptons. Since this analysis searches for new physics in
the dilepton channel requiring two tight leptons in the final state, these numbers need
to be translated into the corresponding yields for a sample containing two tight leptons.
This is performed by multiplying Equations 4.9 by the appropriate probabilities:

NRR
TT = r1r2N

RR
LL (4.10a)

NRF
TT = r1f2N

RF
LL (4.10b)

NFR
TT = f1r2N

FR
LL (4.10c)

NFF
TT = f1f2N

FF
LL . (4.10d)

Then, the number of events with at least one fake lepton is obtained easily by summing
up the three categories of events with a fake tight leptons, specifically Equations 4.10b,
4.10c and 4.10d. Additional details on the method are reported in Appendix A.

4.7.2 Irreducible background: the normalization procedure

The Signal Regions are tipically defined to cover a phase space which can feature
extreme kinematics. However, Monte Carlo simulations are often tuned in regions more
easily accessible, in order to speed up the testing of their predictions. Then, a connec-
tion between the background yields expected in these regions and the ones in the SRs
is needed.
For this reason, it is a common method to use a semi-data-driven procedure which
corrects the Monte Carlo yields on the basis of data observation in suitable regions.
Such procedure relies on the definition of two additional sets of phase space regions,
called Control Regions (CRs) and Validation Regions (VRs). These regions must be
defined to be orthogonal to the SRs and among them and they should be as close as
possible to the SRs, in order to have a similar kinematics.
For each irreducible dominant background in the SRs, one or more dedicated CRs are
defined such as to be enriched in that particular background process under study; then,
the Monte Carlo predictions in these regions are normalized to data using a likelihood
fitting procedure. The obtained normalization factors10 of the relevant backgrounds
are validated in the VRs, which are not used to constrain the likelihood fit, but are
used to verify the goodness of the fit in terms of the yields and of the shapes of the
relevant kinematic distributions, which have to agree within uncertainties in regions
of the phase space kinematically close to the SRs as well.
The full procedure is performed within the HistFitter package [224], the stan-
dard tool for SUSY searches performed by ATLAS. Internally, HistFitter uses
the software packages HistFactory [225] and RooStats [226], which are based on
RooFit [227] and Root [228, 229]. HistFitter extends these tools in four funda-
mental areas for a generic analysis:

10They are often referred to as transfer factors or, in a simpler naming convention, scale factors.
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(a) Schematic view of an analysis strat-
egy with multiple CRs, VRs and SRs. All
regions can have single or multiple bins,
with the dashed lines as separation. The
extrapolation from CRs to SRs is verified
in the VRs.

(b) Simplified overview of an analysis workflow within
HistFitter: common normalization factors are applied
to the backgrounds, whose yields are affected by a com-
bination of the aforementioned factors with the nuisance
parameters, with a procedure discussed in the following
Paragraph.

Figure 4.4: Schematic summary of the procedure for the normalization of irreducible
backgrounds [224].

• framework: it performs complete statistical analyses of preformatted input data
within a coherent and programmable framework;

• analysis strategy: it has built-in concepts of CRs, VRs and SRs, used to constrain,
extrapolate and validate data model predictions across an analysis;

• bookkeeping: it can keep track of numerous data models, performing statistical
tests and model-parameter scans of all these models in an organized way;

• presentation and interpretation: it provides a collection of methods to deter-
mine the statistical significance of signal hypotheses and estimate the quality of
likelihood fits, whose results are presented in suitable tables and plots.

Figure 4.4(a) shows a sketch of the extrapolation procedure from CRs to SRs, while
Figure 4.4(b) represents a simplified analysis workflow within the HistFitter pack-
age.

Likelihood fit

Once the transfer factors µi have been calculated, they are used to rescale the
irreducible components of the background. Therefore, the background contribution in
a SR is approximately:

Nbkg(SR) '
∑

i∈IR-bkg

µiN
exp
i (SR) +

∑
j∈bkg

N exp
j (SR), (4.11)

where the index i runs on the list of the irreducible backgrounds entering the normal-
ization procedure and j on the remaining ones, while the superscript “exp” refers to the
purely MC background estimates. In a generic Control Region, the number of observed
events in data can be related to the predictions for the various backgrounds with an
Equation similar to 4.11. In principle, the calculation of the transfers factors could be
done by defining a CR for each of the background components to be normalized and
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then solving a system of equations. However, the drawback of this simplified approach
is the poor treatment of the uncertainties on the background estimation since, for in-
stance, correlations among them could not be taken into account correctly.
To overcome this issue, a profile, i.e. with an included description of uncertainties, like-
lihood fit is performed. In HistFitter the most general profile likelihood L is defined
as the product of Poisson distributions for the event in CRs and SRs. Furthermore,
this product takes into account the distributions representing the statistical constraint
on uncertainties. The resulting formula11 is

L(n,θ0|µsig, s,µbkg, b,θ) = pSR × pCR × C(θ0,θ) =∏
i∈SR

pi(ni|λi(µsig, si,µbkg, bi,θ))×
∏
j∈CR

pj(nj |λj(µsig, sj ,µbkg, bj ,θ))× C(θ0,θ)

(4.12)
The parameters entering this equation are:

• pSR and pCR: Poisson probabilities of observing n events, given the expected
signal s and background b yields.

• µsig and µbkg: normalization factors on signal12 and background processes.

• λi,j : expected Poisson values depending on both transfer factors (signal and
background).

• θ and θ0: vector of nuisance paramenters with the corresponding central values.
They are described by Normal distributions with mean zero, representing the
nominal value, and width one, representing the up and down variations.

• C(θ0,θ): function representing the additional constraint from the uncertainties,
depending on the previous set of nuisance parameters.

The extraction of the normalization factors is performed through a maximization of
the profile likelihood. However, the function used in this case is simplified with respect
to the one in Equation 4.12 and it is obtained by neglecting all Poisson terms describ-
ing the SRs, as well as signal contributions by making the assumption µsig = 0. In this
case, the background-only hypothesis is assumed, hence the name of background-only
fit, and it prevents any possible bias coming from the signal contamination in the CRs,
which has to be supposed negligible. After the fit, the likelihood is normalized over
µbkg and θ.
Before safely applying the transfer factors to the SRs, the role of the VRs is to verify
the agreement, in terms of the main kinematical variables used in the analysis and
in comparing the yields, between data and MC after applying these corrections to all
backgrounds.
The likelihood function and the parameters extracted during the maximization proce-
dure can be used as input for the definition of the statistical estimator of the analysis
significance, used in an enlarged fit procedure, this time including SRs. The estimator
qµ is built starting from the profile likelihood ratio [230], using both µsig and θ as free
parameters:

qµ = −2 lnλ(µ) with λ(µ) =
L(µsig,

ˆ̂
θ)

L(µ̂sig, θ̂)
(4.13)

11All symbols highlighted in bold must be considered vectorial parameters.
12Another name of this (transfer) factor is signal strength: in case of µsig = 0 the background-only

hypothesis is assumed, while µsig = 1 represents the full value predicted by the considered model.
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with µ̂sig and θ̂ the signal strength and nuisance parameters maximizing L; the ˆ̂
θ at the

numerator is the specific value which maximizes the likelihood after choosing a fixed
value for µsig. The presence of the nuisance parameters broadens the profile likelihood
as a function of µ relative to what one would have if their values were fixed; this fact
reflects the loss of information about µ due to systematic uncertainties.
By construction 0 < λ(µ) < 1, approaching the upper value once an agreement be-
tween the observation and the tested hypothesis has been found. On the other hand,
0 ≤ µ̂sig ≤ µsig: the lower threshold is driven by the fact that the signal rate has to
be positive, while the upper constraint is for a conservative purpose, to guarantee a
one-sided confidence interval in order to avoid considering upward fluctuations of the
data, such that µ̂sig > µsig, as signal evidence.
Introducing f(qµ|µsig,θ) for the distribution of this test variable, the null hypothesis
Hb implies a resulting p-value expressed by

pb =

∫ Q0

0
f(qµ|µsig = 0,θ) dqµ, (4.14)

where Q0 ≡ qobs
µ=0 is the value observed for the statistical test variable assuming

µsig = 0. This will lead to the exclusion of the background-only hypothesis when
the corresponding Z-value is above the 5σ threshold.
The exclusion of the alternative hypothesis Hs+b has to be handled with much more
care, preventing the exclusion of signal models for which the analysis has low sensi-
tivity. The corresponding observed value is Q1 ≡ qobs

µ=1 for the statistical test variable
in the µsig = 1 case and two p-values are estimated, for the signal+background (ps+b)
and the background-only hypotheses.

ps+b =

∫ ∞
Q1

f(qµ|µsig = 1,θ) dqµ ≡ CLs+b (4.15a)

pb =

∫ Q1

−∞
f(qµ|µsig = 0,θ) dqµ ≡ 1− CLb (4.15b)

The CLs prescription [222] allows to define the variable:

CLs =
CLs+b
CLb

=
ps+b

1− pb
(4.16)

and it is used to evaluate theHs+b hypothesis, eventually excluding it for signal models
whose CLs is lower than a threshold. The choice of this value is usually function of
the Confidence Level of the exclusion and a typical choice is to reject the model for
CLs < 0.05, corresponding to a Confidence Level of 95%.

4.8 Control Region definition

As can be observed in Table 4.6, the main Standard Model irreducible backgrounds
in this analysis are due to the top-quark and the diboson productions; among them,
WW is predominant, but WZ and ZZ are also important in SF events. Applying the
previously described semi-data-driven method for the background estimate, a set of
three dedicated Control Regions is defined for these backgrounds.
The WW and top-quark backgrounds depend on the leptonic decay of the W bosons
with equivalent contributions in DF and SF Signal Regions. In WZ and ZZ the two
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leptons in the final state mainly come from the decay of the Z boson and these processes
give an important contribution to the SF Signal Regions. The cut m`1`2 > 121.2 GeV
strongly reduce the on-shell Z bosons, while the majority of events entering the SR-SF
selection comes from off-shell Z decays.
Three dedicated CRs are defined, each one targeting one of the aforementioned back-
ground category:

• CR-WW : this region targets the WW background, the most relevant in the
analysis. A selection similar to the SR-DF-0J is applied, requiring events with
DF leptons and no hadronic activity. In order to ensure orthogonality among
regions, to keep high WW purity and a reasonable statistics, a low-mT2 range
(mT2 ∈ [60, 65] GeV), Emiss

T ∈ [60, 100] GeV and Emiss
T significance S ∈ [5, 10] are

requested.

• CR-VZ : this region targets the WZ and ZZ backgrounds with leptons mainly
coming from Z boson decays. A selection similar to the SR-SF-0J is applied,
requiring events with SF leptons and no hadronic activity. To enrich this region
with Z decays,m`1`2 ∈ [61.2, 121.2] is requested, which also ensures orthogonality
with respect to the other CRs and SRs. The Z+jets background is removed
requiring high Emiss

T and Emiss
T significance and finally, in order to define a region

kinematically close to the SRs, a high cut on the stransverse mass is applied:
mT2 > 120 GeV.

• CR-top: this region targets both the tt̄ and single-top-quark production. The
region is enriched in the desired backgrounds by requiring one b-tagged jet in the
final state, condition which ensures orthogonality. In order to keep the region
close to the SR, Emiss

T and Emiss
T significance cuts are identical to the SRs ones and

no additional hadronic activity is required. Loosening the cut on the stransverse
mass (mT2 > 80 GeV) ensures enough statistics, at the same time keeping low
contamination from WW .

Table 4.7 reports the definition of the three Control Regions, while Table 4.8 shows
the expected background yields and signal contamination from few benchmark points
for each one of the signal models under study.

Region CR-WW CR-VZ CR-top
Lepton flavour DF SF DF
nb-tagged jets = 0 = 0 = 1
nnon-b-tagged jets = 0 = 0 = 0
mT2 [GeV] ∈ [60, 65] > 120 > 80
Emiss

T [GeV] ∈ [60, 100] > 110 > 110
S ∈ [5, 10] > 10 > 10
m`1`2 [GeV] > 100 ∈ [61.2, 121.2] > 100

Table 4.7: Control Region definitions for extracting normalization factors for the dom-
inant background processes. “DF” or “SF” refer to regions with different lepton flavour
or same lepton flavour pair combinations, respectively [1].

Finally, Figure 4.5 shows that the signal contamination, reported as a percentage of
the total expected Standard Model background yield for all points of the grid of the
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Region CR-WW CR-VZ CR-top

m(χ̃
±
1 , χ̃

0
1) = (250, 1) 3.94± 0.45 13.34± 0.63 2.05± 0.34

m(χ̃
±
1 , χ̃

0
1) = (300, 50) 1.44± 0.19 8.50± 0.58 1.24± 0.15

m(χ̃
±
1 , χ̃

0
1) = (400, 1) 0.46± 0.07 3.71± 0.28 0.88± 0.25

m(χ̃
±
1 , χ̃

0
1) = (400, 100) 0.65± 0.18 3.15± 0.14 0.46± 0.08

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (400, 250, 100) 7.15± 1.06 48.03± 3.26 6.88± 0.79

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (600, 300, 1) 0.32± 0.10 4.82± 0.60 3.09± 0.39

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (800, 600, 400) 0.19± 0.05 1.43± 0.08 0.54± 0.09

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (1100, 600, 100) 0.01± 0.01 0.07± 0.00 0.14± 0.02

m(˜̀, χ̃
0
1) = (300, 100) – 29.95± 1.66 –

m(˜̀, χ̃
0
1) = (400, 200) – 8.20± 0.83 –

m(˜̀, χ̃
0
1) = (500, 200) – 1.77± 0.14 –

m(˜̀, χ̃
0
1) = (600, 1) – 0.46± 0.03 –

Total Expected SM 875.82± 55.43 687.26± 12.01 384.93± 13.43

WW 528.16± 4.67 15.14± 0.62 4.34± 2.06
WZ 9.92± 0.38 158.20± 1.62 0.27± 0.13
ZZ 0.24± 0.05 486.56± 4.88 –
tt̄ 210.26± 53.61 2.16± 1.51 327.20± 10.55
Singletop 106.54± 5.44 0.79± 0.43 46.68± 2.77
Others 0.17± 0.06 19.40± 7.36 2.21± 0.20
FNP 20.52± 8.52 5.02+5.73

−5.02 4.24± 2.16

Table 4.8: Expected yields in the three CRs for an integrated luminosity of 139 fb−1 .
The expected signal contribution is also reported for three sets of benchmark points,
whose masses are expressed in GeV. The “Other” background is comprehensive of all
processes that contribute marginally, such as Higgs boson, Z+jets, multiboson produc-
tion and tt̄ produced in association with a gauge boson. The FNP lepton background
is calculated using the data-driven matrix method. Statistical (for both signal and
background samples) and systematic (only for background samples) uncertainties are
included. Entries marked “–” indicate a negligible contribution.
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chargino with W -boson-mediated decay, is low as requested to apply the background-
only fit procedure. A similar check was performed on the other two signal grids, finding
negligible percentages as well.
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Figure 4.5: Signal contamination from the chargino with W -boson-mediated decay as
a percentage of the total expected Standard Model background for CR-WW 4.5(a),
CR-VZ 4.5(b) and CR-top 4.5(c).

4.9 Validation Region definition

Once the transfer factors have been derived, the next step is to validate the nor-
malization procedure performed in a set of dedicated Validation Regions, as already
discussed in Section 4.7.2. The aim of these regions is to assess the correctness of the
background-only fit results by comparing data and MC predictions, in terms of yields
and shapes of the relevant kinematic distributions.
Two categories of VRs are defined in this analysis: one requires a two lepton selection,
the other one a three lepton selection.

4.9.1 Validation Regions with a two lepton selection

Six VRs are defined using a two lepton selection: half of them are used to validate
WW and V Z diboson processes, while the remaining half is devoted to the validation
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of the tt̄ and Wt in different regions of Emiss
T and mT2, since the contributions from

top-quark backgrounds in the VRs for WW are not negligible:

• VR-WW-0J : this region is dedicated to the validate of the WW normalization
provided by CR-WW. For this reason, the event selection is similar to the CR,
requiring DF leptons, no hadronic activity and same invariant mass selections.
mT2 is required to be in a range closer to the SRs: mT2 ∈ [65, 100] GeV. Emiss

T
and Emiss

T significance cuts are made looser than in the SRs in order to gain in
statistics: Emiss

T > 60 GeV and S > 5.

• VR-WW-1J : this region is dedicated to validate the WW normalization in pres-
ence of exactly one central light jet, while all other cuts are kept identical to the
VR-WW-0J ones. It is defined in order to validate the transfer factor extrapola-
tion to the SRs where the presence of an ISR jet is allowed.

• VR-VZ : this region is dedicated to the validation of the WZ and ZZ normal-
ization. The selection is similar to the corresponding CR-VZ, requiring events
with SF leptons close to the Z-peak, no hadronic activities, same cuts on Emiss

T
and Emiss

T significance. The orthogonality with respect to the CR is ensured by
changing the cut on the stransverse mass (mT2 ∈ [100, 120] GeV).

• VR-top-low : this region is dedicated to the validation of the top-quark normal-
ization in the low-mT2 range (mT2 ∈ [80, 100] GeV), as in VR-WW-0J and VR-
WW-1J. The selection is similar to CR-top, requiring one b-tagged jet to enrich
it with the desired background. The cut on Emiss

T significance is loosened.

• VR-top-high: this region is also dedicated to the validation of top-quark back-
ground, but in a higher stransverse mass region. It requires mT2 > 100 GeV,
providing validation in the high-mT2 region where the the SRs are defined. The
request of an additional central light jet is applied to ensure orthogonality with
respect to CR-top;

• VR-top-WW : the aim of this region is to validate the top-quark background per-
forming a selection similar to the CR-WW. In fact, it requires the same Emiss

T ,
Emiss

T significance and mT2 as CR-WW, providing validation of the modelling of
top-quark production in this region. The orthogonality with CR-WW is guaran-
teed by requesting hadronic activity in the event.

Table 4.9 reports the definition of the six Validation Regions, while Table 4.10 shows
the expected background yields and signal contamination from few benchmark points
for each one of the signal models under study.

Region VR-WW-0J VR-WW-1J VR-VZ VR-top-low VR-top-high VR-top-WW
Lepton flavour DF DF SF DF DF DF
nb-tagged jets = 0 = 0 = 0 = 1 = 1 = 1
nnon-b-tagged jets = 0 = 1 = 0 = 0 = 1 = 1
mT2 [GeV] ∈ [65, 100] ∈ [65, 100] ∈ [100, 120] ∈ [80, 100] > 100 ∈ [60, 65]

Emiss
T [GeV] > 60 > 60 > 110 > 110 > 110 ∈ [60, 100]
S > 5 > 5 > 10 ∈ [5, 10] > 10 ∈ [5, 10]
m`1`2

[GeV] > 100 > 100 ∈ [61.2, 121.2] > 100 > 100 > 100

Table 4.9: Validation region definitions used to study the modelling of the SM back-
grounds. “DF” or “SF” refer to regions with different lepton flavour or same lepton
flavour pair combinations, respectively [1].

Finally, Figure 4.6 shows that the signal contamination, reported as a percentage of
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Region VR-WW-0J VR-WW-1J VR-VZ VR-top-low VR-top-high VR-top-WW

m(χ̃
±
1 , χ̃

0
1) = (250, 1) 37.67± 2.00 21.33± 0.81 6.39± 0.46 0.06± 0.01 0.51± 0.15 0.04+0.15

−0.04

m(χ̃
±
1 , χ̃

0
1) = (300, 50) 18.92± 1.17 10.34± 0.53 2.85± 0.50 0.04± 0.01 0.80± 0.13 –

m(χ̃
±
1 , χ̃

0
1) = (400, 1) 5.12± 0.33 3.99± 0.20 0.87± 0.11 – 0.75± 0.12 –

m(χ̃
±
1 , χ̃

0
1) = (400, 100) 7.01± 0.42 2.87± 0.24 0.82± 0.09 – 0.71± 0.13 –

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (400, 250, 100) 73.41± 4.91 46.63± 4.66 5.56± 0.89 – 7.21± 0.80 –

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (600, 300, 1) 1.68± 0.13 1.45± 0.12 0.03± 0.02 – 0.60± 0.08 –

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (800, 600, 400) 9.22± 0.40 4.28± 0.37 0.28± 0.10 – 1.74± 0.39 –

m(χ̃
±
1 , ˜̀, χ̃

0
1) = (1100, 600, 100) 0.15± 0.01 0.09± 0.02 – – 0.13± 0.03 –

m(˜̀, χ̃
0
1) = (300, 100) – – 3.87± 0.25 – – –

m(˜̀, χ̃
0
1) = (400, 200) – – – – – –

m(˜̀, χ̃
0
1) = (500, 200) – – 0.37± 0.08 – – –

m(˜̀, χ̃
0
1) = (600, 1) – – – – – –

Total Expected SM 2669.95± 125.43 3015.50± 329.44 360.09± 39.93 223.20± 19.20 61.74± 8.50 1023.89± 70.35

WW 1229.62± 44.14 790.23± 58.26 13.96± 1.33 1.63± 0.52 2.04± 1.05 12.77± 1.50

WZ 28.80± 1.27 22.75± 1.73 83.80± 6.99 0.04+0.15
−0.04 0.13+0.47

−0.13 0.45± 0.11

ZZ 0.42± 0.05 0.33± 0.05 225.92± 18.97 – – 0.01+0.02
−0.01

tt̄ 960.22± 106.75 1699.71± 304.60 12.68± 3.77 189.56± 17.54 48.98± 8.08 790.35± 67.15
Singletop 406.36± 21.46 462.22± 34.11 2.64± 1.64 29.42± 2.71 5.55± 1.66 219.93± 9.28

Others 0.92± 0.30 2.06± 0.52 20.86+26.98
−20.86 0.28± 0.06 3.20± 0.20 0.39± 0.11

FNP 43.63± 22.80 38.21± 21.48 0.23+2.09
−0.23 2.27± 1.45 1.84± 0.46 –

Table 4.10: Expected yields in the six VRs for an integrated luminosity of 139 fb−1 .
The expected signal contribution is also reported for three sets of benchmark points,
whose masses are expressed in GeV. The “Other” background is comprehensive of all
processes that contribute marginally, such as Higgs boson, Z+jets, multiboson produc-
tion and tt̄ produced in association with a gauge boson. The FNP lepton background
is calculated using the data-driven matrix method. Statistical (for both signal and
background samples) and systematic (only for background samples) uncertainties are
included. Entries marked “–” indicate a negligible contribution.



102 4. Analysis strategy, results and interpretations

the total expected Standard Model background yield for all points of the grid involving
the chargino with W -boson-mediated decay, is low. A similar check was performed on
the other two signal grids, finding negligible percentages as well.
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(d) VR-top-low
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(f) VR-top-WW

Figure 4.6: Signal contamination from the chargino with W -boson-mediated decay
SUSY model as a percentage of the total expected Standard Model backround for
VR-WW-0J 4.6(a), VR-WW-1J 4.6(b), VR-VZ 4.6(c), VR-top-low 4.6(d), VR-top-
high 4.6(e) and VR-top-WW 4.6(f).
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4.9.2 Validation Regions with a three lepton selection

The diboson WW background is the dominant contribution at high stransverse
mass, but both the CRs and VRs are defined in a relatively low-mT2 range. This is
due to the difficulty to find a region to validate theWW modelling at high-mT2 values
without retaining a significant signal contamination. For this reason, a region with a
three lepton event selection is used to validate the modelling in the high-mT2 region
of the WW background, closer to the SRs. The procedure applied is described in the
following steps.

• Events are selected to have exactly three signal leptons in the final state, assumed
to come from the decay of a WZ diboson process. Among the three leptons, the
two ones supposed to come from the decay of the Z form a SF pair with opposite
charges (SFOS), having an invariant mass within 10 GeV with respect to the Z
peak (|mell1`2 −mZ | < 10 GeV). In case of ambiguity in the choice, the pair with
the invariant mass closest to the Z mass is chosen.

• The transverse momentum of the lepton belonging to the SFOS pair and having
the same charge as the third lepton (assumed to come from the decay of the
W boson) is added to a recalculation of the Emiss

T . For sufficiently high energy
leptons like the ones in the analysis, this procedure allows to consider it as a
neutrino in a WW event. The resulting selected class of events is called pseudo-
twoLep events.

• The pseudo-twoLep category of events is normalized to data in a region where
the original Emiss

T coming from the three lepton event is Emiss
T ∈ [40, 170] GeV, to

minimize possible overlaps with the SRs defined for other SUSY models having
three leptons as final state signature, while being consistent with the preliminary
event selection of this analysis; in addition, a b-jet veto is applied and the number
of central light jets is requested to be at least one to emulate the Signal Regions,
the pT of both OS leptons and their invariant mass larger than 25 GeV;

• The resulting mT2 and Emiss
T distributions are compared to data to validate

the diboson modelling. Since, with this selection, there is a good agreement
between the shapes of the mT2 distributions observed in data and simulation,
no additional systematic uncertainty is applied to the WW background at high
mT2.

4.10 Sources of uncertainty

The background and signal predictions provided by MC are affected by several
sources of uncertainty, mainly divided in two categories: experimental and theoretical
uncertainties. Both of them are taken into account by varying the physical quantities
provided by MC and affected by each uncertainty.
The experimental uncertainties try to estimate the effects which can impact on the
final analysis objects, in reconstruction or identification, due to the ATLAS detector.
The dominant sources of theoretical uncertainty are related to the uncertainties in the
MC modelling, e.g. to the choice of a particular generator.
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4.10.1 Experimental uncertainties

• Electrons: the two main sources of uncertainty considered in this analysis are the
ones related to the electron energy resolution and energy scale, both calculated
by applying ±1σ variations to the relative factors.

• Muons: as for electrons, the two main sources of uncertainty taken into account
are the ones on the muon momentum resolution and on the momentum scale.
Concerning resolution, uncertainties are calculated by applying ±1σ variations
on the Inner Detector and Muon Spectrometer tracks, while for momentum scale
they are calculated from ±1σ variations on the scale of the muon momentum.

• Lepton Scale Factors: for both electrons and muons, uncertainties related to
the scale factors for reconstruction, identification, isolation and trigger efficien-
cies are computed by considering ±1σ errors on the corresponding scale factors,
applied as event-based weights.

• Jets: two main categories of uncertainty are considered for jets.

– Energy: it includes uncertainties on Jet Energy Scale (JES) and Jet En-
ergy Resolution (JER). Concerning JES, several sources of uncertainty are
taken into account: the ±1σ variations are derived using a combination of
data and simulation, through measurements of the transverse momentum
balance between a jet and reference object in dijet events, Z+jets, γ+jets
and multi-jet events. Propagation of single particle and test beam, pile-up,
flavour related, punch-through and Monte Carlo non-closure uncertainties
are considered as well. Regarding JER, ±1σ uncertainties are calculated
through a smearing process of Monte Carlo jets to data in dijet events.

– Scale Factors: it is related to the scale factors associated with flavour-
tagging and JVT efficiencies. Flavour-tagging ones are evaluated consid-
ering ±1σ variations on the error on the scale factor, which accounts for
differences between data and simulation in the b-jet identification efficiency.
The uncertainties on JVT efficiencies account for both the statistical uncer-
tainty and the error on the estimation of the residual contamination from
pile-up jets after pile-up suppression.

• Missing Transverse Energy: in addition to the uncertainties directly coming
from all the object categories entering the respective Emiss

T term calculations, the
uncertainties on the resolution and the scale of the track soft-term are included.
Both are evaluated taking into account the ±1σ variations on the different predic-
tions considering 2015 data and Monte Carlo samples from different generators
(Powheg+Pythia 8 and MadGraph) and the effect of using the FullSim
with respect to the Atlfast-II simulation.

• Luminosity: a 1.7% uncertainty [231] in the measurement of the combined lumi-
nosity for the entire Run II is applied. The total uncertainties on the integrated
luminosities for each individual year of data-taking range from 2.0-2.4%, being
partially correlated among years.

• Pile-up: it is the uncertainty on the pile-up reweighting procedure used to eval-
uate the discrepancy between the observed distribution of the average number of
collisions per bunch crossing in the Monte Carlo samples with respect to data.
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• Fake Estimation: several sources of uncertainty are taken into account in the
final estimate of FNP leptons from the Matrix Method. The main contributions
are:

– Statistics: it is the uncertainty related to the limited statistics in Control
Regions where fake rates and real efficiencies are calculated. The uncer-
tainty is calculated by varying fake rates and real efficiencies ±1σ around
the nominal value and the final estimates from these variations are then
compared with the nominal ones.

– Weights: it is the uncertainty on the weight for each fake component. It is
extracted by examining six different regions. Standard baseline selection is
applied to all of the six regions, but, on top of that, there is one additional
cut applied for each region, meant to mimic the Signal Regions. The ex-
treme values of the FNP estimates are taken as the downward and upward
uncertainties coming from the weights.

– Numbers of NTT , NT l, NlT and Nll events: this contribution is calcu-
lated by taking the sum of the squared weights in each region.

– Subtraction of real leptons: it is the uncertainty coming from the real
lepton contamination in the Heavy Flavour Control Regions. Each MC pro-
cess is scaled up and down 10% of the nominal and the corresponding fake
rates are calculated and separate estimations are carried out using these
fake rates. The spread in the estimations, compared with the nominal, is
used to estimate the uncertainty.

4.10.2 Theoretical uncertainties

Several sources of theoretical uncertainty in the modelling of the dominant back-
grounds are considered. They are described in the following two paragraphs.

Top-quark uncertainties

The tt̄ background is affected by uncertainties associated to the parton shower, the
MC generator and the amount of Initial and Final State Radiation (ISR/FSR). The
systematic effect due to the parton shower is evaluated by comparing the difference be-
tween the predictions of the nominal Powheg-Box interfaced to either Pythia 8.186
or Herwig 7.04.
The uncertainty associated with the choice of event generator is estimated by com-
paring the nominal Powheg+Pythia 8 samples with the samples generated with
aMC@NLO+Pythia.
The tt̄ uncertainty coming from the modelling of Initial and Final State Radiation is
calculated by comparing the predictions of the nominal sample with two alternative
samples, generated with Powheg-Box interfaced to Pythia 8.186 but with the ra-
diation settings varied.
For the single-top-quark production (Wt process) an uncertainty is assigned to the
treatment of the interference between the Wt and tt̄ samples. This is done by com-
paring the nominal samples generated using the Diagram Removal (DR) method with
samples generated using the Diagram Subtraction method (DS) [232].
Plots representing the different contributions for tt̄ and Wt processes, taken into ac-
count in the theoretical uncertainty estimations, are shown in Figure 4.7.
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(a) (b)

Figure 4.7: Comparison of the mT2 distributions between the nominal tt̄ 4.7(a) and
Wt 4.7(b) samples with respect to the systematic variations used in the theoretical
uncertainties estimation. A preliminary event selection is considered, with the request
of mT2 > 60 GeV.

Monte Carlo simulations are produced with a large, but finite, number of events. In
the high-mT2 selection, corresponding to the SR definition in the analysis, the effect
of the Monte Carlo fluctuations due to the limited statistics can be relevant, as it can
be observed in Figure 4.7. Theoretical uncertainties are evaluated changing internal
parameters of the simulation, or the generator itself, then comparing the relative pre-
dictions at truth level.
Being designed to be used by multiple analyses, nominal samples are designed to be
produced with very high number of events, with minimal uncertainties coming from
the Monte Carlo statistics. On the other hand, alternative samples are often produced
with a reduced statistics with respect to the nominal ones, leading to higher statistical
errors than the fluctuations due to the variations of the wanted parameters and, there-
fore, resulting in a not accurate estimate of the theoretical uncertainties. This effect is
very important in the exclusive SRs in the analysis, because of the limited statistics.
To overcome this problem, the systematic variation is performed in the most inclu-
sive region (mT2 > 100 GeV), then applied to each of the exclusive SRs, to reduce
statistical fluctuations. In addition, Emiss

T significance requirements are relaxed for all
regions, leaving only an inclusive requirement of S > 5 applied. Since both tt̄ and Wt
processes are normalized in the CRs, the same normalization must be applied in the
computation of the variations. For a generic region R, the percentage uncertainty in
this region is calculated using the formula

σtop
syst.(R) =

(
NNom.(R)

NNom.(CR)
− NVar.(R)

NVar.(CR)

)(
NNom.(CR)

NNom.(R)

)
. (4.17)

Diboson uncertainties

For the Powheg diboson samples, uncertainties in the Monte Carlo modelling are
estimated by varying the renormalization and factorization scales used to generate the
samples, as well as the PDF sets. Different PDF sets are implemented in the samples
and a combination of all available variations is considered, in order to build a coherent
uncertainty. A comparison at the level of a preliminary event selection is shown in
Figure 4.8.
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(a) WW process. (b) WZ process.

(c) ZZ process.

Figure 4.8: Comparison of the mT2 distributions between the nominal diboson samples
forWW 4.8(a),WZ 4.8(b) and ZZ 4.8(c) processes and the systematic variations used
in the theoretical uncertainties estimation. A preliminary event selection is considered,
with the request of mT2 > 60 GeV.

In order to account for the effects due to the choice of the generator, the nominal
Powheg diboson samples are compared with Sherpa diboson samples, having a dif-
ferent matrix element calculation and parton shower simulation. Since Sherpa samples
are classified using the final state composition, they do not allow the differentiation of
the WW , WZ and ZZ processes, so it is not possible to separate the three processes
and to perform the normalization as done for the Powheg sample. Sherpa DF events
are then normalized to Powheg WW+WZ+ZZ in CR-WW, where the WZ and ZZ
contributions are small, obtaining a scale factor µDF. Sherpa SF events are normal-
ized to Powheg WW+WZ+ZZ in CR-VZ, where the WW contribution is small,
obtaining a scale factor µSF.
To account for a different composition in each region, a scale factor weighted (µw) with
the region fraction of WW , N(WW ), and WZ or ZZ, generically N(V Z), events is
defined as follows:

µw =
µDF ·N(WW ) + µSF ·N(V Z)

N(WW +WZ + ZZ)
. (4.18)

This obtained scale factor is then applied to the corresponding Sherpa yield. The final
uncertainty is computed as

σVV
syst.[%] =

N(Powheg)−N(Sherpa)

N(Powheg)
. (4.19)
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Region CR-WW CR-VZ CR-top

Observed events 962 811 321

Fitted backgrounds 962± 31 811± 28 321± 18

Fitted WW

Fitted WZ

Fitted ZZ
Fitted tt̄
Fitted single top
Other backgrounds
FNP leptons

670± 60

11.8± 0.7

0.29± 0.06

170± 50

88± 8

0.17± 0.06

21± 8

19.1± 1.9

188± 7

577± 23

1.8± 1.3

0.65± 0.35

19± 7

5+6
−5

5.5± 2.7

0.32± 0.15

−
270± 16

38.6± 2.6

2.21± 0.20

4.2± 2.2

Simulated WW

Simulated WZ

Simulated ZZ
Simulated tt̄
Simulated single top

528

9.9

0.24

210

107

15.1

158

487

2.2

0.8

4.3

0.27

−
327

46.7

Transfer Factors 1.25± 0.11 1.18± 0.05 0.82± 0.06

Table 4.11: Observed event yields and predicted background yields from the fit in the
CRs. For backgrounds with a normalization extracted from the fit, the yield expected
from the simulation before the fit is also shown. “Other backgrounds” include the non-
dominant background sources, i.e. tt̄+V , Higgs boson and Drell–Yan events. A “–”
symbol indicates that the background contribution is negligible. Transfer factors are
also reported [1].

4.11 Background-Only Fit results

The results of the background-only fit are discussed in this Section. Three transfer
factors are obtained from the fit: µWW for the WW process, µV Z for the WZ and
ZZ processes and µt for tt̄ and single-top-quark productions. They are reported in Ta-
ble 4.11 for the three CRs, together with the observed data, the predicted background
yields after the normalization procedure, the non-normalized background expected
yields and the expected MC yields for the normalized backgrounds.
The distributions of mT2 in CR-VZ and CR-top and of Emiss

T in CR-WW are shown
in Figure 4.9. The shapes of the kinematic distributions are well reproduced by the
simulation in each CR. In addition to the background predictions and observed events,
three signal samples are overlaid for comparison, each one representative of the corre-
sponding SUSY model considered in the analysis.
Figure 4.10 shows the final estimate for the free parameters considered in the background-
only fit, while the correlation matrix between the transfer factors and the nuisance
parameters of the likelihood fit is shown in Figure 4.11. Both figures show no evidence
of anomaly in the normalization procedure.
Concerning Validation Regions, the number of observed events and the predicted back-
ground yields after the normalization procedure in each VR are shown in Table 4.12,
together with the expected non-normalized background yields. For backgrounds with a
normalization extracted from the fit, the expected yield from simulated samples before
the fit is also shown. Figure 4.12 shows a selection of kinematic distributions for data
and the estimated SM backgrounds in the VRs; good agreement is observed overall.
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Figure 4.9: Distributions of mT2 in 4.9(a) CR-VZ and 4.9(b) CR-top and 4.9(c) Emiss
T

in CR-WW for data and the estimated SM backgrounds. The normalization factors
extracted from the corresponding CRs are used to rescale the tt̄, single-top-quark,
WW , WZ and ZZ backgrounds. The FNP lepton background is calculated using the
data-driven matrix method. Negligible background contributions are not included in
the legends. The uncertainty band includes systematic and statistical errors from all
sources and the final bin in each histogram includes the overflow. Distributions for
three benchmark signal points are overlaid for comparison. The lower panels show the
ratio of data to the SM background estimate [1].

In addition to the background predictions and observed events, three different sig-
nal samples are overlaid for comparison, each one representative of the corresponding
SUSY model considered in the analysis. Finally, Figure 4.13 shows the results of the
background-only fit in all the VRs and good agreement, within about one standard
deviation, is observed for all of them.
Concerning the validation with the three lepton selection, Figure 4.14 shows the mT2

distributions of the pseudo-twoLep events after the normalization procedure, in case
of electron-muon and di-muon events. The observed data and Monte Carlo predictions
agree within 1σ.
After extrapolating the transfer factors to the SRs, the results of the background-only
fit in the CRs together with the observed data in the binned SRs are shown in Fig-
ure 4.15, where each bin of the histogram corresponds to one of the exclusive SRs.
Figure 4.16 shows the mT2 distribution for the data and estimated Standard Model



110 4. Analysis strategy, results and interpretations

α
1− 0.5− 0 0.5 1

_syst_wt_DSα
_syst_ttbar_showα

_syst_ttbar_radα
_syst_ttbar_genα

_syst_VV_genα
_syst_VV_PDFα

_fakesSystα
_Renormalization_VVα

_PRW_systα
_MUON_EFF_TrigSystUncertaintyα
_MUON_EFF_TrigStatUncertaintyα

_MUON_EFF_RECO_SYSα
_MUON_EFF_RECO_STATα

_MUON_EFF_ISO_SYSα
_MUON_EFF_ISO_STATα

_MUONS_SagRhoα
_MUONS_SagRebα
_MUONS_SCALEα

_MUONS_MSα
_MUONS_IDα

_MET_ScaleUpα
_MET_ScaleDownα

_MET_ResoPerpα
_MET_ResoParaα

_JET_SingleParticle_HighPtα
_JET_PunchThrough_MC16α
_JET_Pileup_RhoTopologyα

_JET_Pileup_PtTermα
_JET_Pileup_OffsetNPVα

_JET_Pileup_OffsetMuα
_JET_MassRes_WZα

_JET_MassRes_Topα
_JET_MassRes_Hbbα

_JET_JvtEfficiencyα
_JET_JER_EffectiveNP_9α
_JET_JER_EffectiveNP_8α
_JET_JER_EffectiveNP_7α
_JET_JER_EffectiveNP_6α
_JET_JER_EffectiveNP_5α
_JET_JER_EffectiveNP_4α
_JET_JER_EffectiveNP_3α
_JET_JER_EffectiveNP_2α

_JET_JER_EffectiveNP_12restTermα
_JET_JER_EffectiveNP_11α
_JET_JER_EffectiveNP_10α

_JET_JER_EffectiveNP_1α
_JET_JER_DataVsMCα

_JET_Flavor_Responseα
_JET_Flavor_Compositionα

_JET_EtaIntercalibration_TotalStatα
_JET_EtaIntercalibration_NonClosure_posEtaα
_JET_EtaIntercalibration_NonClosure_negEtaα

_JET_EtaIntercalibration_NonClosure_highEα
_JET_EtaIntercalibration_Modellingα

_JET_EffectiveNP_Statistical6α
_JET_EffectiveNP_Statistical5α
_JET_EffectiveNP_Statistical4α
_JET_EffectiveNP_Statistical3α
_JET_EffectiveNP_Statistical2α
_JET_EffectiveNP_Statistical1α
_JET_EffectiveNP_Modelling4α
_JET_EffectiveNP_Modelling3α
_JET_EffectiveNP_Modelling2α
_JET_EffectiveNP_Modelling1α

_JET_EffectiveNP_Mixed3α
_JET_EffectiveNP_Mixed2α
_JET_EffectiveNP_Mixed1α

_JET_EffectiveNP_Detector2α
_JET_EffectiveNP_Detector1α

_JET_Comb_Tracking_Kinα
_JET_Comb_TotalStat_Kinα

_JET_Comb_Modelling_Kinα
_JET_Comb_Baseline_Kinα

_JET_BJES_Responseα
_Factorization_VVα

_FT_EFF_extrapolation_from_charmα
_FT_EFF_extrapolationα

_FT_EFF_Lightα
_FT_EFF_Cα
_FT_EFF_Bα

_EL_EFF_TRIGα
_EL_EFF_RECOα

_EL_EFF_ISOα
_EL_EFF_IDα
_EG_SCALEα

_EG_RESα
_CRtop_cuts_bin_0γ

_CRWW_cuts_bin_0γ
_CRVZ_cuts_bin_0γ

Lumi
_ttbarµ
_WWµ

_VZµ

µ / γ0 0.5 1 1.5 2

Figure 4.10: Final estimate of the fit parameters. No profiling is observed: all nuisance
parameters related to the systematic uncertainties (labeled with an α_ prefix) are
centered in 0 with an error close to 1. The nuisance parameters related to the statistical
uncertainties in CRs (labeled with γ) have values centered in 0 with an uncertainty
compatible to the statistical uncertainties associated to the CR.

0.2−

0

0.2

0.4

0.6

0.8

1

h_corr_reduced

al
ph

a_
E

G
_S

C
A

LE

al
ph

a_
F

T
_E

F
F

_B

al
ph

a_
JE

T
_E

ffe
ct

iv
eN

P
_M

od
el

lin
g1

al
ph

a_
JE

T
_F

la
vo

r_
C

om
po

si
tio

n

al
ph

a_
JE

T
_F

la
vo

r_
R

es
po

ns
e

al
ph

a_
JE

T
_P

ile
up

_R
ho

T
op

ol
og

y

al
ph

a_
M

E
T

_R
es

oP
ar

a

al
ph

a_
M

E
T

_S
ca

le
D

ow
n

al
ph

a_
M

E
T

_S
ca

le
U

p

al
ph

a_
fa

ke
sS

ys
t

al
ph

a_
sy

st
_V

V
_g

en

al
ph

a_
sy

st
_t

tb
ar

_g
en

al
ph

a_
sy

st
_t

tb
ar

_r
ad

al
ph

a_
sy

st
_t

tb
ar

_s
ho

w

ga
m

m
a_

st
at

_C
R

V
Z

_c
ut

s_
bi

n_
0

ga
m

m
a_

st
at

_C
R

W
W

_c
ut

s_
bi

n_
0

ga
m

m
a_

st
at

_C
R

to
p_

cu
ts

_b
in

_0

m
u_

V
Z

m
u_

W
W

m
u_

ttb
ar

mu_ttbar

mu_WW

mu_VZ

gamma_stat_CRtop_cuts_bin_0

gamma_stat_CRWW_cuts_bin_0

gamma_stat_CRVZ_cuts_bin_0

alpha_syst_ttbar_show

alpha_syst_ttbar_rad

alpha_syst_ttbar_gen

alpha_syst_VV_gen

alpha_fakesSyst

alpha_MET_ScaleUp

alpha_MET_ScaleDown

alpha_MET_ResoPara

alpha_JET_Pileup_RhoTopology

alpha_JET_Flavor_Response

alpha_JET_Flavor_Composition

alpha_JET_EffectiveNP_Modelling1

alpha_FT_EFF_B

alpha_EG_SCALE

-0.10 -0.13 -0.16 -0.20 0.14 -0.13 0.14 -0.15 0.12 -0.10 -0.12 -0.02 0.01 -0.00 0.00 0.00 -0.22 -0.02 -0.38 1.00

0.06 0.08 0.10 0.13 -0.09 0.08 -0.09 0.10 -0.08 -0.11 0.04 0.64 -0.29 0.20 0.00 -0.14 0.07 -0.03 1.00 -0.38

-0.00 -0.00 0.06 0.16 -0.07 0.06 -0.01 -0.06 -0.00 -0.18 -0.00 -0.06 0.04 -0.00 -0.26 0.01 -0.00 1.00 -0.03 -0.02

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 -0.00 0.00 1.00 -0.00 0.07 -0.22

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 -0.00 0.00 -0.00 -0.00 -0.00 0.00 1.00 0.00 0.01 -0.14 0.00

-0.00 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 0.00 -0.00 -0.00 -0.00 0.00 -0.00 1.00 0.00 -0.00 -0.26 0.00 0.00

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 -0.00 0.00 1.00 -0.00 -0.00 0.00 -0.00 0.20 -0.00

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 -0.00 0.00 0.00 1.00 0.00 0.00 -0.00 0.00 0.04 -0.29 0.01

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 1.00 0.00 -0.00 -0.00 -0.00 0.00 -0.06 0.64 -0.02

-0.00 -0.00 -0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 1.00 0.00 0.00 0.00 -0.00 0.00 -0.00 -0.00 0.04 -0.12

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 1.00 -0.00 0.00 -0.00 0.00 -0.00 -0.00 0.00 -0.18 -0.11 -0.10

-0.00 -0.00 -0.00 -0.00 0.00 -0.00 0.00 -0.00 1.00 -0.00 0.00 -0.00 -0.00 -0.00 0.00 -0.00 -0.00 -0.00 -0.08 0.12

0.00 0.00 0.00 0.00 -0.00 0.00 -0.00 1.00 -0.00 0.00 -0.00 0.00 0.00 0.00 -0.00 0.00 0.00 -0.06 0.10 -0.15

-0.00 -0.00 -0.00 -0.00 -0.00 -0.00 1.00 -0.00 0.00 -0.00 0.00 -0.00 -0.00 -0.00 0.00 -0.00 -0.00 -0.01 -0.09 0.14

0.00 0.00 0.00 0.00 -0.00 1.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.08 -0.13

-0.00 -0.00 -0.00 -0.00 1.00 -0.00 -0.00 -0.00 0.00 -0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.07 -0.09 0.14

0.00 0.00 0.00 1.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.13 -0.20

0.00 0.00 1.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.10 -0.16

0.00 1.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 0.08 -0.13

1.00 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 0.06 -0.10

h_corr_reduced

Figure 4.11: Correlation matrix between the transfer factors and the nuisance param-
eters of the likelihood fit. Only non-zero correlation values are shown.

backgrounds for events in the most inclusive SRs. Along with the background predic-
tions and observed events, three signal samples are overlaid for comparison, each one
belonging to one of the three different SUSY model considered in the analysis.
No significant deviation from the SM expectations is observed in any of the SRs con-
sidered, as shown in Figures 4.15 and 4.16.
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Regions VR-WW-0J VR-WW-1J VR-VZ VR-top-low VR-top-high VR-top-WW

Observed events 2742 2671 464 190 50 953

Fitted backgrounds 2760± 120 2840± 250 420± 40 185± 17 53± 7 850± 80

Fitted WW

Fitted WZ

Fitted ZZ
Fitted tt̄
Fitted single top
Other backgrounds
FNP leptons

1550± 150

34.2± 2.0

0.50± 0.06

790± 110

336± 32

0.92± 0.30

44± 23

990± 120

27.0± 2.3

0.39± 0.07

1400± 270

380± 40

2.1± 0.5

38± 21

17.6± 2.2

99± 9

268± 25

10.5± 3.2

2.2± 1.4

21+27
−21

0.2+2.1
−0.2

2.1± 0.7

0.05+0.17
−0.05

−
157± 15

24.3± 2.6

0.28± 0.06

2.3± 1.4

2.6± 1.4

0.2+0.6
−0.2

−
40± 7

4.6± 1.4

3.20± 0.20

1.8± 0.5

16.1± 2.5

0.53± 0.13

0.01+0.03
−0.01

650± 70

182± 15

0.39± 0.11

−

Simulated WW

Simulated WZ

Simulated ZZ
Simulated tt̄
Simulated single top

1230

28.8

0.42

960

406

790

22.8

0.33

1700

462

14.0

84

226

13

2.6

1.6

0.04

−
190

29.4

2.0

0.1

−
49

5.6

12.8

0.45

0.01

790

220

Table 4.12: Observed event yields and predicted background yields in the VRs. For
backgrounds with a normalization extracted from the fit in the CRs, the yield expected
from the simulation before the fit is also shown. “Other backgrounds” include the non-
dominant background sources, i.e. tt̄+V , Higgs boson and Drell–Yan events. A ‘–’
symbol indicates that the background contribution is negligible [1].

After performing the likelihood fit, a summary of the impact of the systematic uncer-
tainties on the background yields in the inclusive SRs with mT2 > 100 GeV is shown
in Table 4.13. The dominant sources of systematic uncertainty are related to theoreti-
cal uncertainties in the MC modelling, with values up to 8%, while the largest source
of experimental uncertainties are related to the jet energy scale (JES) and resolution
(JER), but both below 4% of uncertainty in each inclusive SR. Systematic uncertain-
ties on the signal acceptance and shape, due to scale and parton shower variations, are
found to be negligible.
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Figure 4.12: Distributions of mT2 in 4.12(a) VR-top-low and 4.12(b) VR-top-high,
Emiss

T in 4.12(c) VR-WW-0J and 4.12(d) VR-WW-1J, and Emiss
T significance in 4.12(e)

VR-VZ and 4.12(f) VR-top-WW, for data and the estimated SM backgrounds. The
normalization factors extracted from the corresponding CRs are used to rescale the
tt̄, single-top-quark, WW , WZ and ZZ backgrounds. The FNP lepton background is
calculated using the data-driven matrix method. Negligible background contributions
are not included in the legends. The uncertainty band includes systematic and statis-
tical errors from all sources and the last bin includes the overflow. Distributions for
three benchmark signal points are overlaid for comparison. The lower panels show the
ratio of data to the SM background estimate [1].
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Figure 4.13: The upper panel shows the observed number of events in each of the VRs
defined in Table 4.9, together with the expected SM backgrounds obtained after the
background-only fit in the CRs. The shaded band represents the total uncertainty in
the expected SM background. The lower panel shows the corresponding significance [1,
216].
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(b) Muon-Muon events.

Figure 4.14: Distributions of mT2 for the diboson Monte Carlo samples and data
pseudo-twoLep events after the normalization procedure for the validation using the
three lepton selection. The electron-muon 4.14(a) and di-muon 4.14(b) channels are
shown. Statistical and systematic uncertainties are included.

4.12 Exclusion Fit results

In absence of a statistically significant excess in any of the SRs considered, limits
can be calculated both on the SUSY models under study and, more generally, on the
presence of BSM physics processes.
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Figure 4.15: The upper panel shows the observed number of events in each of the SRs
defined in Table 4.5, together with the expected SM backgrounds obtained after the
background-only fit in the CRs. The shaded band represents the total uncertainty in
the expected SM background. The lower panel shows the corresponding significance [1,
216].

4.12.1 Model-Dependent upper limits

The CLs prescription is used to exclude the signal+background hypothesis for each
of the signal models shown in Figure 1.8; exclusion limits at 95% CL are set on the
masses of chargino, neutralino and sleptons. These limits are obtained including the
exclusive SRs and the CRs in the simultaneous likelihood fit. For the models involving
chargino pair production, both the SF and DF SRs are included in the fit, whilst for
testing the direct slepton production only the SF SRs are included.
In the mass parameter space of the simplified model considered, an exclusion plot
can be obtained, where all mass values with CLs lower than 0.05 are included in the
contour and are, therefore, excluded. The results are shown in Figure 4.17.
In the model of direct chargino pair production with decays via W bosons with a
massless χ̃0

1, χ̃
±
1 masses up to 420 GeV are excluded at 95% CL. In the model of direct

chargino pair production with decays via sleptons or sneutrinos with a massless χ̃0
1,

χ̃±1 masses up to 1 TeV are excluded at 95% CL. Finally, in the model of direct slepton
pair production with a massless χ̃0

1, slepton masses up to 700 GeV are excluded at 95%
CL.
For direct slepton production, exclusion limits are also set for selectrons and smuons
separately, by including only the di-electron and di-muon SF SRs in the likelihood
fit, respectively. These are shown in 4.18 for single slepton species ẽL, ẽR, µ̃L and µ̃R,
along with combined limits for mass-degenerate ẽL,R and µ̃L,R.
The observed limit for ˜̀L is shown on the exclusion plot for chargino pair production
with slepton-mediated decays in Figure 4.17(b) for comparison. However, since there
is no strong dependence of the sensitivity on the slepton mass hypothesis for a broad
range of slepton masses [75], these results are applicable for many models not excluded
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Figure 4.16: Distributions of mT2 in 4.16(a) SR-SF-0J, 4.16(b) SR-SF-1J, 4.16(c) SR-
DF-0J and 4.16(d) SR-DF-1J, for data and the estimated SM backgrounds. The nor-
malization factors extracted from the corresponding CRs are used to rescale the tt̄,
single-top-quark,WW ,WZ and ZZ backgrounds. The FNP lepton background is cal-
culated using the data-driven matrix method. Negligible background contributions are
not included in the legends. The uncertainty band includes systematic and statistical
errors from all sources and the last bin includes the overflow. Distributions for three
benchmark signal points are overlaid for comparison. The lower panels show the ratio
of data to the SM background estimate [1].

by the direct slepton limits.

4.12.2 Model-Independent upper limits

The inclusive SRs can be used to set upper limits on BSM physics, independently
from the three SUSY model considered. For this purpose, a dummy signal with no
associated error can be injected in a likelihood for each of the inclusive SRs: the
observed yield in the SR is a fit constraint and the dummy signal yield in the SR a
free parameter. Then, the number of signal events Ns is varied and, given the total
background estimates with their errors and the observed data, the number of signal
events (S95

obs) needed to the dummy signal to be excluded at 95% CL is evaluated. This
information, together with the CLs prescription, is used to set model-independent
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Region SR-DF-0J SR-DF-1J SR-SF-0J SR-SF-1J
mT2 [GeV] ∈ [100,∞) ∈ [100,∞) ∈ [100,∞) ∈ [100,∞)

Total background expectation 96 75 144 124

MC statistical uncertainties
WW normalisation
V Z normalisation
tt̄ normalisation
Diboson theoretical uncertainties
Top theoretical uncertainties
Emiss

T modelling
Jet energy scale
Jet energy resolution
Pile-up reweighting
b-tagging
Lepton modelling
FNP leptons

3%

7%

< 1%

1%

7%

7%

1%

2%

1%

< 1%

< 1%

1%

1%

3%

6%

< 1%

2%

7%

8%

1%

3%

2%

1%

2%

1%

1%

2%

4%

1%

< 1%

4%

3%

< 1%

2%

1%

< 1%

< 1%

1%

1%

3%

3%

1%

1%

3%

6%

2%

2%

2%

< 1%

1%

3%

1%

Total systematic uncertainties 15% 12% 8% 10%

Table 4.13: Summary of the dominant systematic uncertainties in the background
estimates in the inclusive SRs requiring mT2 > 100 GeV after performing the profile
likelihood fit. The individual uncertainties can be correlated, and do not necessarily
add in quadrature to the total background uncertainty. The percentages show the
size of the uncertainty relative to the total expected background. “Top theoretical
uncertainties” refers to tt̄ theoretical uncertainties and the uncertainty associated with
Wt–tt̄ interference added in quadrature [1].

upper limits at 95% CL on the visible signal cross-section13 σ0.95
obs of BSM processes,

computed as the ratio between S95
obs and the integrated luminosity used in the analysis.

It is also possible to evaluate the expected upper limit on the number S95
exp of signal

events considering the Ns value needed to have an expected CLs lower than 0.05.
The observed (S0.95

obs ) and expected (S0.95
exp ) limits at 95% CL on the numbers of events

from processes beyond the SM in the inclusive SRs, together with σ0.95
obs , are reported

in Tables 4.14 and 4.15 for the DF and SF inclusive SRs, respectively, alongside the
observed events and the total background predictions. The p0-values are also provided
and they represent the probability of the SM background alone to fluctuate to the
observed number of events or higher. They are capped at p0 = 0.50.
Finally, Figures 4.19, 4.20, 4.21 and 4.22 show the scan on the number of signal events
for the inclusive SRs in order to obtain the upper limits S0.95

obs and S0.95
exp .

13It is defined as the product of the cross-section σ of the process, the reconstruction efficiency εSR
in the SRs and the acceptance A of the kinematic cuts in the SR. εSR is defined as Nreco/Ntruth, i.e.
the ratio between the number of reconstructed signal events, Nreco, and the number of signal events
at truth level, Ntruth. A is defined as Ntruth/Ngen, with Ngen being the total number of generated
events.
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Figure 4.17: Observed and expected exclusion limits on SUSY simplified models
for chargino-pair production with 4.17(a) W -boson-mediated decays and 4.17(b)
slepton/sneutrino-mediated decays, and 4.17(c) for slepton-pair production [1]. In Fig-
ure 4.17(b) all three slepton flavours (ẽ, µ̃, τ̃) are considered, while only ẽ and µ̃ are
considered in Figure 4.17(c). The observed (solid thick line) and expected (thin dashed
line) exclusion contours are indicated. The upper shaded band corresponds to the ±1σ
variations in the expected limit, including all uncertainties except theoretical uncer-
tainties in the signal cross-section. The dotted lines around the observed limit illustrate
the change in the observed limit as the nominal signal cross-section is scaled up and
down by the theoretical uncertainty. The blue line in 4.17(b) corresponds to the ob-
served limit for ˜̀L projected into this model for the chosen slepton mass hypothesis
(slepton masses midway between the mass of the chargino and that of the χ̃0

1). All
limits are computed at 95% CL. The observed limits obtained by ATLAS in previous
searches are also shown (lower shaded areas) [75, 76].
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Figure 4.18: Observed and expected exclusion limits on SUSY simplified models
for 4.18(a) direct selectron production and 4.18(b) direct smuon production [1]. In
Figure 4.18(a) the observed (solid thick lines) and expected (dashed lines) exclusion
contours are indicated for combined ẽL,R and for ẽL and ẽR. In Figure 4.18(b) the
observed (solid thick lines) and expected (dashed lines) exclusion contours are indi-
cated for combined µ̃L,R and for µ̃L and µ̃R. All limits are computed at 95% CL. The
observed limits obtained by ATLAS in previous searches are also shown in the shaded
areas [76].

(a) mT2 > 100 GeV (b) mT2 > 160 GeV

(c) mT2 ∈ [100, 120) GeV (d) mT2 ∈ [120, 160) GeV

Figure 4.19: Scan on a dummy signal used for the estimation of the upper limits on
the visible cross-section in the inclusive region SR-DF-0J. The observed CLs, CLb and
CLs+b are reported, alongside the expected CLs with the associate ±1σ and ±2σ error
bands.
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Region SR-DF-0J SR-DF-0J SR-DF-0J SR-DF-0J
mT2 [GeV] ∈ [100,∞) ∈ [160,∞) ∈ [100, 120) ∈ [120, 160)

Observed events 95 21 47 27

Fitted backgrounds 96± 15 18.8± 2.4 45± 9 33± 5

Fitted WW

Fitted WZ

Fitted ZZ
Fitted tt̄
Fitted single top
Other backgrounds
FNP leptons

76± 10

1.53± 0.17

0.00+0.19
−0.00

13± 7

3.7± 2.0

0.24± 0.08

1.8± 0.6

18.2± 2.4

0.40± 0.07

0.14± 0.03

−
−

0.07± 0.02

−

29± 4

0.66± 0.11

0.06+0.23
−0.06

11± 6

3.3± 1.8

0.08± 0.02

1.4± 0.4

29± 4

0.47± 0.07

< 0.04

2.1± 1.2

0.42± 0.25

0.09± 0.05

0.47± 0.17

S0.95
obs

S0.95
exp

σ0.95
obs [fb]

p0

34.1

35.2+13.9
−10.0

0.24

0.50

12.7

11.0+4.9
−3.2

0.09

0.33

23.8

22.8+9.1
−6.5

0.17

0.44

11.8

15.1+6.3
−4.5

0.08

0.50

Region SR-DF-1J SR-DF-1J SR-DF-1J SR-DF-1J
mT2 [GeV] ∈ [100,∞) ∈ [160,∞) ∈ [100, 120) ∈ [120, 160)

Observed events 75 15 38 22

Fitted backgrounds 75± 9 15.1± 2.7 39± 6 21.3± 2.8

Fitted WW

Fitted WZ

Fitted ZZ
Fitted tt̄
Fitted single top
Other backgrounds
FNP leptons

48± 8

1.54± 0.21

0.08± 0.01

20± 7

2.8± 1.4

0.80± 0.13

2.2± 0.6

13.4± 2.6

0.53± 0.12

0.07+0.24
−0.07

0.09± 0.03

−
0.25± 0.05

0.71± 0.16

17.7± 2.6

0.43± 0.09

< 0.04

17± 6

2.6± 1.3

0.19± 0.10

0.87± 0.29

17.1± 2.8

0.59± 0.11

0.01± 0.00

2.4± 0.9

0.21± 0.13

0.34± 0.04

0.59± 0.16

S0.95
obs

S0.95
exp

σ0.95
obs [fb]

p0

25.1

25.3+10.3
−7.2

0.18

0.50

10.2

10.3+4.6
−3.0

0.07

0.50

16.8

17.6+7.3
−5.1

0.12

0.50

12.3

11.9+5.2
−3.3

0.09

0.45

Table 4.14: Observed event yields and predicted background yields from the fit for the
DF inclusive SRs. The model-independent upper limits at 95% CL on the observed and
expected numbers of beyond-the-SM events S0.95

obs/exp and on the effective beyond-the-
SM cross-section σ0.95

obs are also shown. The ±1σ variations on S0.95
exp are also provided.

The last row shows the p0-value of the SM-only hypothesis. For SRs where the data
yield is smaller than expected, the p0-value is capped at 0.50. “Other backgrounds”
include the non-dominant background sources, i.e. tt̄+ V , Higgs boson and Drell–Yan
events. A “–” symbol indicates that the background contribution is negligible [1].
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Region SR-SF-0J SR-SF-0J SR-SF-0J SR-SF-0J
mT2 [GeV] ∈ [100,∞) ∈ [160,∞) ∈ [100, 120) ∈ [120, 160)

Observed events 147 37 53 57

Fitted backgrounds 144± 12 37.3± 3.0 56± 6 51± 5

Fitted WW

Fitted WZ

Fitted ZZ
Fitted tt̄
Fitted single top
Other backgrounds
FNP leptons

73± 8

10.8± 0.8

38.6± 2.6

13± 4

2.4± 1.4

2.1± 1.5

5.4± 1.4

18.1± 2.1

3.08± 0.27

13.8± 1.0

−
−

0.10+0.33
−0.10

2.2± 0.4

27.6± 3.0

3.55± 0.29

11.1± 0.8

11± 4

2.2± 1.3

0.2+1.4
−0.2

1.1± 0.6

27± 4

4.2± 0.5

13.7± 1.5

1.9± 0.7

0.15± 0.09

1.76± 0.30

2.0± 0.5

S0.95
obs

S0.95
exp

σ0.95
obs [fb]

p0

35.5

33.6+13.6
−9.3

0.25

0.44

14.3

14.5+6.3
−4.2

0.10

0.50

17.8

20.0+8.1
−5.6

0.13

0.50

23.5

18.7+7.8
−5.3

0.17

0.25

Region SR-SF-1J SR-SF-1J SR-SF-1J SR-SF-1J
mT2 [GeV] ∈ [100,∞) ∈ [160,∞) ∈ [100, 120) ∈ [120, 160)

Observed events 120 29 55 36

Fitted backgrounds 124± 12 36± 5 48± 8 40± 4

Fitted WW

Fitted WZ

Fitted ZZ
Fitted tt̄
Fitted single top
Other backgrounds
FNP leptons

48± 6

13.4± 1.1

22.2± 1.8

16± 8

3.3± 1.7

11.1± 4.0

10.3± 1.5

14.1± 2.1

5.2± 0.6

9.1± 1.1

0.07+0.10
−0.07

−
5.6± 2.1

1.80± 0.34

18.1± 2.4

3.62± 0.33

4.8± 0.5

14± 7

2.6± 1.4

1.7+2.4
−1.7

3.1± 0.6

16.0± 2.2

4.7± 0.5

8.2± 0.9

1.6± 0.8

0.7± 0.4

3.8± 1.3

5.3± 0.7

S0.95
obs

S0.95
exp

σ0.95
obs [fb]

p0

30.6

33.5+13.3
−9.3

0.22

0.50

11.2

15.3+6.5
−4.5

0.08

0.50

27.3

21.9+9.0
−6.2

0.19

0.26

12.6

15.5+6.5
−4.2

0.09

0.50

Table 4.15: Observed event yields and predicted background yields from the fit for the
SF inclusive SRs. The model-independent upper limits at 95% CL on the observed and
expected numbers of beyond-the-SM events S0.95

obs/exp and on the effective beyond-the-
SM cross-section σ0.95

obs are also shown. The ±1σ variations on S0.95
exp are also provided.

The last row shows the p0-value of the SM-only hypothesis. For SRs where the data
yield is smaller than expected, the p0-value is capped at 0.50. “Other backgrounds”
include the non-dominant background sources, i.e. tt̄+ V , Higgs boson and Drell–Yan
events. A “–” symbol indicates that the background contribution is negligible [1].
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(a) mT2 > 100 GeV (b) mT2 > 160 GeV

(c) mT2 ∈ [100, 120) GeV (d) mT2 ∈ [120, 160) GeV

Figure 4.20: Scan on a dummy signal used for the estimation of the upper limits on
the visible cross-section in the inclusive region SR-DF-1J. The observed CLs, CLb and
CLs+b are reported, alongside the expected CLs with the associate ±1σ and ±2σ error
bands.
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(a) mT2 > 100 GeV (b) mT2 > 160 GeV

(c) mT2 ∈ [100, 120) GeV (d) mT2 ∈ [120, 160) GeV

Figure 4.21: Scan on a dummy signal used for the estimation of the upper limits on
the visible cross-section in the inclusive region SR-DF-0J. The observed CLs, CLb and
CLs+b are reported, alongside the expected CLs with the associate ±1σ and ±2σ error
bands.
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(a) mT2 > 100 GeV (b) mT2 > 160 GeV

(c) mT2 ∈ [100, 120) GeV (d) mT2 ∈ [120, 160) GeV

Figure 4.22: Scan on a dummy signal used for the estimation of the upper limits on
the visible cross-section in the inclusive region SR-DF-1J. The observed CLs, CLb and
CLs+b are reported, alongside the expected CLs with the associate ±1σ and ±2σ error
bands.





Chapter 5

Current and future developments

The analysis described so far in this thesis targets a phase space characterized by a
medium/high Emiss

T , Emiss
T significance and mT2 in the SR definition, aiming to search

for SUSY evidences in events at high-mT2 values, mainly located in the tails of the
variable distribution.
However, from the exclusion contours shown in Figure 4.17 it is evident the “com-
pressed region” close to the diagonals m(χ̃

±
1 )−m(χ̃

0
1) = m(W ) is not excluded by the

cut&count and shape fit combined approach used in the analysis.
Then, new developments of this analysis have already started in the context of the
second round of ATLAS SUSY searches with the Run II data collected at LHC, to
target chargino pair production with χ̃±1 − χ̃0

1 mass splittings near the electroweak
scale, using non-conventional approaches. This chapter will provide a glance at some
preliminary aspects of the analysis setup, which have been mostly developed by me.
In particular, I was responsible of the signal generation and generation, as well as
MultiVariate Analysis design and implementation.

5.1 Signal samples

As in the first round of analysis, the SUSY models considered are the ones reported
in Figure 1.8, but the following sections will focus on the chargino production with
W -boson-mediated decays.
An important difference with respect to the already described analysis is the choice of
the Monte Carlo generator for the new signal samples. Previously, MadGraph5_aMC@NLO
generator interfaced to Pythia was used, being the mass differences between chargino
and neutralino larger than 100 GeV. In analogy with the previous generation, the sig-
nal samples for this second analysis round are generated from leading-order matrix
elements with up to two additional partons using MadGraph5_aMC@NLO v2.6.2.,
but both charginos were decayed using MadSpin1 [233]. In fact, while the decay of
the chargino into a virtual W boson and the subsequent leptonic decay should be
performed within MadGraph (since Pythia does not treat spin correlation and the
angular distributions of the final states appropriately), when including spin correlation
and off-shell effects it is not possible to perform the full decay chain within Mad-
Graph, since the procedure is very CPU and time consuming, therefore not feasible
when several millions of events have to be generated. Instead, MadSpin is able to keep

1MadSpin is implemented as a generic tool in the MadGraph framework.
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a reasonable timescale while ensuring a good accuracy in terms of spin correlation2

and off-shell effects3.
Finally, these new signal samples, organized in order to probe a vast region of the com-
pressed mass-parameter space, are arranged in a new grid, shown in Figure 5.1, and
divided in two different areas: “compressed points” with m(χ̃

±
1 ) −m(χ̃

0
1) < 100 GeV

highlighted in green, where the majority of W bosons are expected to be in the off-
shell regime and for which MadSpin is used in generation, and “connection points”,
highlighted in red and still not excluded or on the edge of the current exclusion,
whose main purpose is the creation of a connection belt between the contour shown in
Figure 4.17(a) and the new signal grid. MadSpin does not apply to signal points high-
lighted in red. MadGraph with MadSpin is interfaced with Pythia 8.212 [192], with
the A14 tune for the modelling of the SUSY decay chain, parton showering, hadroniza-
tion and the description of the underlying event. Parton luminosities are provided by
the NNPDF2.3LO PDF set.
As in the previous signal generation, the decay χ̃±1 →Wχ̃0

1 is assumed to happen with
100% branching ratio, while the Standard ModelW decays into leptons with the usual
branching ratios.

Figure 5.1: The new signal grid for the chargino pair production with W -boson-
mediated decays: the points in the compressed region are marked with green stars,
while the ones marked with red stars are generated in order to establish a continuity
with the grid used for the previous analysis and keeping in mind the exclusion contour
shown in Figure 4.17(a).

The second important difference with respect to the signal grid used in the previously
described analysis is the choice of the filter to be applied at the generator level. The

2Many theories beyond the Standard Model predict the existence of unstable particles (or reso-
nances) at TeV scale; they are not observed directly, but they iniziate a cascade of decays (the so-called
decay branch) ending up with particles which may be observed in the detector. Such processes lead
to a rich phenomenology, because the spin of the heavy resonances and the type of couplings to other
fields imply non-trivial angular corrections among the final state particles inside a given decay branch
(decay spin correlation effects) or among the particles from distinct decay brances (production spin
correlation effects).

3The off-shell effects imply that the masses of some external particles in the undecayed event
with some specific kinematics are altered, requiring to modify the external momenta in such a way
that energy and momentum are still conserved. This modification is sometimes called momentum
reshuffling.
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role of the filter is to introduce a minimal event selection during the generation pro-
cess, but avoiding any bias in the generated sample; this prevents the assignment of
abnormally high normalization event weights to the events surviving the analysis se-
lection due to the limited statistics of inclusive samples, at the same time reducing the
statistical error.
In the signal samples described in Section 4.2.1, a filter requiring the existence in each
event of at least two leptons in the final state (electrons or muons, directly coming
from the off-shell W or from τ decays) with pT > 8 GeV and |η| < 2.8 is applied.
This filter choice is referred to as 2L8 and it was adopted coherently with the choice of
dilepton triggers, with pT > 25 GeV offline threshold on both lepton in the analysis.
However, leptons in the low mass-splitting region are expected to be softer, which
makes the approach used in the previous analysis not suitable. Two alternatives have
been taken into account.
The first alternative is to use of an Emiss

T -based filter requiring Emiss
T > 100 GeV

(m100), which is a quite conventional approach in exploring compressed signatures.
In order to test m100, two different signal points, with m(χ̃

±
1 , χ̃

0
1) = (125, 100) GeV

and m(χ̃
±
1 , χ̃

0
1) = (175, 150) GeV have been generated with 2L8 and m100 filters to

compare their effectiveness in these low mass-splittings scenarios. Then, loose offline
cuts on the filtered events have been defined thinking of the trigger selection to be
perfomed on these samples, i.e. dilepton triggers (as reported in Table 4.2) for 2L8
and Emiss

T triggers (whose thresholds are around 100 GeV) for m100, leading to: two
opposite sign leptons with pT > 25 GeV for 2L8 and Emiss

T > 250 GeV for m100.
The most important difference observed between the two filters, together with the pre-
viously defined offline cuts, comes from the jet multiplicity in the event, as shown in
Figure 5.2.
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Figure 5.2: Distribution of the jet multiplicity for two generated “compressed” signal
points, comparing a lepton (2L8) and a Emiss

T -based (m100) filter; the offline cuts
associated are reported in the text.

The distribution of the jet multiplicity for 2L8-filtered samples is shown with the solid
lines and it is peaked at low values of jet multiplicity, as expected from the final state
signature under study (also considering the possible presence of an ISR/FSR jet). On
the opposite, the m100-filtered samples are shown with dashed lines and the corre-
sponding distributions tend to have higher values, since the Emiss

T cut select events
with ISR/FSR jets which, boosting the chargino system, are responsible of the higher-
Emiss

T values. Then, finally, m100 induces a bias on the filtered events which would
reduce them drastically with respect to the expected signal signature.
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The second alternative consists in looking forward to a trigger selection based on single
lepton triggers, which allows for an offline asymmetric pT selection: the leading lepton
pT may have a higher threshold requested, while a very loose one can be applied on
the subleading lepton.
For this reason, two other filters have been compared: one requires at least one lepton
with pT > 20 GeV (1L20), while the latter at least two soft lepton with pT > 3 GeV
in a logical AND with the condition of at least one hard lepton with pT > 20 GeV
(1L202L3). A common request of |η| < 2.8 is also applied to the lepton.
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Figure 5.3: Kinematic distributions at truth level comparing two filters, 2L8 and
1L202L3, and two MadGraph versions using the same offline selection p`1T > 30 GeV

and p`2T > 10 GeV for the signal point m(χ̃
±
1 , χ̃

0
1) = (150, 50) GeV.

An offline selection requiring p`1T > 30 GeV and p`2T > 10 GeV is applied. Some kine-
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matic distributions are shown in Figure 5.3 to compare the two filters (and also 2L8
applied to two different MadGraph versions, v2.6.1 and v2.6.2) for the signal point
m(χ̃

±
1 , χ̃

0
1) = (150, 50) GeV.

Filter Selection [GeV] Yield

2L8 p
`1,2
T > 25 6.30± 0.57

p`1T > 30 and p`2T > 10 23.04± 1.10

1L20 p`1T > 30 and p`2T > 10 24.59± 0.89

p`1T > 30 and p`2T > 5 36.82± 1.09

1L202L3 p`1T > 30 and p`2T > 10 22.14± 0.63

p`1T > 30 and p`2T > 5 33.57± 0.78

Table 5.1: Comparison of 2L8, 1L20 and 1L202L3 filters after generating 10000 events
per each filter for the very compressed point m(χ̃

±
1 , χ̃

0
1) = (200, 190), representative of

the minimum mass splitting in the new grid.

As it can be observed in Table 5.1, the 2L8 filter with the preliminary selection
pT > 25 GeV on both leptons (the request performed in the previous analysis) has a
limited acceptance in this so-compressed scenario. For the three filters with the selec-
tion p`1T > 30 GeV and p`2T > 10 GeV, as expected, the same numbers of events survive
within errors, but 1L202L3 is the best choice because of the higher offline selection
efficiency, which results in a reduced statistical uncertainty on the final selected event
yield. Although the requirements p`1T > 30 GeV and p`2T > 5 GeV cannot be applied in
case of the 2L8 filter, the situation is different for the other two possible choices: the
aforementioned selection results in a relevant gain (∼ 30%) if compared to the one
with a 10 GeV threshold on the subleading lepton pT, with 1L202L3 ensuring a lower
statistical error, as expected.
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Figure 5.4: Comparison of the lepton flavour coming from the leptonic W boson de-
cays with the 1L20 and 1L202L3 filters. The latter shows a reduced contribution of
hadronically decaying τ -leptons.

Moreover, looking at the truth origin of the leptons, hadronically decaying τ -leptons
are significantly rejected by requiring the presence of a second lepton in the filter def-
inition, alongside imposing a minimal cut on its pT, as in 1L202L3 filter and shown in
Figure 5.4.
Such motivations have justified the submission of the official request of the signal grid
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shown in Figure 5.1 for the chargino production with W -boson-mediated decays in the
compressed region asking for the application of a 1L202L3 filter in generation.
Accordingly to this choice, the implemented trigger selection is based on the lowest
unprescaled single lepton trigger items, as shown in Table 5.2.

5.2 MultiVariate Analysis approach

Nowadays the crucial need to extract as much information as possible from data
coming from several fields, especially when searching for rare events in large datasets,
leads to use multivariate classification methods based on machine learning algorithms.
Tuning and combining multivariate classifiers to gain in performance has become a
fundamental ingredient in analizing data in recent years.
In general, a classification problem corresponds to a discretized regression problem,
where a regression is the process of estimating the parameter values of a function
which, in turn, predicts the value of a response variable or function, the classifier4.
The process depends on a set of input variables which are provided to the algorithm.
For instance, a typical regression problem is the estimation of a calorimeter cluster
energy starting from the individual electromagnetic cell energies. This problem is not
trivial, becoming much more complicated in case of a multi-dimensional parameter
space.
All multivariate techniques may be included in the more general family of supervised
learning algorithms. They make use of training events, for which the output is well-
known, to determine a mapping function either describing a decision boundary (in
case of a classification task) or an approximation of the underlying functional behavior
defining the target values (for a regression task). The mapping function can include
various degrees of approximation and may be a single, global function or a set of local
models.
For a classification problem of events into the two standard signal and background
categories, the best choice of the decision boundary relies on the knowledge of the pdf
associated with the null Hb and the alternative Hs+b hypotheses. Unfortunately, in
a real-world problem these quantities are unknown, hence the need to approximate
them with some other functions. Monte Carlo simulations are, therefore, used to have
an estimation of the probability density functions for signal and background event
category. Of course, an accurate Monte Carlo tuning to reproduce the real data is an
absolutely essential condition to ensure the reliability of the entire procedure.
A typical analysis, using a multivariate approach to classify events in the “signal” and
“background” categories, needs two main steps which are described below.

• Training : this is the “learning” phase, where the chosen algorithm uses events
which are known to belong to signal or background to determine the mapping
function. Simulated events are split in two statistically independent subcate-
gories:

– training events, which are used to estimate the mapping function, as well
as a region where emphasizing separation of signal from background;

– testing events, used to validate the mapping function determined by the
training ones on a statistically independent sample.

4Classifiers can be a mono- or multi-dimensional quantities.
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Event Topology
(channel) Triggers

Electron

2015

HLT_e24_lhmedium_L1EM20VH
− 1e± with ET > 24 GeV, medium likelihood identification
− Seeded by L1 trigger requiring one EM clusters with
ET > 20 GeV
HLT_e60_lhmedium
− 1e± with ET > 60 GeV, medium likelihood identification
HLT_e120_lhloose
− 1e± with ET > 120 GeV, loose likelihood identification

2016

HLT_e24_lhtight_nod0_ivarloose
− 1e± with ET > 24 GeV, tight likelihood identification
− No transverse impact parameter cut applied
− Loose isolation criteria applied
HLT_e140_lhloose_nod0

2016- − 1e± with ET > 140 GeV, loose likelihood identification
2017- − No transverse impact parameter cut applied
2018 HLT_e300_etcut

− 1e± with ET > 300 GeV, no likelihood identification
HLT_e26_lhtight_nod0_ivarloose
− 1e± with ET > 26 GeV, tight likelihood identification
− No transverse impact parameter cut applied

2017- − Loose isolation criteria applied

2018 HLT_e60_lhmedium_nod0
− 1e± with ET > 60 GeV, medium likelihood identification
− No transverse impact parameter cut applied

Muon

2015

HLT_mu20_iloose_L1MU15
− 1µ± with pT > 20 GeV
− Loose isolation criteria applied
− Seeded by L1 trigger requiring 1µ± with pT > 15 GeV

2015- HLT_mu40
2016 − 1µ± with pT > 40 GeV
2015- HLT_mu60_0eta105_msonly
2017- − 1µ± with pT > 60 GeV
2018 − Muon Spectrometer standalone chain, barrel region

2016

HLT_mu24_ivarloose
− 1µ± with pT > 24 GeV
− Loose isolation criteria applied
HLT_mu24_ivarmedium
− 1µ± with pT > 24 GeV
− Medium isolation criteria applied
HLT_mu26_ivarmedium

2016- − 1µ± with pT > 26 GeV
2017- − Medium isolation criteria applied
2018 HLT_mu50

− 1µ± with pT > 50 GeV

Table 5.2: Preliminary list of single lepton trigger items used in the second round
of the analysis. Due to the compressed scenarios targeted, alongside the increase of
instantaneous luminosity and pile-up conditions during Run II, higher pT thresholds
or tighter trigger requests have been applied on the leading lepton.

• Application: this is the subsequent classification of any given event (or sample,
e.g. in data) into signal or background categories, exploiting the mapping func-
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tion determined in the training.

In order to rely on the application results, an accurate validation of the training pro-
cedure plays a crucial role, mainly guaranteeing the subsequent reproducibility of the
training results with any unknown sample. The following tests deserve a particular
mention.

• Overtraining : it occurs when a machine learning problem has too few degrees
of freedom, deriving from the introduction in the algorithm of too many model
parameters which are, then, adjusted to too few data points. The sensitivity to
the overtraining depends on the chosen algorithm (or, more generically, machine
learning method) and on the available event statistics available for the training.
In general, the overtraining has the effect that the classification performance mea-
sured on the training sample is different (higher) than the one really achievable
on an independent generic sample.

• Kolmogorov-Smirnov test : this test is based on the maximum difference between
an empirical, cumulative distribution function of a sample x [234] P̃n(x) and
the model distribution function P (x), representative of the null hypothesis H0:
P̃n(x) = P (x). The test statistic is the maximum distance between these distri-
butions

Dn = sup
x
|P̃n(x)− P (x)| (5.1)

The smaller the distance Dn, the better the agreement between P̃n and P , point-
ing to the acceptance of H0. In the specific case, the two functions are the clas-
sifier distributions for the training and testing samples and this test is used to
verify the null hypothesis, i.e. the two distributions belong to the same parent
distribution. An important feature of the Kolmogorov-Smirnov test is that the
two samples of events are treated in separated ways, without any interference,
since an internal division between training and testing samples is performed at
the beginning of the classification procedure.

• Receiver Operating Characteristic (ROC): it quantifies the performance of the
classification and it usually shows the true positive rate (signal efficiency) versus
the false positive rate, as they result from the different trainings. In a signal-
background classification, it usually reports the background rejection as a func-
tion of the signal efficiency.

5.2.1 Software tools

In this section a short description of the software packages used to implement
a, still preliminary, MVA approach in the search for chargino production with W -
boson-mediated decays in the low mass-splitting region, is presented. The Toolkit for
MultiVariate Analysis [160] (Tmva) provides a general environment, integrated in the
Root computing framework, for the processing, parallel evaluation and application of
multivariate classification and regression techniques. The software package consists of
abstract, object-oriented implementations in C++/Root for a broad range of mul-
tivariate analysis methods, as well as auxiliary tools for performance evaluation and
visualization. In order to make available in Tmva additional external methods, PyMVA
is the interface, based on Python, to powerful external libraries, easily accessible with



5.2. MultiVariate Analysis approach 133

a direct integration into the Tmva workflow.
The framework to train the machine learning classifier chosen to distinguish between
Standard Model background and signal is based on an artificial Deep Neural Network
(DNN) built with the python library Keras [235] with the Theano [236] backend
and the Adam [237] optimizer. Although this method is not directly included in Tmva
framework, the training and predictions steps of the Keras python package are inter-
faced to it, so that the entire procedure can be done within the Tmva environment:
a model must be generated with Keras first, then it can be loaded and trained in
the Tmva framework. It is important to stress that the decision to use this external
method has been taken after a detailed investigation about the discrimination powers
of several BDT [238] methods. They are directly available in Tmva and often used
in other analysis; after comparing them with Keras, it has been noticed being more
performing in terms of signal-background discrimination. As an example, a direct com-
parison is performed in Table 5.5, after the explanation of the technique adopted for
this kind of analysis.

5.2.2 Monte Carlo samples

The background samples in this analysis are mostly the same as the ones reported
in Section 4.2.2, the only difference being the usage of diboson samples (VV) generated
with Sherpa v2.2.1 or v2.2.2 [200] generators, depending on the process. Fully leptonic
and semileptonic final states are generated using matrix element at NLO accuracy in
QCD for up to one additional parton and at LO accuracy for up to three additional
parton emission. Samples for the loop-induced processes gg → V V are generated us-
ing LO-accurate matrix elements for up to one additional parton emission for both
cases of fully leptonic and semileptonic final states. The matrix element calculations
are matched and merged with the Sherpa parton shower based on Catani-Seymour
dipole [239, 240] using the MEPS@NLO prescription [241–244]. The virtual QCD cor-
rection are provided by the Open-Loops library [245, 246]. The NNPDF3.0NNLO set
of PDF is used [194], along with the dedicated set of tuned parton-shower parameters
developed by the Sherpa authors.
In order to train the method using as much statistics as possible, a few privately gener-
ated truth signal samples, m(χ̃

±
1 , χ̃

0
1) = (150, 100), (200, 100) and (200, 150) GeV hav-

ing one million of events each5, have been used. In these samples a smearing procedure
is applied on the truth events, using a framework which is based on dedicated smearing
functions, all derived from detailed studies by the ATLAS performance groups. From
these studies, the parametrizations of reconstruction and identification efficiencies in
ATLAS are determined. Energies of truth objects are smeared with a Gaussian term
using a standard deviation corresponding to the energy resolution of the detector, with
a dependence on pT, η and on the reconstructed physics object type. The smearing is
applied on all key objects of the analysis at generator level. Preliminary studies have
shown that the relevant (for the analysis) kinematic distributions of the signals gener-
ated, as just described, are in reasonable agreement with the ones of the corresponding
signals generated with the standard simulation procedure, as shown in Figure 5.5 for
the signal point m(χ̃

±
1 , χ̃

0
1) = (200, 100) GeV.

5In big collaborations for high energy particle physics research, such high statistics cannot be
requested without an appropriate or dedicated justification.
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(a) Emiss
T significance (b) mT2

Figure 5.5: Distributions of Emiss
T significance 5.5(a) and mT2 5.5(b) for the recon-

structed signal point m(χ̃
±
1 , χ̃

0
1) = (200, 100) GeV and the truth-smeared one. The

enlarged preselection p`1T > 30 GeV, p`2T > 25 GeV, m`1`2 > 11 GeV, mT2 > 65 GeV,
S > 3 is applied.

5.2.3 Analysis setup

The general object definitions mostly resemble the ones reported in Section 4.4,
although the optimization is still in progress. Concerning the trigger to select the
events, as already discussed, the major difference is the adoption of single lepton trigger
strategy. This choice implies the usage of a different preliminary event selection with
respect to the one described in Section 4.5.1. Exactly two opposite charged leptons
are required, the leading one with pT > 30 GeV, while the subleading one with pT >
9 GeV. This last cut is not optimal, since the general idea in this analysis is to target
softer subleading leptons to increase the signal acceptance for low mass splittings.
However, the background samples currently used in this analysis have a dedicated
and minimal selection on the leptons, corresponding to the threshold applied to the
subleading lepton. The production of Monte Carlo samples with suitable cuts for this
analysis is under investigation.

Variable Cut value

Number of signal leptons = 2
Lepton charge OS

Leading lepton pT [GeV] > 30
Subleading lepton pT [GeV] > 9
Invariant Mass m`1`2 [GeV] > 11

Number of central b-jets = 0
Number of central light jets = 0

| cos θ∗`1`2 | < 0.8

Emiss
T [GeV] > 30

S > 3

Table 5.3: Preliminary cuts in the event selection for the compressed analysis.

To avoid contributions from low-mass resonances, the invariant mass of the two leptons
must bem`1`2 > 11 GeV. Events are further required to have no reconstructed b-jet and
no central light jet. cos θ∗`1`2 ≡ tanh[(η`1−η`2)/2] is an interesting variable [247], being
sensitive to the polar angle in direct slepton pair production. Moreover, it is invariant
under boosts along the beam axis, therefore it can be used despite the fact that the
longitudinal boost of the centre-of-mass frame cannot be determined. On this variable,
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the cut | cos θ∗`1`2 | < 0.8 is applied, in order to ensure a reasonably good modelling of
the Standard Model background. No separate optimization is performed for Different
and Same lepton Flavour, but in case of Same Flavour events |m`1`2−mZ | > 20 GeV is
requested (Z veto). Minimal requirements are applied on Emiss

T and Emiss
T significance

in order to reduce Z+jets contribution: Emiss
T > 30 GeV and S > 3. This set of

preliminary cuts is summarized in Table 5.3.
The truth-smeared sample of the signal pointm(χ̃

±
1 , χ̃

0
1) = (200, 150) GeV, assumed as

a benchmark point, has been trained against the full background. A list of 14 variables,
including several angular-related quantities, have been chosen as input variables for
the training phase:

• leading and subleading lepton pT;

• dilepton invariant mass m`1`2 ;

• Emiss
T and Emiss

T significance;

• stransverse mass mT2;

• leading and subleading lepton η;

• absolute difference between the two lepton φ-coordinates: ∆φ12 ≡ |φ`1 − φ`2 |;

• absolute difference between the lepton φ-coordinates and the φ-component of the
missing transverse momentum: ∆φmiss

`(1,2)
≡ |φ`(1,2)

− φmiss
T |;

• lepton transverse mass: m
`(1,2)

T ≡
√

2p
`(1,2)

T Emiss
T [1− cos(φ`(1,2)

− φmiss
T )];

• cos θ∗`1`2 .

Figure 5.6 shows some input variable distributions at the preliminary event selection
level. It is important to stress that the FNP contamination is not taken into account
in these distributions, since it is expected to be evaluated later with a data-driven
method.
The training is performed on 70% of all background events, while the residual 30% is
defined as the test set. Table 5.4 shows the relevant settings of the neural network.

Parameter Setting

Number of layers 3
Activation function relu [248]

Learning rate Default
Weight initialization Glorot normal [249]

Batch size 32 [250]
Batch normalization [251] Yes

Table 5.4: Properties and parameters of the neural network.

After the training phase, the goodness and reliability of the training itself can be
roughly evaluated through the two plots in Figure 5.7. Figure 5.7(a) shows the clas-
sifier distributions for signal and background events for training and testing samples.
By Tmva convention, signal (background) events accumulate at large (small) classifier
values. Hence, retaining events with classifier values larger than a given cut selects
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Figure 5.6: Distributions of some kinematic variables used as input for the machine
learning algorithm at the preliminary event selection level. The uncertainty band in-
cludes statistical errors only. Distribution of the truth-smeared signal point is overlaid
for comparison. The lower panel show the ratio of data to the SM background estimate.
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the signal with efficiencies/purities that, respectively, decrease/increase with increas-
ing the cut value. The resulting background rejection versus signal efficiency is shown
in Figure 5.7(b) which reports the Receiver Operating Characteristic curve.
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Figure 5.7: Standard test distributions to evaluate the training.

The results of the training phase, i.e. the mapping function definition, are stored
in a weight file which is used to classify any unknown (from Monte Carlo or, in
the future stages of the analysis, from data) given event as signal or background.
For each Monte Carlo sample in the analysis a resulting distribution of the classi-
fier output is produced starting from this weight file. The further step is the defini-
tion of the best cut on the classifier value which maximizes the significance function
(RooStats::NumberCountingUtils::BinomialExpZ) [216, 252, 253]. Due to the pres-
ence in the present samples of few off-shell Z+jets events with large weights associated,
the resulting overall significance and sensitivity in the SF channel are severely harmed.
Nevertheless, the Different Flavour channel looks promising, as shown in Figure 5.8.
The cuts applied are the ones reported in Table 5.3, with the best cut on the classi-
fier value. The achieved significance is shown in case of an additional 0% or 20% flat
systematic uncertainty is applied, on top of the statistical one. Table 5.5 shows the
best cut on classifier value and the corresponding significance, alongside the signal and
dominant background event yields in both cases. The bottom part of the table also
reports the results obtained using a BDT classifier without any optimization on the
internal parameters of the method, but with the same preliminary event selection and
training variables used for the DNN. This consistent comparison supports the choice
of a DNN as primary analysis tool.
General and specific improvements are under evaluation at this stage of the analy-
sis, other signal points are needed in order to perform new trainings according to
∆m(χ̃

±
1 , χ̃

0
1) and the significance through the full new signal grid must be evaluated.

However the usage of machine learning algorithms could be promising in the search
for chargino pair production with W -boson-mediated decays in a compressed scenario,
where the analysis described in Chapter 4, based on the cut&count and shape fit
combined approach, did not show sensitivity.
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Figure 5.8: Distribution of the classifier for the Monte Carlo backgrounds and the
truth-smeared benchmark signal sample overlaid. Only DF events are shown, after the
preliminary selection. The uncertainties are statistical only. The achievable significance,
as a function of the cut on the classifier value, is also reported, both in case of no
systematic uncertainty applied (middle panel) and in case of a 20% flat systematic
included (bottom panel).
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0% systematic uncertainty 20% systematic uncertainty

DNN (PyKeras)

Classifier cut 0.54 0.65
Significance 3.53 1.66

Background yields
Wt: 13.4± 1.3 Wt: 6.96± 0.97
tt̄: 40.7± 1.6 tt̄: 18.74± 1.14
V V : 40.0± 2.0 V V : 18.05± 1.29

Signal yield 39.5± 0.4 22.60± 0.32

BDT

Classifier cut 0.02 –
Significance 0.60 –

Background yields

Wt: 3277.7± 21.3 –
tt̄: 6492.8± 20.3 –

V V : 23742.9± 56.7 –
Z+jets: 2763.0± 185.0 –

Signal yield 165.7± 0.9 –

Table 5.5: Best cuts on classifier value, in case of applying an additional 0% or 20% flat
systematic uncertainty, and the related significance. Signal and dominant background
yields after the cuts are also reported. A comparison between a DNN and a BDT is
shown: because of the poor performance of the latter method, only the case with 0%
flat systematic uncertainty is reported.





Conclusions

This thesis describes the search for the electroweak pair production of charginos and
sleptons. The analysis strategy is optimized to study the decay of the lightest chargino
into an on-shell W boson and the lightest neutralino (assumed to be the LSP). The
signature of the final state requires two isolated, opposite in charge, highly energetic
leptons (electron or muons) coming from the decay of the W bosons and large values
of missing transverse energy. At least one light jet is allowed in the final state.
The analysis results are interpreted in two other SUSY scenarios: the search for the
direct production of lightest-chargino pairs, where each chargino decays into a slepton
via the emission of a lepton and the slepton itself decay into a lepton and the LSP;
and the search of direct pair production of sleptons, where each slepton decays into
a lepton and the LSP. Different assumptions about the masses of the superpartners
of the left-handed and right-handed charged leptons are considered. Lepton flavour
is conserved in all processes. The interpretation of the results is based on simplified
models for all processes.
The search is performed on data collected in LHC proton-proton collisions from 2015
to 2018, the entire LHC Run II operating period, by the ATLAS experiment at√
s = 13 TeV, resulting in an integrated luminosity of 139 fb−1 .

The irreducible Standard Model diboson background, particularly the WW compo-
nent, makes this search challenging because of its similarity with the signal models un-
der study. The analysis strategy is mainly driven by the usage of high stransverse mass
values, alongside hard cuts on missing transverse energy and significance. Two sets of
mT2-based Signal Regions are defined: exclusive Signal Regions, optimized through the
maximization of the exclusion limits with a shape fit strategy adopted, and inclusive
Signal Regions, optimized to maximize the probability to discover physics processes
beyond the Standard Model.
The main background contributions in these regions are diboson and top-quark pro-
duction. They are carefully evaluated using a semi-data-driven estimation relying on
dedicated Control Regions, in order to normalize the Monte Carlo predictions to the
observed data through a likelihood fit procedure. The extracted transfer factors are,
then, validated in suitably defined Validation Regions before being applied to the Sig-
nal Regions.
No statistically significant excess is observed in none of the Signal Regions after the
fit. Therefore, the exclusive Signal Regions are used to calculate exclusion limits in
the [m(χ̃

±
1 , ˜̀),m(χ̃

0
1)] mass plane. In the model of direct chargino pair production with

W -boson-mediated decays, chargino masses up to 420 GeV are excluded for a massless
lightest neutralino. In the scenario of direct chargino pair production with decays via
sleptons or sneutrinos, chargino masses up to 1 TeV are excluded for a massless lightest
neutralino. In the model of direct slepton pair production, slepton masses up to 700
GeV are excluded for a massless lightest neutralino. All exclusion limits are computed
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at 95% Confidence Level. These results significantly extend the previous exclusion
limits for the same scenarios. Furthermore, upper limits on the visible cross-section of
possible Beyond Standard Model physics are also calculated.
This analysis has been described, and its results reported, in the paper: Search for
electroweak production of charginos and sleptons decaying into final states with two
leptons and missing transverse momentum in

√
s = 13 TeV pp collisions using the

ATLAS detector. It has been published on European Physics Journal C [1] on Febru-
ary 2020.
The strategy used in this analysis is optimized to target signals with intermediate/large
(≥ W mass) splitting between the chargino and the lightest neutralino masses and, in
general, for intermediate/large chargino and slepton masses. It does not show sensi-
tivity in the region close to the diagonal m(χ̃

±
1 )−m(χ̃

0
1) ' m(W ), leaving this “com-

pressed” region a perfect target for a new round of analysis, which has already started.
A new set of signal models in the compressed region is ready to be investigated with a
MultiVariate analysis approach. Preliminary results obtained using machine learning
techniques are encouraging.



Appendix A

Additional details on the FNP
estimation

The reducible background of fake-and-non-prompt leptons is derived using a data-
driven technique called Matrix Method. Additional details concerning the estimation
of fake rate and real efficiencies are given here, completing the description provided in
Section 4.7.1.

A.1 Real efficiency

The real efficiency is calculated as a function of pT and η in a dedicated Control
Region extrated from Z → `±`∓, defined by requiring two opposite charged leptons
with an invariant mass within 10 GeV from the Z peak. Figure A.1 shows the pT
distributions for loose electrons and muons in this region, separated per data taking
campaign. As expected, the region is totally dominated by leptons from Z decays.
The corresponding real efficiencies extracted from data are shown in Figure A.2: they
are calculated using the bidimensional dependence on both pT and η, considering each
data taking campaign separately when estimating the fake lepton background.

A.2 Fake rate

The fake rate for leptons come from different sources: decay of Light-Flavoured
(LF) and Heavy-Flavoured (HF) hadrons and Photon Conversions (CO). All these
sources share a common (pT, η) dependence and individual contributions are combined
together into a global weighted-averaged fake rate, given by

ftot(pT, η) =
∑
i

fi(pT, η)wi(pT, η), (A.1)

with the index i running over the different types considered, each component having
an efficiency fi. The weight wi reflects the relative amount of each fake source in a
signal-like region; this fraction is estimated after applying the preliminary event selec-
tion of the analysis in a set of regions as a function of mT2.
The mT2-dependence on the fake composition is shown in the upper panels of Fig-
ure A.3, as an example, for opposite charged electron-muon events in four different
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(a) Loose electrons (Data 2015-2016) (b) Loose muons (Data 2015-2016)

(c) Loose electrons (Data 2017) (d) Loose muons (Data 2017)

(e) Loose electrons (Data 2018) (f) Loose muons (Data 2018)

Figure A.1: pT distributions for the Loose electrons (left) and muons (right) in the
Control Region used for the real efficiency estimation. The distribution are divided
per data taking campaign.

regions; the lower panel indicates the main Monte Carlo processes contributing to the
fake leptons in each region for five different mT2 bins. They include preliminary event
selection cuts (p`1,2T > 25 GeV and m`1`2 > 25 GeV) and a b-jet veto, together with
additional cuts reported in each case.
The relative composition is used to compute the relatively importance of each fake
source, whilst the difference in the estimate for all the regions is considered as a source
of global uncertainty, i.e. for the estimation itself.
The three different sources of fake leptons have all the same importance for the elec-
tron fake rate estimate, while the decay of Heavy-Flavoured hadrons is the dominant
contribution in the fake rate for muons. For the latter category, the Monte Carlo truth
samples are used to subtract the contamination of real leptons in the dedicated Con-
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(a) Electrons (b) Muons

Figure A.2: The real efficiencies for electrons (left) and muons (right) as a function of
pT for the different data taking periods, compared with the efficiency from the total
Monte Carlo.

(a) Preliminary event selection (b) Central jet veto

(c) One central jet (d) Emiss
T significance S > 10

Figure A.3: Relative composition of the fake lepton sources (upper panel) and the
contributing Monte Carlo processes (lower panel) as a function of mT2 for opposite
charged electron-muon events. Four different regions are shown and, in addition to the
preliminary event selection (Table 4.4) and a b-jet veto, the cuts applied are indicated
in the relative caption.

trol Region. In absence of a Control Region pure enough in fake electrons from LF
hadron decays, the corresponding fake rate for this source is extracted using Monte
Carlo truth samples. Figure A.4 shows the final fake rate for electrons and muons.
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(a) CO fake rate. (b) LF fake rate.

(c) HF fake rate (Electrons). (d) HF fake rate (Muons).

Figure A.4: pT distributions of the final fake rates for electrons and muons. The cor-
responding fake lepton source is also reported.

A.3 Validation

The final fake estimate is validated in a region requiring two same charged sig-
nal leptons, where the contribution from FNP electrons is expected to dominate,
mT2 > 60 GeV, Z-peak (|m`1`2 −mZ | > 20 GeV) and b-jet vetoes. For same sign elec-
trons, the additional cut Emiss

T > 40 GeV is applied to reduce the contamination from
charge-flipping.
Figures A.5, A.6 and A.7 show the invariant mass, Emiss

T and mT2 distributions in
the di-electron, electron-muon and di-muon channels, respectively. Statistical and sys-
tematic uncertainties from the Matrix Methods are included. The predictions of the
method agree with the observed data within uncertainties.
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(a) Invariant mass

(b) Emiss
T

(c) mT2

Figure A.5: Validation distributions for the final fake estimation in the same sign
di-electron channel. Invariant mass, Emiss

T and mT2 distributions are shown.
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(a) Invariant mass

(b) Emiss
T

(c) mT2

Figure A.6: Validation distributions for the final fake estimation in the same sign
electron-muon channel. Invariant mass, Emiss

T and mT2 distributions are shown.
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(a) Invariant mass

(b) Emiss
T

(c) mT2

Figure A.7: Validation distributions for the final fake estimation in the same sign
di-muon channel. Invariant mass, Emiss

T and mT2 distributions are shown.
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Appendix B

Breakdown of systematic
uncertainties

Tables B.1, B.2, B.3, B.4, B.5, B.6 and B.7 report the breakdown of systematic
uncertainties in CRs, VRs and inclusive SRs after performing the background-only fit.
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Uncertainty of channel CR-top CR-WW CR-VZ

Total background expectation 321.00 961.87 811.00

Total statistical (
√
Nexp) ±17.92 ±31.01 ±28.48

Total background systematic ±17.91 [5.58%] ±31.00 [3.22%] ±28.48 [3.51%]

mu_ttbar ±21.45 [6.7%] ±18.24 [1.9%] ±0.17 [0.02%]
gamma_stat_CR-top_cuts_bin_0 ±4.65 [1.4%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_Flavor_Composition ±4.15 [1.3%] ±4.02 [0.42%] ±5.22 [0.64%]
alpha_JET_EffectiveNP_Modelling1 ±3.28 [1.0%] ±3.11 [0.32%] ±2.15 [0.26%]
alpha_MET_ScaleDown ±3.21 [1.00%] ±3.12 [0.32%] ±1.70 [0.21%]
alpha_JET_Flavor_Response ±3.05 [0.95%] ±2.85 [0.30%] ±2.42 [0.30%]
alpha_MET_ResoPara ±2.88 [0.90%] ±2.61 [0.27%] ±0.52 [0.06%]
alpha_FT_EFF_B ±2.69 [0.84%] ±2.63 [0.27%] ±0.03 [0.00%]
alpha_JET_Pileup_RhoTopology ±2.67 [0.83%] ±2.55 [0.27%] ±1.89 [0.23%]
alpha_syst_VV_gen ±2.59 [0.81%] ±0.01 [0.00%] ±0.03 [0.00%]
alpha_MET_ScaleUp ±2.56 [0.80%] ±2.48 [0.26%] ±0.25 [0.03%]
alpha_EG_SCALE ±2.19 [0.68%] ±2.00 [0.21%] ±0.03 [0.00%]
alpha_fakesSyst ±2.15 [0.67%] ±8.46 [0.88%] ±5.69 [0.70%]
alpha_MET_ResoPerp ±2.07 [0.65%] ±2.09 [0.22%] ±0.15 [0.02%]
alpha_JET_JER_EffectiveNP_3 ±1.52 [0.47%] ±1.65 [0.17%] ±1.33 [0.16%]
alpha_JET_Pileup_OffsetNPV ±0.98 [0.30%] ±0.78 [0.08%] ±1.10 [0.14%]
alpha_JET_JER_EffectiveNP_10 ±0.89 [0.28%] ±0.99 [0.10%] ±1.14 [0.14%]
alpha_PRW_syst ±0.88 [0.27%] ±0.88 [0.09%] ±0.99 [0.12%]
alpha_FT_EFF_Light ±0.78 [0.24%] ±0.72 [0.07%] ±0.05 [0.01%]
alpha_JET_JER_EffectiveNP_6 ±0.73 [0.23%] ±0.76 [0.08%] ±0.34 [0.04%]
alpha_EG_RES ±0.66 [0.21%] ±0.55 [0.06%] ±0.18 [0.02%]
alpha_JET_JER_EffectiveNP_1 ±0.65 [0.20%] ±0.71 [0.07%] ±0.73 [0.09%]
alpha_JET_JER_EffectiveNP_2 ±0.65 [0.20%] ±0.66 [0.07%] ±0.08 [0.01%]
alpha_JET_JER_EffectiveNP_11 ±0.63 [0.20%] ±0.63 [0.07%] ±0.02 [0.00%]
alpha_JET_Pileup_OffsetMu ±0.62 [0.19%] ±0.74 [0.08%] ±1.40 [0.17%]
alpha_MUONS_SCALE ±0.56 [0.17%] ±0.58 [0.06%] ±0.03 [0.00%]
mu_WW ±0.49 [0.15%] ±60.21 [6.3%] ±1.73 [0.21%]
alpha_JET_JER_EffectiveNP_5 ±0.44 [0.14%] ±0.41 [0.04%] ±0.93 [0.11%]
alpha_JET_JER_EffectiveNP_4 ±0.43 [0.13%] ±0.39 [0.04%] ±0.92 [0.11%]
alpha_JET_EffectiveNP_Mixed2 ±0.42 [0.13%] ±0.41 [0.04%] ±0.15 [0.02%]
alpha_MUONS_MS ±0.39 [0.12%] ±0.41 [0.04%] ±0.05 [0.01%]
alpha_JET_EffectiveNP_Statistical2 ±0.37 [0.12%] ±0.30 [0.03%] ±0.19 [0.02%]
alpha_JET_JvtEfficiency ±0.37 [0.11%] ±0.29 [0.03%] ±0.52 [0.06%]
alpha_syst_VV_PDF ±0.33 [0.10%] ±0.00 [0.00%] ±0.65 [0.08%]
alpha_JET_EffectiveNP_Mixed1 ±0.32 [0.10%] ±0.34 [0.04%] ±0.23 [0.03%]
alpha_JET_JER_EffectiveNP_9 ±0.28 [0.09%] ±0.28 [0.03%] ±0.50 [0.06%]
alpha_JET_EffectiveNP_Statistical1 ±0.26 [0.08%] ±0.26 [0.03%] ±0.04 [0.00%]
alpha_JET_EtaIntercalibration_TotalStat ±0.25 [0.08%] ±0.18 [0.02%] ±0.07 [0.01%]
alpha_EL_EFF_ISO ±0.24 [0.07%] ±0.39 [0.04%] ±0.17 [0.02%]
alpha_JET_Pileup_PtTerm ±0.21 [0.07%] ±0.25 [0.03%] ±0.87 [0.11%]
alpha_JET_EtaIntercalibration_Modelling ±0.19 [0.06%] ±0.01 [0.00%] ±1.28 [0.16%]
alpha_JET_JER_EffectiveNP_7 ±0.18 [0.06%] ±0.07 [0.01%] ±0.86 [0.11%]
alpha_JET_EffectiveNP_Detector1 ±0.17 [0.05%] ±0.16 [0.02%] ±0.28 [0.03%]
alpha_FT_EFF_C ±0.17 [0.05%] ±0.14 [0.01%] ±0.01 [0.00%]
alpha_JET_EffectiveNP_Modelling2 ±0.16 [0.05%] ±0.08 [0.01%] ±0.20 [0.02%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.13 [0.04%] ±0.27 [0.03%] ±0.05 [0.01%]
alpha_JET_EffectiveNP_Statistical6 ±0.12 [0.04%] ±0.10 [0.01%] ±0.14 [0.02%]
alpha_EL_EFF_ID ±0.11 [0.03%] ±0.09 [0.01%] ±0.22 [0.03%]
Lumi ±0.11 [0.03%] ±0.35 [0.04%] ±0.41 [0.05%]
alpha_MUONS_SagReb ±0.11 [0.03%] ±0.01 [0.00%] ±0.89 [0.11%]
alpha_MUONS_SagRho ±0.10 [0.03%] ±0.01 [0.00%] ±0.11 [0.01%]
alpha_MUON_EFF_RECO_SYS ±0.10 [0.03%] ±0.12 [0.01%] ±0.09 [0.01%]
alpha_JET_JER_DataVsMC ±0.10 [0.03%] ±0.17 [0.02%] ±0.67 [0.08%]
alpha_JET_EffectiveNP_Statistical5 ±0.07 [0.02%] ±0.05 [0.00%] ±0.17 [0.02%]
alpha_JET_JER_EffectiveNP_8 ±0.06 [0.02%] ±0.02 [0.00%] ±0.89 [0.11%]
alpha_Renormalization_VV ±0.05 [0.02%] ±0.10 [0.01%] ±0.08 [0.01%]
alpha_JET_EffectiveNP_Modelling3 ±0.05 [0.02%] ±0.03 [0.00%] ±0.17 [0.02%]
alpha_JET_EtaIntercalibration_NonClosure_posEta ±0.05 [0.02%] ±0.05 [0.01%] ±0.02 [0.00%]
alpha_JET_EffectiveNP_Detector2 ±0.04 [0.01%] ±0.04 [0.00%] ±0.00 [0.00%]
alpha_Factorization_VV ±0.03 [0.01%] ±0.33 [0.03%] ±0.25 [0.03%]
alpha_MUONS_ID ±0.03 [0.01%] ±0.04 [0.00%] ±0.09 [0.01%]
alpha_JET_EffectiveNP_Statistical4 ±0.02 [0.00%] ±0.04 [0.00%] ±0.16 [0.02%]
alpha_JET_EffectiveNP_Modelling4 ±0.02 [0.00%] ±0.02 [0.00%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Mixed3 ±0.01 [0.00%] ±0.01 [0.00%] ±0.00 [0.00%]
mu_VZ ±0.01 [0.00%] ±0.49 [0.05%] ±31.20 [3.8%]
alpha_FT_EFF_extrapolation ±0.01 [0.00%] ±0.01 [0.00%] ±0.00 [0.00%]
alpha_EL_EFF_RECO ±0.01 [0.00%] ±0.01 [0.00%] ±0.04 [0.00%]
alpha_JET_PunchThrough_MC16 ±0.01 [0.00%] ±0.01 [0.00%] ±0.01 [0.00%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.01 [0.00%] ±0.00 [0.00%] ±0.02 [0.00%]
alpha_MUON_EFF_ISO_STAT ±0.01 [0.00%] ±0.01 [0.00%] ±0.01 [0.00%]
alpha_JET_EffectiveNP_Statistical3 ±0.01 [0.00%] ±0.01 [0.00%] ±0.20 [0.02%]
alpha_MUON_EFF_TrigStatUncertainty ±0.00 [0.00%] ±0.02 [0.00%] ±0.04 [0.00%]
alpha_MUON_EFF_RECO_STAT ±0.00 [0.00%] ±0.00 [0.00%] ±0.02 [0.00%]
alpha_MUON_EFF_ISO_SYS ±0.00 [0.00%] ±0.00 [0.00%] ±0.04 [0.00%]
alpha_syst_wt_DS ±0.00 [0.00%] ±3.75 [0.39%] ±0.32 [0.04%]
alpha_syst_ttbar_rad ±0.00 [0.00%] ±16.84 [1.8%] ±0.70 [0.09%]
gamma_stat_CR-VZ_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±8.08 [1.00%]
gamma_stat_CR-WW_cuts_bin_0 ±0.00 [0.00%] ±8.38 [0.87%] ±0.00 [0.00%]
alpha_syst_ttbar_show ±0.00 [0.00%] ±11.68 [1.2%] ±0.24 [0.03%]
alpha_syst_ttbar_gen ±0.00 [0.00%] ±38.13 [4.0%] ±0.88 [0.11%]

Table B.1: Breakdown of the dominant systematic uncertainties on background esti-
mates in the CRs after the background-only fit. Note that the individual uncertainties
can be correlated and do not necessarily add up quadratically to the total background
uncertainty. The percentages show the size of the uncertainty relative to the total
expected background.
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Uncertainty of channel VR-WW-0J VR-WW-1J VR-VZ

Total background expectation 2755.03 2844.19 418.87

Total statistical (
√
Nexp) ±52.49 ±53.33 ±20.47

Total background systematic ±115.83 [4.20%] ±250.99 [8.82%] ±43.77 [10.45%]

mu_WW ±140.11 [5.1%] ±89.51 [3.1%] ±1.59 [0.38%]
mu_ttbar ±78.13 [2.8%] ±124.05 [4.4%] ±0.88 [0.21%]
alpha_syst_ttbar_gen ±65.68 [2.4%] ±215.60 [7.6%] ±1.86 [0.44%]
alpha_syst_VV_gen ±51.21 [1.9%] ±60.71 [2.1%] ±26.21 [6.3%]
alpha_syst_ttbar_show ±48.50 [1.8%] ±60.54 [2.1%] ±0.21 [0.05%]
alpha_JET_Flavor_Composition ±28.16 [1.0%] ±42.10 [1.5%] ±18.11 [4.3%]
alpha_fakesSyst ±22.65 [0.82%] ±21.33 [0.75%] ±2.08 [0.50%]
alpha_syst_VV_PDF ±17.35 [0.63%] ±18.22 [0.64%] ±4.62 [1.1%]
gamma_stat_VR-WW-0J_cuts_bin_0 ±14.37 [0.52%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_Flavor_Response ±14.30 [0.52%] ±8.07 [0.28%] ±6.42 [1.5%]
alpha_JET_Pileup_RhoTopology ±14.27 [0.52%] ±35.82 [1.3%] ±4.70 [1.1%]
alpha_MET_ResoPerp ±14.21 [0.52%] ±15.27 [0.54%] ±1.18 [0.28%]
alpha_JET_EffectiveNP_Modelling1 ±12.95 [0.47%] ±23.40 [0.82%] ±7.31 [1.7%]
alpha_MET_ScaleUp ±12.24 [0.44%] ±17.90 [0.63%] ±1.85 [0.44%]
alpha_FT_EFF_B ±11.71 [0.42%] ±123.56 [4.3%] ±0.17 [0.04%]
alpha_MET_ScaleDown ±10.66 [0.39%] ±14.72 [0.52%] ±6.31 [1.5%]
alpha_syst_wt_DS ±10.66 [0.39%] ±1.70 [0.06%] ±1.08 [0.26%]
alpha_syst_ttbar_rad ±7.53 [0.27%] ±19.65 [0.69%] ±2.12 [0.51%]
alpha_MET_ResoPara ±6.48 [0.24%] ±9.08 [0.32%] ±0.75 [0.18%]
alpha_JET_Pileup_OffsetNPV ±5.64 [0.20%] ±17.02 [0.60%] ±5.69 [1.4%]
alpha_JET_JER_EffectiveNP_2 ±4.58 [0.17%] ±11.25 [0.40%] ±8.90 [2.1%]
alpha_JET_JER_EffectiveNP_4 ±4.48 [0.16%] ±6.15 [0.22%] ±0.94 [0.22%]
alpha_MUONS_SagRho ±4.47 [0.16%] ±1.08 [0.04%] ±0.04 [0.01%]
alpha_MUONS_SagReb ±4.46 [0.16%] ±0.84 [0.03%] ±2.38 [0.57%]
alpha_Factorization_VV ±4.09 [0.15%] ±13.43 [0.47%] ±2.25 [0.54%]
alpha_JET_JER_EffectiveNP_5 ±4.02 [0.15%] ±7.45 [0.26%] ±0.57 [0.14%]
alpha_JET_JER_EffectiveNP_10 ±3.69 [0.13%] ±3.13 [0.11%] ±0.67 [0.16%]
alpha_Renormalization_VV ±3.54 [0.13%] ±17.98 [0.63%] ±0.06 [0.01%]
alpha_MUONS_SCALE ±3.49 [0.13%] ±2.43 [0.09%] ±0.43 [0.10%]
alpha_JET_JvtEfficiency ±2.97 [0.11%] ±7.84 [0.28%] ±0.40 [0.10%]
alpha_EG_SCALE ±2.81 [0.10%] ±0.49 [0.02%] ±2.22 [0.53%]
alpha_JET_JER_EffectiveNP_6 ±2.59 [0.09%] ±6.46 [0.23%] ±0.50 [0.12%]
alpha_JET_Pileup_PtTerm ±2.46 [0.09%] ±4.31 [0.15%] ±0.19 [0.04%]
alpha_JET_JER_EffectiveNP_11 ±2.16 [0.08%] ±2.24 [0.08%] ±4.17 [1.00%]
alpha_JET_EtaIntercalibration_Modelling ±2.00 [0.07%] ±16.58 [0.58%] ±4.87 [1.2%]
alpha_FT_EFF_Light ±1.94 [0.07%] ±13.48 [0.47%] ±0.03 [0.01%]
alpha_EG_RES ±1.93 [0.07%] ±2.69 [0.09%] ±0.77 [0.18%]
alpha_PRW_syst ±1.70 [0.06%] ±7.75 [0.27%] ±1.62 [0.39%]
mu_VZ ±1.41 [0.05%] ±1.12 [0.04%] ±14.99 [3.6%]
alpha_JET_JER_EffectiveNP_7 ±1.09 [0.04%] ±0.38 [0.01%] ±2.14 [0.51%]
alpha_MUONS_MS ±1.08 [0.04%] ±2.87 [0.10%] ±1.48 [0.35%]
alpha_JET_JER_EffectiveNP_1 ±1.06 [0.04%] ±1.35 [0.05%] ±7.10 [1.7%]
alpha_JET_JER_EffectiveNP_3 ±1.01 [0.04%] ±6.05 [0.21%] ±3.38 [0.81%]
alpha_JET_JER_DataVsMC ±0.79 [0.03%] ±0.29 [0.01%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Mixed1 ±0.78 [0.03%] ±1.70 [0.06%] ±0.40 [0.09%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.78 [0.03%] ±0.31 [0.01%] ±3.62 [0.86%]
Lumi ±0.75 [0.03%] ±0.68 [0.02%] ±0.36 [0.09%]
alpha_EL_EFF_ID ±0.73 [0.03%] ±1.54 [0.05%] ±0.49 [0.12%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.59 [0.02%] ±0.49 [0.02%] ±0.42 [0.10%]
alpha_JET_JER_EffectiveNP_8 ±0.43 [0.02%] ±0.45 [0.02%] ±1.19 [0.28%]
alpha_JET_Pileup_OffsetMu ±0.42 [0.02%] ±11.70 [0.41%] ±4.64 [1.1%]
alpha_JET_EtaIntercalibration_TotalStat ±0.35 [0.01%] ±5.32 [0.19%] ±1.89 [0.45%]
alpha_FT_EFF_C ±0.35 [0.01%] ±5.26 [0.18%] ±0.02 [0.00%]
alpha_JET_JER_EffectiveNP_9 ±0.35 [0.01%] ±1.64 [0.06%] ±1.55 [0.37%]
alpha_JET_EffectiveNP_Statistical6 ±0.32 [0.01%] ±1.04 [0.04%] ±0.42 [0.10%]
alpha_JET_EffectiveNP_Modelling2 ±0.23 [0.01%] ±5.52 [0.19%] ±0.57 [0.13%]
alpha_JET_EffectiveNP_Statistical1 ±0.21 [0.01%] ±1.91 [0.07%] ±0.47 [0.11%]
alpha_JET_EffectiveNP_Detector1 ±0.19 [0.01%] ±0.83 [0.03%] ±0.59 [0.14%]
alpha_EL_EFF_ISO ±0.18 [0.01%] ±1.96 [0.07%] ±1.13 [0.27%]
alpha_JET_EffectiveNP_Statistical3 ±0.18 [0.01%] ±1.24 [0.04%] ±0.09 [0.02%]
alpha_JET_EffectiveNP_Modelling4 ±0.13 [0.00%] ±0.02 [0.00%] ±0.13 [0.03%]
alpha_MUON_EFF_TrigStatUncertainty ±0.12 [0.00%] ±0.10 [0.00%] ±0.11 [0.03%]
alpha_JET_EffectiveNP_Statistical4 ±0.12 [0.00%] ±1.57 [0.06%] ±0.01 [0.00%]
alpha_JET_EffectiveNP_Statistical2 ±0.11 [0.00%] ±3.73 [0.13%] ±0.75 [0.18%]
alpha_JET_EffectiveNP_Mixed3 ±0.10 [0.00%] ±0.59 [0.02%] ±0.14 [0.03%]
alpha_JET_EtaIntercalibration_NonClosure_posEta ±0.10 [0.00%] ±0.07 [0.00%] ±0.02 [0.01%]
alpha_MUON_EFF_RECO_SYS ±0.09 [0.00%] ±0.31 [0.01%] ±0.22 [0.05%]
alpha_JET_EffectiveNP_Mixed2 ±0.09 [0.00%] ±0.25 [0.01%] ±0.53 [0.13%]
alpha_EL_EFF_RECO ±0.06 [0.00%] ±0.12 [0.00%] ±0.02 [0.01%]
alpha_JET_EffectiveNP_Modelling3 ±0.04 [0.00%] ±3.48 [0.12%] ±0.01 [0.00%]
alpha_MUONS_ID ±0.04 [0.00%] ±2.56 [0.09%] ±0.68 [0.16%]
alpha_JET_PunchThrough_MC16 ±0.04 [0.00%] ±0.07 [0.00%] ±0.01 [0.00%]
alpha_JET_EffectiveNP_Statistical5 ±0.02 [0.00%] ±0.81 [0.03%] ±0.01 [0.00%]
alpha_FT_EFF_extrapolation ±0.02 [0.00%] ±0.08 [0.00%] ±0.00 [0.00%]
alpha_MUON_EFF_ISO_SYS ±0.02 [0.00%] ±0.01 [0.00%] ±0.07 [0.02%]
alpha_JET_EffectiveNP_Detector2 ±0.01 [0.00%] ±0.18 [0.01%] ±0.02 [0.00%]
alpha_MUON_EFF_ISO_STAT ±0.01 [0.00%] ±0.04 [0.00%] ±0.03 [0.01%]
alpha_JET_Comb_TotalStat_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_JET_Comb_Tracking_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_JET_Comb_Baseline_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_JET_SingleParticle_HighPt ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_JET_Comb_Modelling_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_JET_MassRes_Hbb ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_MUON_EFF_RECO_STAT ±0.00 [0.00%] ±0.00 [0.00%] ±0.02 [0.00%]
alpha_FT_EFF_extrapolation_from_charm ±0.00 [0.00%] ±0.05 [0.00%] ±0.00 [0.00%]
alpha_JET_EtaIntercalibration_NonClosure_highE ±0.00 [0.00%] ±0.01 [0.00%] ±0.00 [0.00%]
gamma_stat_VR-WW-1J_cuts_bin_0 ±0.00 [0.00%] ±14.45 [0.51%] ±0.00 [0.00%]
gamma_stat_VR-VZ_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±18.98 [4.5%]

Table B.2: Breakdown of the dominant systematic uncertainties on background estimates in the diboson VRs after the
background-only fit. Note that the individual uncertainties can be correlated and do not necessarily add up quadratically to
the total background uncertainty. The percentages show the size of the uncertainty relative to the total expected background.
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Uncertainty of channel VR-top-low VR-top-high VR-top-WW

Total background expectation 185.49 52.80 852.24

Total statistical (
√
Nexp) ±13.62 ±7.27 ±29.19

Total background systematic ±17.23 [9.29%] ±7.37 [13.96%] ±84.50 [9.92%]

mu_WW ±0.19 [0.10%] ±0.23 [0.44%] ±1.46 [0.17%]
mu_ttbar ±12.56 [6.8%] ±3.13 [5.9%] ±58.03 [6.8%]
alpha_syst_ttbar_gen ±1.86 [1.0%] ±0.30 [0.57%] ±33.68 [4.0%]
alpha_syst_VV_gen ±0.50 [0.27%] ±1.36 [2.6%] ±0.00 [0.00%]
alpha_syst_ttbar_show ±0.58 [0.31%] ±0.60 [1.1%] ±29.49 [3.5%]
alpha_JET_Flavor_Composition ±10.36 [5.6%] ±0.33 [0.62%] ±2.12 [0.25%]
alpha_fakesSyst ±1.44 [0.77%] ±0.45 [0.85%] ±0.00 [0.00%]
alpha_syst_VV_PDF ±0.28 [0.15%] ±0.69 [1.3%] ±0.00 [0.00%]
alpha_JET_Flavor_Response ±4.38 [2.4%] ±0.75 [1.4%] ±4.63 [0.54%]
alpha_JET_Pileup_RhoTopology ±3.88 [2.1%] ±1.55 [2.9%] ±4.69 [0.55%]
alpha_MET_ResoPerp ±0.14 [0.08%] ±0.62 [1.2%] ±4.45 [0.52%]
alpha_JET_EffectiveNP_Modelling1 ±4.29 [2.3%] ±1.25 [2.4%] ±0.18 [0.02%]
alpha_MET_ScaleUp ±0.65 [0.35%] ±0.85 [1.6%] ±8.36 [0.98%]
alpha_FT_EFF_B ±1.50 [0.81%] ±0.85 [1.6%] ±11.17 [1.3%]
alpha_MET_ScaleDown ±0.10 [0.05%] ±1.31 [2.5%] ±17.24 [2.0%]
alpha_syst_wt_DS ±0.20 [0.11%] ±0.93 [1.8%] ±1.80 [0.21%]
alpha_syst_ttbar_rad ±0.63 [0.34%] ±5.60 [10.6%] ±20.26 [2.4%]
alpha_MET_ResoPara ±0.10 [0.05%] ±0.20 [0.39%] ±2.58 [0.30%]
alpha_JET_Pileup_OffsetNPV ±1.02 [0.55%] ±0.42 [0.79%] ±1.08 [0.13%]
alpha_JET_JER_EffectiveNP_2 ±1.16 [0.63%] ±0.40 [0.75%] ±3.67 [0.43%]
alpha_JET_JER_EffectiveNP_4 ±1.19 [0.64%] ±0.10 [0.19%] ±0.23 [0.03%]
alpha_MUONS_SagRho ±0.88 [0.47%] ±0.10 [0.19%] ±1.08 [0.13%]
alpha_MUONS_SagReb ±0.88 [0.47%] ±0.12 [0.22%] ±1.06 [0.12%]
alpha_Factorization_VV ±0.03 [0.02%] ±0.07 [0.14%] ±0.09 [0.01%]
alpha_JET_JER_EffectiveNP_5 ±0.83 [0.45%] ±0.17 [0.33%] ±3.12 [0.37%]
alpha_JET_JER_EffectiveNP_10 ±0.49 [0.26%] ±0.54 [1.0%] ±0.46 [0.05%]
alpha_Renormalization_VV ±0.02 [0.01%] ±0.03 [0.06%] ±0.02 [0.00%]
alpha_MUONS_SCALE ±0.34 [0.18%] ±0.05 [0.09%] ±0.64 [0.08%]
alpha_JET_JvtEfficiency ±0.32 [0.17%] ±0.16 [0.30%] ±3.36 [0.39%]
alpha_EG_SCALE ±0.44 [0.24%] ±0.66 [1.2%] ±8.43 [0.99%]
alpha_JET_JER_EffectiveNP_6 ±0.12 [0.06%] ±0.36 [0.69%] ±4.07 [0.48%]
alpha_JET_Pileup_PtTerm ±0.10 [0.05%] ±0.23 [0.44%] ±1.38 [0.16%]
alpha_JET_JER_EffectiveNP_11 ±0.28 [0.15%] ±0.08 [0.15%] ±0.75 [0.09%]
alpha_JET_EtaIntercalibration_Modelling ±4.72 [2.5%] ±0.14 [0.26%] ±4.70 [0.55%]
alpha_FT_EFF_Light ±0.39 [0.21%] ±0.15 [0.28%] ±2.12 [0.25%]
alpha_EG_RES ±0.52 [0.28%] ±0.15 [0.29%] ±2.04 [0.24%]
alpha_PRW_syst ±1.49 [0.80%] ±0.37 [0.70%] ±4.61 [0.54%]
mu_VZ ±0.00 [0.00%] ±0.01 [0.01%] ±0.02 [0.00%]
alpha_JET_JER_EffectiveNP_7 ±0.67 [0.36%] ±0.61 [1.1%] ±1.46 [0.17%]
alpha_MUONS_MS ±0.25 [0.14%] ±0.17 [0.32%] ±1.86 [0.22%]
alpha_JET_JER_EffectiveNP_1 ±4.00 [2.2%] ±0.25 [0.47%] ±6.30 [0.74%]
alpha_JET_JER_EffectiveNP_3 ±0.16 [0.09%] ±0.25 [0.47%] ±4.52 [0.53%]
alpha_JET_JER_DataVsMC ±1.38 [0.75%] ±0.37 [0.70%] ±3.75 [0.44%]
alpha_JET_EffectiveNP_Mixed1 ±0.09 [0.05%] ±0.08 [0.15%] ±0.76 [0.09%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.88 [0.47%] ±0.33 [0.62%] ±1.85 [0.22%]
Lumi ±0.04 [0.02%] ±0.09 [0.16%] ±0.01 [0.00%]
alpha_EL_EFF_ID ±0.13 [0.07%] ±0.07 [0.14%] ±0.33 [0.04%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.23 [0.12%] ±0.02 [0.04%] ±0.37 [0.04%]
alpha_JET_JER_EffectiveNP_8 ±0.34 [0.18%] ±0.88 [1.7%] ±0.95 [0.11%]
alpha_JET_Pileup_OffsetMu ±3.53 [1.9%] ±0.34 [0.65%] ±3.45 [0.41%]
alpha_JET_EtaIntercalibration_TotalStat ±1.40 [0.75%] ±0.24 [0.46%] ±1.69 [0.20%]
alpha_FT_EFF_C ±0.08 [0.04%] ±0.03 [0.06%] ±0.84 [0.10%]
alpha_JET_JER_EffectiveNP_9 ±1.47 [0.79%] ±0.27 [0.51%] ±1.58 [0.18%]
alpha_JET_EffectiveNP_Statistical6 ±0.24 [0.13%] ±0.10 [0.19%] ±0.03 [0.00%]
alpha_JET_EffectiveNP_Modelling2 ±0.38 [0.21%] ±0.29 [0.55%] ±1.78 [0.21%]
alpha_JET_EffectiveNP_Statistical1 ±0.42 [0.22%] ±0.19 [0.35%] ±0.46 [0.05%]
alpha_JET_EffectiveNP_Detector1 ±0.46 [0.25%] ±0.05 [0.09%] ±0.04 [0.01%]
alpha_EL_EFF_ISO ±0.18 [0.10%] ±0.10 [0.19%] ±0.40 [0.05%]
alpha_JET_EffectiveNP_Statistical3 ±0.08 [0.04%] ±0.11 [0.20%] ±0.54 [0.06%]
alpha_JET_EffectiveNP_Modelling4 ±0.17 [0.09%] ±0.06 [0.11%] ±0.09 [0.01%]
alpha_MUON_EFF_TrigStatUncertainty ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.00%]
alpha_JET_EffectiveNP_Statistical4 ±0.06 [0.03%] ±0.18 [0.34%] ±0.87 [0.10%]
alpha_JET_EffectiveNP_Statistical2 ±0.53 [0.28%] ±0.25 [0.47%] ±0.86 [0.10%]
alpha_JET_EffectiveNP_Mixed3 ±0.20 [0.11%] ±0.08 [0.15%] ±0.18 [0.02%]
alpha_JET_EtaIntercalibration_NonClosure_posEta ±0.09 [0.05%] ±0.08 [0.16%] ±0.16 [0.02%]
alpha_MUON_EFF_RECO_SYS ±0.07 [0.04%] ±0.08 [0.15%] ±0.12 [0.01%]
alpha_JET_EffectiveNP_Mixed2 ±0.39 [0.21%] ±0.12 [0.23%] ±0.02 [0.00%]
alpha_EL_EFF_RECO ±0.00 [0.00%] ±0.00 [0.01%] ±0.04 [0.01%]
alpha_JET_EffectiveNP_Modelling3 ±0.02 [0.01%] ±0.33 [0.62%] ±1.10 [0.13%]
alpha_MUONS_ID ±0.67 [0.36%] ±0.19 [0.36%] ±2.48 [0.29%]
alpha_JET_PunchThrough_MC16 ±0.01 [0.01%] ±0.00 [0.00%] ±0.03 [0.00%]
alpha_JET_EffectiveNP_Statistical5 ±0.06 [0.03%] ±0.13 [0.25%] ±0.05 [0.01%]
alpha_FT_EFF_extrapolation ±0.00 [0.00%] ±0.00 [0.01%] ±0.00 [0.00%]
alpha_MUON_EFF_ISO_SYS ±0.00 [0.00%] ±0.01 [0.01%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Detector2 ±0.10 [0.05%] ±0.07 [0.12%] ±0.06 [0.01%]
alpha_MUON_EFF_ISO_STAT ±0.00 [0.00%] ±0.00 [0.01%] ±0.02 [0.00%]
alpha_JET_Comb_TotalStat_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_Comb_Tracking_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_Comb_Baseline_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_SingleParticle_HighPt ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_Comb_Modelling_Kin ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_JET_MassRes_Hbb ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_MUON_EFF_RECO_STAT ±0.00 [0.00%] ±0.00 [0.01%] ±0.01 [0.00%]
alpha_FT_EFF_extrapolation_from_charm ±0.00 [0.00%] ±0.00 [0.00%] ±0.02 [0.00%]
alpha_JET_EtaIntercalibration_NonClosure_highE ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
gamma_stat_VR-top-high_cuts_bin_0 ±0.00 [0.00%] ±1.90 [3.6%] ±0.00 [0.00%]
gamma_stat_VR-top-WW_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±7.40 [0.87%]
gamma_stat_VR-top-low_cuts_bin_0 ±3.55 [1.9%] ±0.00 [0.00%] ±0.00 [0.00%]

Table B.3: Breakdown of the dominant systematic uncertainties on background estimates in the top-quark VRs after the
background-only fit. Note that the individual uncertainties can be correlated and do not necessarily add up quadratically to
the total background uncertainty. The percentages show the size of the uncertainty relative to the total expected background.
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Uncertainty of channel SRDF_0_inc100 SRDF_0_inc160 SRDF_0_A SRDF_0_B
mT2 [GeV] > 100 > 160 ∈ [100, 120) ∈ [120, 160)

Total background expectation 96.37 18.77 45.37 32.52

Total statistical (
√
Nexp) ±9.82 ±4.33 ±6.74 ±5.70

Total background systematic ±14.66 [15.21%] ±2.39 [12.71%] ±9.02 [19.87%] ±4.68 [14.40%]

mu_WW ±6.83 [7.1%] ±1.64 [8.7%] ±2.58 [5.7%] ±2.61 [8.0%]
alpha_syst_ttbar_gen ±6.68 [6.9%] ±0.00 [0.00%] ±5.63 [12.4%] ±1.05 [3.2%]
alpha_syst_VV_gen ±5.90 [6.1%] ±1.05 [5.6%] ±2.89 [6.4%] ±2.44 [7.5%]
alpha_syst_VV_PDF ±2.77 [2.9%] ±0.81 [4.3%] ±1.18 [2.6%] ±0.97 [3.0%]
gamma_stat_SRDF_0_inc100_cuts_bin_0 ±2.63 [2.7%] ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_syst_wt_DS ±1.85 [1.9%] ±0.00 [0.00%] ±1.64 [3.6%] ±0.21 [0.65%]
alpha_JET_Flavor_Composition ±1.53 [1.6%] ±0.05 [0.26%] ±1.27 [2.8%] ±0.31 [0.96%]
mu_ttbar ±1.19 [1.2%] ±0.00 [0.00%] ±1.02 [2.2%] ±0.18 [0.54%]
alpha_JET_Pileup_RhoTopology ±1.13 [1.2%] ±0.04 [0.24%] ±0.91 [2.0%] ±0.26 [0.81%]
alpha_EL_EFF_ISO ±1.05 [1.1%] ±0.37 [2.0%] ±0.34 [0.74%] ±0.34 [1.1%]
alpha_JET_EffectiveNP_Modelling1 ±1.03 [1.1%] ±0.01 [0.05%] ±0.87 [1.9%] ±0.17 [0.53%]
alpha_Factorization_VV ±0.97 [1.0%] ±0.30 [1.6%] ±0.26 [0.58%] ±0.33 [1.0%]
alpha_syst_ttbar_rad ±0.93 [0.96%] ±0.00 [0.00%] ±0.78 [1.7%] ±0.15 [0.45%]
alpha_syst_ttbar_show ±0.90 [0.93%] ±0.00 [0.00%] ±0.75 [1.7%] ±0.14 [0.43%]
alpha_MET_ScaleDown ±0.86 [0.90%] ±0.10 [0.53%] ±0.85 [1.9%] ±0.01 [0.04%]
alpha_JET_JER_EffectiveNP_2 ±0.82 [0.85%] ±0.10 [0.53%] ±0.77 [1.7%] ±0.06 [0.17%]
alpha_JET_Flavor_Response ±0.62 [0.64%] ±0.03 [0.17%] ±0.51 [1.1%] ±0.14 [0.42%]
alpha_fakesSyst ±0.61 [0.64%] ±0.00 [0.00%] ±0.35 [0.77%] ±0.17 [0.52%]
alpha_JET_Pileup_OffsetNPV ±0.54 [0.56%] ±0.09 [0.45%] ±0.48 [1.1%] ±0.14 [0.44%]
alpha_EL_EFF_ID ±0.44 [0.46%] ±0.17 [0.89%] ±0.15 [0.34%] ±0.12 [0.37%]
alpha_JET_JER_EffectiveNP_11 ±0.42 [0.44%] ±0.01 [0.04%] ±0.28 [0.63%] ±0.14 [0.44%]
alpha_JET_EtaIntercalibration_Modelling ±0.40 [0.42%] ±0.06 [0.31%] ±0.40 [0.89%] ±0.06 [0.17%]
alpha_Renormalization_VV ±0.39 [0.41%] ±0.11 [0.60%] ±0.14 [0.31%] ±0.13 [0.39%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.39 [0.41%] ±0.02 [0.11%] ±0.38 [0.84%] ±0.03 [0.10%]
alpha_JET_JER_EffectiveNP_4 ±0.37 [0.38%] ±0.10 [0.52%] ±0.22 [0.48%] ±0.05 [0.16%]
alpha_JET_JER_EffectiveNP_5 ±0.36 [0.37%] ±0.05 [0.28%] ±0.27 [0.60%] ±0.03 [0.10%]
alpha_JET_JER_EffectiveNP_9 ±0.34 [0.35%] ±0.03 [0.18%] ±0.12 [0.27%] ±0.25 [0.78%]
alpha_MET_ResoPerp ±0.33 [0.34%] ±0.10 [0.52%] ±0.20 [0.44%] ±0.07 [0.20%]
alpha_JET_JER_EffectiveNP_3 ±0.31 [0.32%] ±0.06 [0.30%] ±0.25 [0.56%] ±0.00 [0.01%]
alpha_JET_JER_EffectiveNP_1 ±0.30 [0.31%] ±0.12 [0.66%] ±0.07 [0.16%] ±0.10 [0.30%]
alpha_EG_SCALE ±0.27 [0.28%] ±0.03 [0.18%] ±0.06 [0.13%] ±0.29 [0.91%]
alpha_FT_EFF_B ±0.21 [0.22%] ±0.00 [0.01%] ±0.19 [0.42%] ±0.02 [0.07%]
alpha_MUON_EFF_RECO_SYS ±0.19 [0.19%] ±0.10 [0.54%] ±0.03 [0.07%] ±0.05 [0.16%]
alpha_MET_ResoPara ±0.18 [0.19%] ±0.08 [0.41%] ±0.42 [0.92%] ±0.06 [0.18%]
alpha_JET_Pileup_OffsetMu ±0.16 [0.16%] ±0.12 [0.62%] ±0.24 [0.54%] ±0.03 [0.09%]
alpha_JET_JvtEfficiency ±0.15 [0.16%] ±0.01 [0.06%] ±0.13 [0.28%] ±0.01 [0.04%]
alpha_JET_JER_EffectiveNP_10 ±0.15 [0.15%] ±0.02 [0.11%] ±0.03 [0.07%] ±0.10 [0.30%]
alpha_JET_EtaIntercalibration_TotalStat ±0.13 [0.14%] ±0.00 [0.00%] ±0.16 [0.36%] ±0.03 [0.08%]
alpha_PRW_syst ±0.13 [0.14%] ±0.06 [0.34%] ±0.06 [0.13%] ±0.14 [0.43%]
alpha_MUONS_ID ±0.13 [0.13%] ±0.01 [0.04%] ±0.18 [0.40%] ±0.06 [0.19%]
alpha_MUONS_SagReb ±0.12 [0.12%] ±0.06 [0.31%] ±0.47 [1.0%] ±0.30 [0.92%]
alpha_MUONS_SagRho ±0.12 [0.12%] ±0.06 [0.32%] ±0.47 [1.0%] ±0.30 [0.92%]
alpha_JET_JER_EffectiveNP_7 ±0.09 [0.09%] ±0.02 [0.10%] ±0.09 [0.20%] ±0.02 [0.05%]
alpha_JET_JER_DataVsMC ±0.09 [0.09%] ±0.18 [0.97%] ±0.16 [0.34%] ±0.06 [0.18%]
alpha_MET_ScaleUp ±0.08 [0.09%] ±0.05 [0.27%] ±0.14 [0.31%] ±0.09 [0.28%]
alpha_MUONS_SCALE ±0.08 [0.08%] ±0.02 [0.10%] ±0.06 [0.13%] ±0.04 [0.12%]
alpha_JET_Pileup_PtTerm ±0.08 [0.08%] ±0.01 [0.06%] ±0.11 [0.24%] ±0.02 [0.06%]
alpha_FT_EFF_Light ±0.06 [0.07%] ±0.01 [0.06%] ±0.04 [0.08%] ±0.02 [0.05%]
mu_VZ ±0.06 [0.06%] ±0.02 [0.12%] ±0.03 [0.06%] ±0.02 [0.06%]
alpha_JET_JER_EffectiveNP_8 ±0.04 [0.04%] ±0.06 [0.30%] ±0.02 [0.04%] ±0.08 [0.24%]
alpha_MUONS_MS ±0.04 [0.04%] ±0.07 [0.37%] ±0.04 [0.09%] ±0.07 [0.22%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.04 [0.04%] ±0.00 [0.01%] ±0.02 [0.05%] ±0.01 [0.03%]
Lumi ±0.03 [0.04%] ±0.00 [0.01%] ±0.02 [0.05%] ±0.01 [0.03%]
alpha_JET_JER_EffectiveNP_6 ±0.03 [0.03%] ±0.03 [0.15%] ±0.02 [0.04%] ±0.01 [0.04%]
alpha_JET_EffectiveNP_Statistical1 ±0.02 [0.03%] ±0.01 [0.04%] ±0.02 [0.04%] ±0.01 [0.04%]
alpha_JET_EffectiveNP_Mixed2 ±0.02 [0.03%] ±0.01 [0.03%] ±0.01 [0.03%] ±0.02 [0.05%]
alpha_JET_EffectiveNP_Modelling2 ±0.02 [0.03%] ±0.01 [0.06%] ±0.01 [0.03%] ±0.02 [0.07%]
alpha_EG_RES ±0.02 [0.03%] ±0.01 [0.03%] ±0.04 [0.08%] ±0.07 [0.20%]
alpha_EL_EFF_RECO ±0.02 [0.02%] ±0.01 [0.03%] ±0.01 [0.02%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Statistical5 ±0.02 [0.02%] ±0.00 [0.01%] ±0.01 [0.02%] ±0.01 [0.03%]
alpha_JET_EtaIntercalibration_NonClosure_posEta ±0.02 [0.02%] ±0.02 [0.08%] ±0.02 [0.05%] ±0.02 [0.06%]
alpha_JET_EffectiveNP_Statistical6 ±0.02 [0.02%] ±0.00 [0.01%] ±0.02 [0.04%] ±0.00 [0.00%]
alpha_FT_EFF_C ±0.02 [0.02%] ±0.00 [0.02%] ±0.01 [0.02%] ±0.00 [0.02%]
alpha_JET_EffectiveNP_Statistical4 ±0.02 [0.02%] ±0.01 [0.06%] ±0.01 [0.03%] ±0.01 [0.04%]
alpha_MUON_EFF_ISO_STAT ±0.01 [0.01%] ±0.01 [0.03%] ±0.00 [0.01%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Statistical3 ±0.01 [0.01%] ±0.00 [0.00%] ±0.01 [0.02%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Modelling3 ±0.01 [0.01%] ±0.02 [0.13%] ±0.01 [0.03%] ±0.02 [0.07%]
alpha_MUON_EFF_TrigStatUncertainty ±0.01 [0.01%] ±0.00 [0.02%] ±0.00 [0.01%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Statistical2 ±0.01 [0.01%] ±0.01 [0.03%] ±0.03 [0.07%] ±0.03 [0.09%]
alpha_JET_EffectiveNP_Mixed1 ±0.01 [0.01%] ±0.00 [0.01%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Modelling4 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Detector1 ±0.00 [0.00%] ±0.01 [0.05%] ±0.01 [0.02%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Mixed3 ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.02%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Detector2 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.01%] ±0.00 [0.00%]
gamma_stat_SRDF_0_inc160_cuts_bin_0 ±0.00 [0.00%] ±0.82 [4.4%] ±0.00 [0.00%] ±0.00 [0.00%]
gamma_stat_SRDF_0_B_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%] ±1.55 [4.8%]
gamma_stat_SRDF_0_A_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±1.89 [4.2%] ±0.00 [0.00%]

Table B.4: Breakdown of the dominant systematic uncertainties on background esti-
mates in the inclusive SR-DF-0 after the background-only fit. Note that the individual
uncertainties can be correlated and do not necessarily add up quadratically to the total
background uncertainty. The percentages show the size of the uncertainty relative to
the total expected background.
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Uncertainty of channel SRDF_1_inc100 SRDF_1_inc160 SRDF_1_A SRDF_1_B
mT2 [GeV] > 100 > 160 ∈ [100, 120) ∈ [120, 160)

Total background expectation 75.29 15.08 38.95 21.27

Total statistical (
√
Nexp) ±8.68 ±3.88 ±6.24 ±4.61

Total background systematic ±9.01 [11.97%] ±2.74 [18.16%] ±5.88 [15.10%] ±2.83 [13.31%]

alpha_syst_VV_gen ±4.78 [6.3%] ±1.78 [11.8%] ±0.68 [1.8%] ±1.51 [7.1%]
mu_WW ±4.35 [5.8%] ±1.21 [8.0%] ±1.60 [4.1%] ±1.54 [7.3%]
alpha_syst_ttbar_show ±3.97 [5.3%] ±0.02 [0.12%] ±3.46 [8.9%] ±0.49 [2.3%]
alpha_syst_ttbar_rad ±3.47 [4.6%] ±0.02 [0.10%] ±3.03 [7.8%] ±0.43 [2.0%]
alpha_syst_ttbar_gen ±2.98 [4.0%] ±0.01 [0.09%] ±2.60 [6.7%] ±0.37 [1.7%]
gamma_stat_SRDF_1_inc100_cuts_bin_0 ±2.14 [2.8%] ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_syst_VV_PDF ±1.92 [2.5%] ±0.86 [5.7%] ±0.72 [1.9%] ±0.59 [2.8%]
alpha_JET_Flavor_Composition ±1.60 [2.1%] ±0.53 [3.5%] ±0.43 [1.1%] ±0.63 [3.0%]
mu_ttbar ±1.56 [2.1%] ±0.01 [0.04%] ±1.37 [3.5%] ±0.18 [0.87%]
alpha_FT_EFF_B ±1.31 [1.7%] ±0.02 [0.13%] ±1.12 [2.9%] ±0.17 [0.81%]
alpha_syst_wt_DS ±1.26 [1.7%] ±0.00 [0.00%] ±1.17 [3.0%] ±0.09 [0.45%]
alpha_JET_Pileup_RhoTopology ±1.18 [1.6%] ±0.29 [1.9%] ±0.34 [0.86%] ±0.56 [2.6%]
alpha_JET_EffectiveNP_Modelling1 ±0.94 [1.3%] ±0.31 [2.1%] ±0.20 [0.52%] ±0.42 [2.0%]
alpha_Factorization_VV ±0.84 [1.1%] ±0.26 [1.7%] ±0.30 [0.76%] ±0.26 [1.2%]
alpha_JET_JER_EffectiveNP_9 ±0.78 [1.0%] ±0.08 [0.51%] ±0.42 [1.1%] ±0.29 [1.4%]
alpha_JET_JER_EffectiveNP_2 ±0.75 [0.99%] ±0.09 [0.57%] ±0.66 [1.7%] ±0.17 [0.82%]
alpha_fakesSyst ±0.59 [0.78%] ±0.15 [0.99%] ±0.29 [0.74%] ±0.15 [0.72%]
alpha_MET_ResoPara ±0.54 [0.71%] ±0.06 [0.38%] ±0.38 [0.99%] ±0.21 [0.98%]
alpha_JET_JER_EffectiveNP_3 ±0.53 [0.70%] ±0.13 [0.87%] ±0.60 [1.5%] ±0.07 [0.31%]
alpha_PRW_syst ±0.50 [0.67%] ±0.12 [0.82%] ±0.34 [0.88%] ±0.04 [0.17%]
alpha_MET_ScaleUp ±0.50 [0.66%] ±0.02 [0.12%] ±0.35 [0.90%] ±0.13 [0.61%]
alpha_JET_JER_EffectiveNP_7 ±0.49 [0.65%] ±0.06 [0.40%] ±0.34 [0.88%] ±0.09 [0.41%]
alpha_MET_ResoPerp ±0.47 [0.63%] ±0.03 [0.21%] ±0.59 [1.5%] ±0.09 [0.41%]
alpha_EL_EFF_ISO ±0.47 [0.62%] ±0.24 [1.6%] ±0.07 [0.18%] ±0.16 [0.77%]
alpha_EG_SCALE ±0.46 [0.60%] ±0.13 [0.87%] ±0.32 [0.83%] ±0.00 [0.01%]
alpha_FT_EFF_Light ±0.45 [0.59%] ±0.10 [0.67%] ±0.22 [0.56%] ±0.13 [0.59%]
alpha_JET_JER_EffectiveNP_1 ±0.44 [0.58%] ±0.12 [0.77%] ±0.53 [1.4%] ±0.02 [0.10%]
alpha_JET_JER_EffectiveNP_11 ±0.42 [0.55%] ±0.02 [0.13%] ±0.14 [0.35%] ±0.30 [1.4%]
alpha_JET_JER_EffectiveNP_5 ±0.38 [0.51%] ±0.05 [0.34%] ±0.23 [0.59%] ±0.10 [0.49%]
alpha_JET_Pileup_OffsetNPV ±0.38 [0.51%] ±0.11 [0.75%] ±0.00 [0.00%] ±0.27 [1.2%]
alpha_EL_EFF_ID ±0.32 [0.43%] ±0.15 [0.96%] ±0.07 [0.19%] ±0.10 [0.48%]
alpha_MET_ScaleDown ±0.30 [0.40%] ±0.01 [0.07%] ±0.35 [0.89%] ±0.04 [0.18%]
alpha_JET_JER_DataVsMC ±0.29 [0.38%] ±0.12 [0.77%] ±0.41 [1.1%] ±0.01 [0.05%]
alpha_MUONS_MS ±0.29 [0.38%] ±0.04 [0.26%] ±0.12 [0.30%] ±0.13 [0.60%]
alpha_JET_JER_EffectiveNP_8 ±0.28 [0.38%] ±0.02 [0.10%] ±0.27 [0.70%] ±0.03 [0.13%]
alpha_JET_JER_EffectiveNP_10 ±0.27 [0.36%] ±0.03 [0.17%] ±0.13 [0.34%] ±0.17 [0.78%]
alpha_MUONS_ID ±0.26 [0.35%] ±0.07 [0.47%] ±0.25 [0.63%] ±0.05 [0.26%]
alpha_JET_Flavor_Response ±0.23 [0.31%] ±0.18 [1.2%] ±0.17 [0.44%] ±0.23 [1.1%]
alpha_JET_JER_EffectiveNP_6 ±0.17 [0.23%] ±0.00 [0.02%] ±0.09 [0.24%] ±0.08 [0.39%]
alpha_JET_Pileup_OffsetMu ±0.16 [0.22%] ±0.09 [0.57%] ±0.36 [0.92%] ±0.11 [0.52%]
alpha_JET_Pileup_PtTerm ±0.13 [0.18%] ±0.03 [0.21%] ±0.12 [0.32%] ±0.02 [0.10%]
alpha_JET_JER_EffectiveNP_4 ±0.13 [0.17%] ±0.14 [0.96%] ±0.16 [0.41%] ±0.18 [0.85%]
alpha_MUON_EFF_RECO_SYS ±0.12 [0.16%] ±0.07 [0.46%] ±0.02 [0.04%] ±0.03 [0.16%]
alpha_MUONS_SagRho ±0.11 [0.14%] ±0.06 [0.42%] ±0.11 [0.28%] ±0.15 [0.72%]
alpha_FT_EFF_C ±0.11 [0.14%] ±0.02 [0.10%] ±0.05 [0.13%] ±0.04 [0.19%]
alpha_JET_EffectiveNP_Statistical1 ±0.11 [0.14%] ±0.02 [0.13%] ±0.12 [0.31%] ±0.00 [0.02%]
alpha_MUONS_SagReb ±0.10 [0.14%] ±0.07 [0.47%] ±0.11 [0.29%] ±0.15 [0.69%]
alpha_JET_EffectiveNP_Mixed2 ±0.10 [0.14%] ±0.01 [0.07%] ±0.13 [0.34%] ±0.02 [0.10%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.10 [0.13%] ±0.06 [0.39%] ±0.08 [0.20%] ±0.04 [0.18%]
alpha_JET_EffectiveNP_Mixed1 ±0.09 [0.12%] ±0.01 [0.04%] ±0.07 [0.19%] ±0.01 [0.04%]
alpha_Renormalization_VV ±0.08 [0.11%] ±0.04 [0.30%] ±0.05 [0.12%] ±0.03 [0.16%]
alpha_JET_JvtEfficiency ±0.07 [0.10%] ±0.04 [0.25%] ±0.00 [0.01%] ±0.04 [0.18%]
mu_VZ ±0.07 [0.09%] ±0.02 [0.16%] ±0.02 [0.05%] ±0.02 [0.11%]
alpha_EG_RES ±0.06 [0.08%] ±0.11 [0.72%] ±0.03 [0.08%] ±0.14 [0.66%]
alpha_JET_EffectiveNP_Statistical4 ±0.06 [0.08%] ±0.02 [0.11%] ±0.08 [0.21%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Statistical5 ±0.05 [0.07%] ±0.00 [0.01%] ±0.06 [0.14%] ±0.00 [0.01%]
Lumi ±0.05 [0.07%] ±0.02 [0.11%] ±0.02 [0.05%] ±0.02 [0.08%]
alpha_JET_EffectiveNP_Detector1 ±0.05 [0.07%] ±0.02 [0.12%] ±0.08 [0.20%] ±0.01 [0.04%]
alpha_JET_EffectiveNP_Statistical3 ±0.04 [0.05%] ±0.00 [0.01%] ±0.04 [0.11%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Modelling2 ±0.04 [0.05%] ±0.05 [0.32%] ±0.07 [0.17%] ±0.06 [0.27%]
alpha_JET_EffectiveNP_Statistical6 ±0.04 [0.05%] ±0.00 [0.02%] ±0.04 [0.11%] ±0.00 [0.02%]
alpha_JET_EffectiveNP_Modelling3 ±0.03 [0.04%] ±0.04 [0.25%] ±0.08 [0.21%] ±0.01 [0.06%]
alpha_JET_EtaIntercalibration_Modelling ±0.03 [0.03%] ±0.15 [0.99%] ±0.44 [1.1%] ±0.27 [1.3%]
alpha_JET_EtaIntercalibration_TotalStat ±0.02 [0.03%] ±0.03 [0.18%] ±0.07 [0.18%] ±0.07 [0.32%]
alpha_JET_EffectiveNP_Modelling4 ±0.02 [0.03%] ±0.00 [0.00%] ±0.02 [0.06%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Statistical2 ±0.02 [0.03%] ±0.03 [0.22%] ±0.06 [0.15%] ±0.05 [0.21%]
alpha_JET_EffectiveNP_Mixed3 ±0.02 [0.03%] ±0.00 [0.00%] ±0.02 [0.05%] ±0.00 [0.01%]
alpha_MUONS_SCALE ±0.02 [0.02%] ±0.01 [0.09%] ±0.03 [0.09%] ±0.00 [0.01%]
alpha_EL_EFF_RECO ±0.02 [0.02%] ±0.01 [0.04%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_JET_EtaIntercalibration_NonClosure_posEta ±0.01 [0.02%] ±0.00 [0.01%] ±0.02 [0.04%] ±0.00 [0.00%]
alpha_MUON_EFF_ISO_STAT ±0.01 [0.01%] ±0.00 [0.03%] ±0.00 [0.01%] ±0.00 [0.01%]
alpha_MUON_EFF_TrigStatUncertainty ±0.01 [0.01%] ±0.00 [0.02%] ±0.00 [0.01%] ±0.00 [0.01%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.01 [0.01%] ±0.00 [0.01%] ±0.00 [0.00%] ±0.01 [0.03%]
alpha_JET_EffectiveNP_Detector2 ±0.00 [0.01%] ±0.00 [0.00%] ±0.00 [0.01%] ±0.00 [0.00%]
alpha_FT_EFF_extrapolation ±0.00 [0.01%] ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.01%]
gamma_stat_SRDF_1_A_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±1.61 [4.1%] ±0.00 [0.00%]
gamma_stat_SRDF_1_inc160_cuts_bin_0 ±0.00 [0.00%] ±0.87 [5.7%] ±0.00 [0.00%] ±0.00 [0.00%]
gamma_stat_SRDF_1_B_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%] ±1.06 [5.0%]

Table B.5: Breakdown of the dominant systematic uncertainties on background esti-
mates in the inclusive SR-DF-1 after the background-only fit. Note that the individual
uncertainties can be correlated and do not necessarily add up quadratically to the total
background uncertainty. The percentages show the size of the uncertainty relative to
the total expected background.
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Uncertainty of channel SRSF_0_inc100 SRSF_0_inc160 SRSF_0_A SRSF_0_B
mT2 [GeV] > 100 > 160 ∈ [100, 120) ∈ [120, 160)

Total background expectation 144.47 37.30 56.39 50.78

Total statistical (
√
Nexp) ±12.02 ±6.11 ±7.51 ±7.13

Total background systematic ±11.63 [8.05%] ±2.98 [7.98%] ±6.26 [11.10%] ±5.38 [10.60%]

mu_WW ±6.57 [4.5%] ±1.63 [4.4%] ±2.49 [4.4%] ±2.45 [4.8%]
alpha_syst_VV_gen ±5.04 [3.5%] ±0.52 [1.4%] ±1.03 [1.8%] ±3.71 [7.3%]
alpha_syst_ttbar_rad ±3.62 [2.5%] ±0.00 [0.00%] ±3.06 [5.4%] ±0.56 [1.1%]
gamma_stat_SRSF_0_inc100_cuts_bin_0 ±3.47 [2.4%] ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_syst_VV_PDF ±3.34 [2.3%] ±1.02 [2.7%] ±1.40 [2.5%] ±1.07 [2.1%]
alpha_JET_Flavor_Composition ±2.12 [1.5%] ±0.01 [0.03%] ±1.95 [3.5%] ±0.18 [0.36%]
mu_VZ ±2.01 [1.4%] ±0.69 [1.8%] ±0.60 [1.1%] ±0.73 [1.4%]
alpha_fakesSyst ±1.40 [0.97%] ±0.34 [0.90%] ±0.55 [0.98%] ±0.51 [1.0%]
alpha_syst_wt_DS ±1.18 [0.82%] ±0.00 [0.00%] ±1.11 [2.0%] ±0.08 [0.15%]
mu_ttbar ±1.03 [0.72%] ±0.00 [0.00%] ±0.89 [1.6%] ±0.14 [0.29%]
alpha_JET_Flavor_Response ±1.01 [0.70%] ±0.00 [0.00%] ±0.86 [1.5%] ±0.15 [0.29%]
alpha_syst_ttbar_gen ±0.95 [0.66%] ±0.00 [0.00%] ±0.80 [1.4%] ±0.15 [0.29%]
alpha_EL_EFF_ISO ±0.94 [0.65%] ±0.60 [1.6%] ±0.08 [0.15%] ±0.26 [0.51%]
alpha_Factorization_VV ±0.92 [0.64%] ±0.34 [0.90%] ±0.21 [0.38%] ±0.27 [0.53%]
alpha_JET_Pileup_RhoTopology ±0.84 [0.58%] ±0.03 [0.09%] ±0.76 [1.4%] ±0.04 [0.08%]
alpha_JET_EffectiveNP_Modelling1 ±0.81 [0.56%] ±0.05 [0.14%] ±0.89 [1.6%] ±0.03 [0.05%]
alpha_JET_JER_EffectiveNP_10 ±0.77 [0.53%] ±0.03 [0.08%] ±0.65 [1.1%] ±0.08 [0.16%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.69 [0.48%] ±0.01 [0.02%] ±0.79 [1.4%] ±0.10 [0.19%]
alpha_PRW_syst ±0.67 [0.46%] ±0.05 [0.13%] ±0.19 [0.33%] ±0.43 [0.85%]
alpha_JET_JER_EffectiveNP_3 ±0.64 [0.44%] ±0.03 [0.09%] ±0.69 [1.2%] ±0.02 [0.05%]
alpha_JET_EtaIntercalibration_Modelling ±0.62 [0.43%] ±0.06 [0.16%] ±0.80 [1.4%] ±0.13 [0.26%]
alpha_EL_EFF_ID ±0.61 [0.42%] ±0.31 [0.82%] ±0.09 [0.16%] ±0.21 [0.42%]
alpha_MET_ScaleDown ±0.57 [0.39%] ±0.17 [0.45%] ±0.40 [0.71%] ±0.06 [0.13%]
alpha_Renormalization_VV ±0.51 [0.35%] ±0.15 [0.41%] ±0.18 [0.31%] ±0.17 [0.34%]
alpha_JET_JER_EffectiveNP_5 ±0.48 [0.33%] ±0.03 [0.07%] ±0.36 [0.64%] ±0.14 [0.27%]
alpha_EG_SCALE ±0.42 [0.29%] ±0.18 [0.49%] ±0.20 [0.36%] ±0.03 [0.06%]
alpha_JET_JER_EffectiveNP_6 ±0.34 [0.23%] ±0.04 [0.10%] ±0.17 [0.30%] ±0.12 [0.24%]
alpha_JET_Pileup_OffsetMu ±0.33 [0.23%] ±0.02 [0.05%] ±0.31 [0.55%] ±0.00 [0.01%]
alpha_MUON_EFF_RECO_SYS ±0.33 [0.23%] ±0.17 [0.45%] ±0.07 [0.12%] ±0.09 [0.18%]
alpha_syst_ttbar_show ±0.31 [0.21%] ±0.00 [0.00%] ±0.26 [0.47%] ±0.05 [0.09%]
alpha_JET_JER_EffectiveNP_7 ±0.27 [0.19%] ±0.06 [0.17%] ±0.12 [0.22%] ±0.22 [0.43%]
alpha_MUONS_SagRho ±0.25 [0.18%] ±0.02 [0.05%] ±0.08 [0.13%] ±0.18 [0.36%]
alpha_MUONS_MS ±0.25 [0.18%] ±0.01 [0.03%] ±0.34 [0.60%] ±0.10 [0.19%]
alpha_MET_ScaleUp ±0.24 [0.16%] ±0.25 [0.67%] ±0.53 [0.94%] ±0.04 [0.08%]
alpha_MUONS_SagReb ±0.23 [0.16%] ±0.04 [0.12%] ±0.09 [0.16%] ±0.17 [0.34%]
alpha_JET_JER_EffectiveNP_1 ±0.20 [0.14%] ±0.16 [0.43%] ±0.47 [0.83%] ±0.37 [0.72%]
alpha_EG_RES ±0.19 [0.13%] ±0.00 [0.00%] ±0.23 [0.41%] ±0.11 [0.22%]
alpha_JET_JER_EffectiveNP_8 ±0.18 [0.12%] ±0.05 [0.14%] ±0.34 [0.60%] ±0.22 [0.43%]
alpha_FT_EFF_B ±0.17 [0.12%] ±0.00 [0.00%] ±0.15 [0.26%] ±0.03 [0.05%]
alpha_JET_JvtEfficiency ±0.16 [0.11%] ±0.01 [0.02%] ±0.12 [0.22%] ±0.03 [0.06%]
alpha_JET_Pileup_PtTerm ±0.16 [0.11%] ±0.04 [0.10%] ±0.12 [0.22%] ±0.07 [0.15%]
alpha_MUONS_ID ±0.16 [0.11%] ±0.05 [0.12%] ±0.16 [0.29%] ±0.05 [0.11%]
alpha_JET_JER_EffectiveNP_4 ±0.14 [0.10%] ±0.03 [0.09%] ±0.03 [0.05%] ±0.15 [0.29%]
alpha_JET_JER_EffectiveNP_2 ±0.14 [0.10%] ±0.08 [0.21%] ±0.16 [0.28%] ±0.26 [0.52%]
alpha_JET_JER_DataVsMC ±0.13 [0.09%] ±0.13 [0.36%] ±0.48 [0.86%] ±0.22 [0.44%]
Lumi ±0.13 [0.09%] ±0.04 [0.11%] ±0.02 [0.04%] ±0.06 [0.13%]
alpha_MET_ResoPerp ±0.12 [0.09%] ±0.26 [0.71%] ±0.39 [0.69%] ±0.25 [0.49%]
alpha_JET_Pileup_OffsetNPV ±0.11 [0.07%] ±0.04 [0.10%] ±0.07 [0.12%] ±0.08 [0.15%]
alpha_MET_ResoPara ±0.10 [0.07%] ±0.27 [0.72%] ±0.35 [0.62%] ±0.09 [0.18%]
alpha_FT_EFF_Light ±0.07 [0.05%] ±0.02 [0.05%] ±0.03 [0.06%] ±0.02 [0.04%]
alpha_MUONS_SCALE ±0.07 [0.05%] ±0.08 [0.21%] ±0.04 [0.08%] ±0.04 [0.07%]
alpha_JET_EffectiveNP_Statistical5 ±0.05 [0.04%] ±0.00 [0.01%] ±0.04 [0.08%] ±0.01 [0.01%]
alpha_MUON_EFF_TrigStatUncertainty ±0.05 [0.03%] ±0.01 [0.02%] ±0.02 [0.04%] ±0.02 [0.03%]
alpha_JET_EffectiveNP_Statistical2 ±0.05 [0.03%] ±0.02 [0.05%] ±0.01 [0.01%] ±0.03 [0.06%]
alpha_JET_JER_EffectiveNP_11 ±0.04 [0.03%] ±0.06 [0.16%] ±0.14 [0.25%] ±0.12 [0.24%]
alpha_JET_EtaIntercalibration_NonClosure_posEta ±0.03 [0.02%] ±0.00 [0.00%] ±0.03 [0.06%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Modelling2 ±0.03 [0.02%] ±0.01 [0.03%] ±0.01 [0.02%] ±0.04 [0.07%]
alpha_JET_EffectiveNP_Statistical1 ±0.03 [0.02%] ±0.02 [0.05%] ±0.01 [0.01%] ±0.02 [0.04%]
alpha_JET_EffectiveNP_Mixed1 ±0.03 [0.02%] ±0.00 [0.01%] ±0.04 [0.06%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Modelling3 ±0.03 [0.02%] ±0.02 [0.05%] ±0.04 [0.08%] ±0.00 [0.00%]
alpha_EL_EFF_RECO ±0.03 [0.02%] ±0.01 [0.03%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Modelling4 ±0.03 [0.02%] ±0.00 [0.00%] ±0.03 [0.05%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Mixed2 ±0.02 [0.02%] ±0.02 [0.05%] ±0.01 [0.01%] ±0.01 [0.01%]
alpha_JET_EffectiveNP_Statistical4 ±0.02 [0.02%] ±0.01 [0.02%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_MUON_EFF_ISO_STAT ±0.02 [0.01%] ±0.01 [0.03%] ±0.00 [0.01%] ±0.01 [0.01%]
alpha_JET_JER_EffectiveNP_9 ±0.02 [0.01%] ±0.08 [0.20%] ±0.23 [0.40%] ±0.13 [0.26%]
alpha_JET_EffectiveNP_Mixed3 ±0.02 [0.01%] ±0.00 [0.01%] ±0.02 [0.04%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Statistical3 ±0.02 [0.01%] ±0.00 [0.01%] ±0.01 [0.02%] ±0.00 [0.01%]
alpha_FT_EFF_C ±0.01 [0.01%] ±0.00 [0.01%] ±0.01 [0.01%] ±0.00 [0.01%]
alpha_MUON_EFF_ISO_SYS ±0.01 [0.01%] ±0.00 [0.00%] ±0.01 [0.01%] ±0.01 [0.01%]
alpha_MUON_EFF_RECO_STAT ±0.01 [0.01%] ±0.00 [0.00%] ±0.00 [0.01%] ±0.01 [0.01%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.01 [0.01%] ±0.00 [0.01%] ±0.00 [0.00%] ±0.01 [0.01%]
alpha_JET_EtaIntercalibration_TotalStat ±0.01 [0.01%] ±0.02 [0.04%] ±0.03 [0.06%] ±0.03 [0.05%]
alpha_JET_MassRes_Hbb ±0.01 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%] ±0.01 [0.01%]
alpha_JET_EffectiveNP_Detector2 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.01%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Statistical6 ±0.00 [0.00%] ±0.01 [0.02%] ±0.02 [0.03%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Detector1 ±0.00 [0.00%] ±0.01 [0.04%] ±0.02 [0.04%] ±0.01 [0.02%]
gamma_stat_SRSF_0_B_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%] ±2.25 [4.4%]
gamma_stat_SRSF_0_A_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±1.90 [3.4%] ±0.00 [0.00%]
gamma_stat_SRSF_0_inc160_cuts_bin_0 ±0.00 [0.00%] ±1.89 [5.1%] ±0.00 [0.00%] ±0.00 [0.00%]

Table B.6: Breakdown of the dominant systematic uncertainties on background esti-
mates in the inclusive SR-SF-0 after the background-only fit. Note that the individual
uncertainties can be correlated and do not necessarily add up quadratically to the total
background uncertainty. The percentages show the size of the uncertainty relative to
the total expected background.
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Uncertainty of channel SRSF_1_inc100 SRSF_1_inc160 SRSF_1_A SRSF_1_B
mT2 [GeV] > 100 > 160 ∈ [100, 120) ∈ [120, 160)

Total background expectation 124.25 35.87 48.09 40.28

Total statistical (
√
Nexp) ±11.15 ±5.99 ±6.93 ±6.35

Total background systematic ±12.31 [9.91%] ±4.54 [12.65%] ±8.09 [16.82%] ±3.84 [9.53%]

alpha_syst_ttbar_show ±6.37 [5.1%] ±0.03 [0.08%] ±5.71 [11.9%] ±0.63 [1.6%]
mu_WW ±4.35 [3.5%] ±1.27 [3.6%] ±1.63 [3.4%] ±1.44 [3.6%]
gamma_stat_SRSF_1_inc100_cuts_bin_0 ±4.21 [3.4%] ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_EL_EFF_ISO ±3.70 [3.0%] ±2.57 [7.2%] ±0.21 [0.43%] ±0.92 [2.3%]
alpha_syst_ttbar_gen ±3.67 [3.0%] ±0.02 [0.04%] ±3.29 [6.8%] ±0.36 [0.90%]
alpha_syst_VV_gen ±3.20 [2.6%] ±1.65 [4.6%] ±0.92 [1.9%] ±0.21 [0.53%]
alpha_syst_VV_PDF ±2.17 [1.7%] ±0.86 [2.4%] ±0.66 [1.4%] ±0.66 [1.6%]
alpha_MET_ScaleDown ±2.10 [1.7%] ±0.25 [0.69%] ±1.70 [3.5%] ±0.15 [0.37%]
alpha_syst_wt_DS ±1.64 [1.3%] ±0.00 [0.00%] ±1.29 [2.7%] ±0.35 [0.87%]
alpha_fakesSyst ±1.45 [1.2%] ±0.32 [0.90%] ±0.55 [1.2%] ±0.58 [1.4%]
mu_VZ ±1.45 [1.2%] ±0.58 [1.6%] ±0.34 [0.71%] ±0.52 [1.3%]
alpha_JET_JER_EffectiveNP_2 ±1.42 [1.1%] ±0.14 [0.39%] ±0.99 [2.1%] ±0.29 [0.71%]
mu_ttbar ±1.33 [1.1%] ±0.00 [0.01%] ±1.17 [2.4%] ±0.16 [0.39%]
alpha_JET_Flavor_Composition ±1.22 [0.98%] ±0.59 [1.6%] ±0.12 [0.24%] ±0.52 [1.3%]
alpha_FT_EFF_B ±1.13 [0.91%] ±0.05 [0.14%] ±0.93 [1.9%] ±0.15 [0.37%]
alpha_JET_Pileup_RhoTopology ±1.08 [0.87%] ±0.30 [0.85%] ±0.46 [0.95%] ±0.32 [0.79%]
alpha_syst_ttbar_rad ±1.07 [0.86%] ±0.00 [0.01%] ±0.96 [2.0%] ±0.11 [0.26%]
alpha_Factorization_VV ±0.99 [0.80%] ±0.39 [1.1%] ±0.27 [0.57%] ±0.25 [0.63%]
alpha_EL_EFF_ID ±0.91 [0.73%] ±0.52 [1.5%] ±0.12 [0.24%] ±0.27 [0.66%]
alpha_JET_EffectiveNP_Modelling1 ±0.85 [0.68%] ±0.39 [1.1%] ±0.30 [0.63%] ±0.16 [0.40%]
alpha_JET_JER_EffectiveNP_8 ±0.77 [0.62%] ±0.08 [0.23%] ±0.71 [1.5%] ±0.15 [0.36%]
alpha_MET_ResoPerp ±0.76 [0.62%] ±0.35 [0.97%] ±0.02 [0.04%] ±0.40 [0.99%]
alpha_EG_SCALE ±0.71 [0.57%] ±0.22 [0.62%] ±0.36 [0.75%] ±0.13 [0.31%]
alpha_JET_JER_DataVsMC ±0.71 [0.57%] ±0.03 [0.09%] ±0.54 [1.1%] ±0.20 [0.50%]
alpha_MET_ResoPara ±0.68 [0.54%] ±0.35 [0.98%] ±0.37 [0.77%] ±0.69 [1.7%]
alpha_FT_EFF_Light ±0.67 [0.54%] ±0.22 [0.62%] ±0.23 [0.49%] ±0.21 [0.53%]
alpha_JET_JER_EffectiveNP_5 ±0.65 [0.53%] ±0.16 [0.46%] ±0.48 [1.00%] ±0.34 [0.84%]
alpha_MUONS_ID ±0.64 [0.51%] ±0.21 [0.58%] ±0.66 [1.4%] ±0.18 [0.46%]
alpha_MUONS_MS ±0.62 [0.50%] ±0.07 [0.20%] ±0.67 [1.4%] ±0.02 [0.06%]
alpha_MET_ScaleUp ±0.61 [0.49%] ±0.33 [0.92%] ±0.05 [0.10%] ±0.23 [0.57%]
alpha_JET_JER_EffectiveNP_1 ±0.59 [0.48%] ±0.31 [0.86%] ±0.21 [0.43%] ±0.08 [0.20%]
alpha_PRW_syst ±0.56 [0.45%] ±0.39 [1.1%] ±0.15 [0.30%] ±0.02 [0.06%]
alpha_JET_JER_EffectiveNP_10 ±0.56 [0.45%] ±0.01 [0.04%] ±0.50 [1.0%] ±0.04 [0.10%]
alpha_MUONS_SagReb ±0.51 [0.41%] ±0.02 [0.05%] ±0.17 [0.36%] ±0.32 [0.79%]
alpha_JET_JER_EffectiveNP_3 ±0.48 [0.39%] ±0.10 [0.28%] ±0.37 [0.77%] ±0.21 [0.53%]
alpha_JET_JER_EffectiveNP_7 ±0.48 [0.38%] ±0.03 [0.10%] ±0.16 [0.33%] ±0.35 [0.88%]
alpha_MUON_EFF_RECO_SYS ±0.47 [0.38%] ±0.26 [0.72%] ±0.06 [0.13%] ±0.15 [0.36%]
alpha_JET_Pileup_OffsetNPV ±0.45 [0.36%] ±0.03 [0.09%] ±0.29 [0.61%] ±0.12 [0.30%]
alpha_FT_EFF_C ±0.40 [0.32%] ±0.15 [0.41%] ±0.14 [0.29%] ±0.11 [0.28%]
Lumi ±0.36 [0.29%] ±0.12 [0.35%] ±0.08 [0.17%] ±0.16 [0.39%]
alpha_MUONS_SagRho ±0.35 [0.28%] ±0.10 [0.27%] ±0.10 [0.21%] ±0.15 [0.38%]
alpha_JET_JER_EffectiveNP_6 ±0.32 [0.25%] ±0.03 [0.08%] ±0.09 [0.20%] ±0.25 [0.62%]
alpha_JET_EtaIntercalibration_Modelling ±0.26 [0.21%] ±0.18 [0.50%] ±0.09 [0.19%] ±0.16 [0.41%]
alpha_EG_RES ±0.23 [0.18%] ±0.12 [0.33%] ±0.22 [0.45%] ±0.57 [1.4%]
alpha_JET_JER_EffectiveNP_11 ±0.22 [0.17%] ±0.11 [0.30%] ±0.02 [0.04%] ±0.09 [0.22%]
alpha_JET_JER_EffectiveNP_9 ±0.21 [0.17%] ±0.11 [0.29%] ±0.10 [0.20%] ±0.01 [0.03%]
alpha_JET_JvtEfficiency ±0.20 [0.16%] ±0.05 [0.14%] ±0.07 [0.14%] ±0.09 [0.21%]
alpha_JET_EffectiveNP_Detector1 ±0.17 [0.13%] ±0.07 [0.19%] ±0.08 [0.16%] ±0.02 [0.05%]
alpha_JET_Flavor_Response ±0.15 [0.12%] ±0.36 [1.0%] ±0.61 [1.3%] ±0.10 [0.26%]
alpha_JET_EffectiveNP_Mixed2 ±0.14 [0.12%] ±0.08 [0.22%] ±0.07 [0.14%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Mixed1 ±0.11 [0.09%] ±0.03 [0.08%] ±0.08 [0.17%] ±0.00 [0.01%]
alpha_FT_EFF_extrapolation_from_charm ±0.10 [0.08%] ±0.05 [0.13%] ±0.02 [0.04%] ±0.04 [0.09%]
alpha_JET_EffectiveNP_Modelling3 ±0.10 [0.08%] ±0.02 [0.06%] ±0.11 [0.24%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Statistical6 ±0.10 [0.08%] ±0.06 [0.16%] ±0.05 [0.10%] ±0.01 [0.02%]
alpha_JET_Pileup_OffsetMu ±0.10 [0.08%] ±0.07 [0.19%] ±0.03 [0.07%] ±0.13 [0.32%]
alpha_JET_Pileup_PtTerm ±0.09 [0.07%] ±0.07 [0.20%] ±0.15 [0.32%] ±0.01 [0.04%]
alpha_JET_JER_EffectiveNP_4 ±0.08 [0.07%] ±0.05 [0.15%] ±0.14 [0.30%] ±0.12 [0.29%]
alpha_JET_EffectiveNP_Statistical1 ±0.08 [0.06%] ±0.07 [0.18%] ±0.00 [0.01%] ±0.02 [0.04%]
alpha_JET_EffectiveNP_Statistical3 ±0.07 [0.06%] ±0.02 [0.05%] ±0.05 [0.10%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Modelling2 ±0.06 [0.05%] ±0.00 [0.01%] ±0.04 [0.09%] ±0.01 [0.03%]
alpha_JET_JER_EffectiveNP_12restTerm ±0.06 [0.05%] ±0.10 [0.28%] ±0.27 [0.56%] ±0.11 [0.28%]
alpha_MUON_EFF_TrigStatUncertainty ±0.05 [0.04%] ±0.01 [0.04%] ±0.02 [0.04%] ±0.02 [0.05%]
alpha_EL_EFF_RECO ±0.04 [0.03%] ±0.03 [0.08%] ±0.00 [0.00%] ±0.01 [0.03%]
alpha_MUONS_SCALE ±0.04 [0.03%] ±0.02 [0.05%] ±0.07 [0.15%] ±0.01 [0.04%]
alpha_MUON_EFF_ISO_SYS ±0.03 [0.02%] ±0.01 [0.02%] ±0.01 [0.02%] ±0.01 [0.03%]
alpha_JET_EtaIntercalibration_TotalStat ±0.03 [0.02%] ±0.01 [0.03%] ±0.00 [0.01%] ±0.03 [0.08%]
alpha_MUON_EFF_ISO_STAT ±0.02 [0.02%] ±0.01 [0.03%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Statistical2 ±0.02 [0.02%] ±0.00 [0.01%] ±0.01 [0.02%] ±0.03 [0.07%]
alpha_Renormalization_VV ±0.02 [0.02%] ±0.03 [0.07%] ±0.02 [0.05%] ±0.00 [0.01%]
alpha_JET_EtaIntercalibration_NonClosure_negEta ±0.02 [0.02%] ±0.00 [0.01%] ±0.03 [0.06%] ±0.00 [0.01%]
alpha_MUON_EFF_RECO_STAT ±0.01 [0.01%] ±0.01 [0.01%] ±0.00 [0.01%] ±0.01 [0.02%]
alpha_JET_EffectiveNP_Detector2 ±0.01 [0.01%] ±0.02 [0.05%] ±0.00 [0.01%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Modelling4 ±0.01 [0.01%] ±0.02 [0.05%] ±0.00 [0.01%] ±0.00 [0.00%]
alpha_JET_PunchThrough_MC16 ±0.01 [0.01%] ±0.01 [0.03%] ±0.00 [0.00%] ±0.00 [0.00%]
alpha_FT_EFF_extrapolation ±0.01 [0.01%] ±0.00 [0.01%] ±0.01 [0.01%] ±0.00 [0.00%]
alpha_JET_EffectiveNP_Statistical5 ±0.01 [0.01%] ±0.03 [0.07%] ±0.01 [0.02%] ±0.00 [0.01%]
alpha_JET_EffectiveNP_Statistical4 ±0.01 [0.00%] ±0.04 [0.11%] ±0.08 [0.17%] ±0.04 [0.09%]
alpha_JET_EffectiveNP_Mixed3 ±0.00 [0.00%] ±0.02 [0.04%] ±0.01 [0.02%] ±0.00 [0.01%]
gamma_stat_SRSF_1_A_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±2.20 [4.6%] ±0.00 [0.00%]
gamma_stat_SRSF_1_inc160_cuts_bin_0 ±0.00 [0.00%] ±2.38 [6.6%] ±0.00 [0.00%] ±0.00 [0.00%]
gamma_stat_SRSF_1_B_cuts_bin_0 ±0.00 [0.00%] ±0.00 [0.00%] ±0.00 [0.00%] ±2.76 [6.9%]

Table B.7: Breakdown of the dominant systematic uncertainties on background esti-
mates in the inclusive SR-SF-1 after the background-only fit. Note that the individual
uncertainties can be correlated and do not necessarily add up quadratically to the total
background uncertainty. The percentages show the size of the uncertainty relative to
the total expected background.
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