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Charged-particle distributions at low transverse
momentum and a search for low-mass resonances
decaying into two jets at ATLAS

Abstract

The charged-particle multiplicity distributions are measured in pp collisions
at a center-of-mass energy of 13TeV, with the ATLAS detector. The data
are collected using a dedicated trigger for minimum bias data during 2015.
The events are selected by requiring at least two stable charged particles
with transverse momentum above 100 MeV and an absolute value of the
pseudorapidity of |n| < 2.5. This region of phase space is interesting to
explore as it is poorly described by models of soft QCD. Thus the charged
particle multiplicity per event, the dependence of the number of charged
particles on their transverse momentum (pr) and pseudorapidity (7), and
the average pr are measured and compared with several Monte Carlo QCD-
like models to better constrain their parameters.

In addition, a search is performed for localized excesses in the dijet mass
distributions of low-dijet-mass events produced in association with a high
transverse energy photon. The search uses up to 79.8fb', at a center-of-
mass energy of 13TeV with data recorded during 2015-2017. Two variants
are presented: one which makes no jet flavor requirements and one which
requires both jets to be tagged as b-jets. The observed mass distributions are
consistent with multi-jet processes in the Standard Model. Thus the data was
used to set upper limits on the production cross-section for a benchmark 2’
model and, separately, on generic Gaussian-shaped contributions to the mass
distributions, extending the current ATLAS constraints on dijet resonances
to the mass range between 225 and 1100 GeV.
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photon
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1 Introduction

The work presented in this thesis has been carried out within the ATLAS experiment,
at the Large Hadron Collider. Two analyses are presented.

In the first one, measurements of charged-particle distributions in proton-proton
collisions are presented. These are used to reflect the strong interaction with low mo-
mentum transfer. In this region, the charged-particle interactions are described by
quantum chromodynamics (QCD) and thus, these measurements are essential for an
accurate description of p — p interactions and to constrain free parameters of Monte
Carlo event generators. In particular, this analysis extends previous measurements
to a new phase-space in the low momentum regime: pr >100 MeV and |n| <2.5.
The data recorded from p— p collision at a center-of-mass energy of 13 TeV recorded
during 2015 and collected using a dedicated trigger for minimum bias data. The
analysis strategy starts with raw charged-particle multiplicity distributions. These
are corrected to take into account reconstruction inefficiencies. Furthermore, an
unfolding procedure with a Bayesian method is applied to correct for the detector
effects. The final distributions are then compared to several Monte Carlo generators.

The second analysis is a search for localized excesses in the dijet mass distribu-
tions of low dijet mass events produced in association with a high transverse energy
photon. Searches for dijets resonances with masses of several hundred GeVs have
been carried out by different experiments. However, these searches have been limited
at lower masses by the large multi-jet background. At this regime, these events are
produced at such high rates that would saturate the on-line selection and impose
thresholds that limit the sensitivity of this analysis. The current analysis uses a
different approach to overcome this limitation. It utilizes dijet events in association
with a high-pr initial-state radiation photon that can be used for triggering, allow-
ing the resonance to be reconstructed from lower-py jets. Consequently, the subject
of this analysis is a resolved final state consisting of two jets and one photon.

The search uses a luminosity up to 79.8 fb~! and center-of-mass energy of 13
TeV during 2015-2017. Two variants are presented: one which makes no jet flavor
requirements and one which requires both jets to be tagged as b-jets. The results
of the mass distributions were consistent with multi-jet processes in the Standard
Model. Therefore the data was used to set upper limits on the production cross-
section for a benchmark Z’ model and on generic Gaussian-shape contributions to
the mass distributions, extending the current ATLAS constraints on dijet resonances
to the mass range between 225 and 1100 GeV.

This thesis organizes as follows. Section [2] starts with a brief overview of the
Standard Model and some limitations. It also presents an introduction to the Monte
Carlos used through the analyses in Section 2.4, The LHC and the ATLAS detector
and a summary of their performance are described in Section [3] and Section [4]
Section 5| focusses on the different techniques used to reconstruct the objects used by
the analyses. Section[6|presents the analysis of the charged-particles distribution and
Section [6] presents the search for localized excesses in the dijet mass distributions.
Finally, Section [§| presents a summary and the conclusions.
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2 Theoretical Introduction

2.1 The Standard Model

The Standard Model (SM)[I07)[102][2] is the theoretical framework that best de-
scribes the composition and the interaction of the matter at a subatomic scale.
Since it was developed in the 1960s, it has been strongly tested and it has been very
successful in describing experimental observations.

The SM is a renormalizable quantum field theory based on the total invariance
under the gauge group:

U(l)y ® SU(2), ® SU(3)c (1)

where SU(3)¢ is the symmetry group of the strong interaction and U(1)y ® SU(2),
corresponds to the electroweak interaction. The subindex L denotes that the left-
handed fermions have isospin, a restriction imposed to reflect experimental observa-
tions. The subindex Y denotes the hypercharge and C denotes the color, explained
in detail in Section 2.1.3]

The SM describes the components of the matter, fermions, and the interactions
between them by the force mediator, bosons. The former are divided into two groups,
quarks and leptons, and both are sorted in families or generations, where each family
has the same quantum numbers but different mass values.

In addition, each quark and lepton has an anti-particle, with the same mass and
opposite quantum numbers. A summary of this particles is presented on Figure
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Figure 1: Diagram of the particles described by the SM.

The fermions with spin 1/2 are described by Dirac equation, That follows from

the Lagrangian:

fermion.

L = ("0, — m)

where 9 is the fermion field. * are the Dirac matrices and m is the mass of the

11
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The Noether theorem states that if the Lagrangian is invariant under a transfor-
mation, then there will be a corresponding conservation law; i.e. there is a quantity
that is constant. In this case, by imposing the Lagrangian to be invariant under
local transformations of a given symmetry group, new (boson) fields appear.

The number of bosons is equal to the number of generators of the symmetry
group. A summary of the bosons in the SM is shown on the right side of Figure [T}
Bosons Z and W¥ are the weak force mediators; G are those for the strong interac-
tion force mediator; 7, the electromagnetic force and the H boson is the responsable
for the mass of particles. Each interaction will be described in the following Sec-

tions .1.1|2.1.2] and 2.1.3]

2.1.1 Electroweak Theory (EW)

In the SM, the electromagnetic and weak interactions are described together by
Glashow-Weinberg-Salam theory [I0T][I] as the electroweak interaction, that satis-
fies SU(2), ® U(1)y gauge symmetry group. The Lagrangian for the electroweak
interactions is given by:

_ 1 1
Lpw =Y _ U[iy"D,]U — Wi W — 2B B (3)
v

1
D, =0, +1igT*W," + ’iglgTyBM (4)

where T are the generators of SU(2);, group. The generator of the U(1)y group is
represented by Ty. And the coupling constants to the W,* triplet and B, fields are
g and ¢’. The subindex L denotes the fact that in nature the weak interacion only
affects left handed (right-handed anti-particles) particles. Therefore ¥ is the fermion
doublets for the left-handed and fermion singlets for right-handed. W : (Vli li) ; and
(I;)r for leptons, and (uZ di) o (u;)r and (d;)gr for quarks. The subindex ¢ runs
over each family. However the down elements d; are not those from Figure [1| but a
mixture of them given by the Cabibbo-Kobayashi-Maskawa [00][87] unitary rotation

di = Zj ‘/ijdj-

Mass terms can not be added as —m? f? (for a field f) to the Lagrangian because
it breaks the local gauge invariance. However this issue can be adressed properly by

the Higgs mechanism, where the masses araise naturally by the symmetry breaking
as it is described in Section 2.1.2

2.1.2 The Higgs mechanism

In 1964 the Higgs mechanism was a proposed solution to the fact that weak gauge
bosons in equation |3 are massless, which is in conflict with experiments.

The Higgs mechanism into the SM theory proposes a spin zero Higgs boson
particle. In this model, the mass emerges from the interaction of the particles with
the higgs field.

12



The minimal solution is a scalar field with four real components, arranged in a
complex doublet ® = (¢ ¢°). And the Lagrangian is given by:

Ly = D0 — 1?3'® — \(@'®)’ (5)

The fields of the weak force are included in the Lagrangian through the covariant
derivate D, as defined in Equation @ The last two terms in Ly that define the
potential, depend on p and A. Taking x? < 0 and A > 0 the minimum of the ® field
potential is degenerated, with a fundamental vaccum value of ®T® = % The v is
called the vacuum expectation value (VEV) of the neutral component of the Higgs
doublet.

All these minimum configurations are connected by gauge transformations, that
change the phase of the complex field ®, without affecting its modulus.

Choosing one of the minimum configuration of the ® field. The potential is
no longer symmetric. This is called spontaneous symmetry breaking. However the
Lagrangian is still invariant.

Expanding ¢ around the minimum

(%) = =5 (o o) )

the phase can be removed by rotating with a SU(2), gauge transformation

O(z) = P'(2) =U(x)®(z) = % (U n (;{(x)) (7)

where U(z) = exp[—i0;0%(x)/v]. This gauge choice is called unitary gauge. Three of
four real scalar fields are “eaten” by the gauge transformation. However, these three
degrees of freedom appear as mass terms (longitudinal components) for the three
weak force boson fields. The remaining scalar field is the massive electrically-neutral
Higgs boson [67] [71].

The mass terms for weak bosons arise from the kinetic part of the Lagrangian,
through the covariant derivative.

; v? T oo v
(Du(b )(Duq)) = E(glwau +92§W u) + E(

2T
+%(§)29§(Wu3)2 + non — quadratic terms

NN

Vg3 (W,')? (8)

This new terms assign masses to three fields for W," and W,*, which become Wyi
bosons with a linear combination.

1
V2

And a slightly different linear combination for B,, and Wf that corresponds to Z
and . Where an orthogonal linear combination is identified as a massless gauge

boson, the photon.
() = (oall o) (%) 10
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Where 6, is the weak mixing angle. This also introduces a relationship between the
mass of the Z" (M) and the mass of the W= (M,,) particles.

M,
— (11)
cos(0y)
Also the expansion of Yukawa terms in the same basis gives mass terms for the

fermions. Neutrinos instead do not get masses in this process due to the non right-
handed component[68][111].

Lfermions = -y (Vb ) (QZ(")_) - ?lej(ﬂu CZI)L (i—(:) d R

- _ ¢0
—y.2 (;, d') <¢ ) ujr + h.c (12)

where y are the Yukawa coupling constants. Expanding the scalar doublet around

the expectation value (¢° = ”+2h, ¢* = 0), two terms survive for the lepton subsector:

My =

L eptons — -
lept \/_ll /s
The first term gives the lepton mass and the second one reflects the coupling to the
Higgs boson h, using m; = yv/v/2.
The quark subsector is more complicated due to the CKM mixing of down-type
quarks (d; = SumVi;.d;), reflecting the fact that the EW eigenstates are a rotation
of the Halmitonian eigenstates

A iih = myll — —llh (13)

2.1.3 Quantum Chromodynamics (QCD)

The description of the strong field interactions between quarks and gluons, called
partons, originally developed Gellmann [86] and Zweig [72] in the 1960s to explain
the huge amount of baryon resonances discovered during 1950s [92], evolved over
the years into a renormalizable quantum field theory. The QCD Lagrangian of QCD
within the SM is given by:

I [ : a 1 a v
Lqop = Z Wolin* (O — 1954, T0)] Vg — ZF wF" (14)
)4

where ¥, and F*°,, (field tensor) are defined by

wqred
Fam/ = a,uAau - auAa,u - gsfabcAbMAcV , \IIq - ¢q9reen
7qublue

The Lagrangian of QCD (Equation |14)) is invariant under SU(3) rotations. This
local invariance requires the introduction of eight gauge fields, which correspond to
eight mediators (gluons). And the quantum number conserved is the color, which
can be red, green or blue.

The sum in Equation [14{runs over ¥, quark fields only. g, is the strong coupling
constant and A,° are the eight (¢ = 1, .., 8) Lorenz vectors representing the massless

14



gluon gauge bosons, and T, are the generators of SU(3). group with the property
that [T, T =i f..T¢.

As in nature quarks and gluons are found only in uncolored states, they can not
be as individual particles. Instead, they form groups called hadrons.

There are two families of hadrons: mesons and baryons. The first one is made
with quarks and an anti-quarks, having opposite color they form colorless states.
The second ones, are made with combinations of 3 quarks, each of them with a
different color (r,g,b), forming again an uncolored state.

Expanding Equation [I4|there are three types of vertices ggg and ggg proportional
to gs, and gggg proportional to g,? a tree level. The strength of the strong interaction
is described by a coupling constant: ag = gf‘;, where g; denotes the QCD coupling
constant.

The interaction between gluons reflects the fact that they carry color charge.
Also, it means that a, depends of the scale of the interaction. It is the four-
momentum transferred between the partons Q2. If the interaction occurs with a
large momentum transfer it is called hard and if not, soft.

At leading order the strength of the strong coupling is given by:

127
(33 — 2np)In((Q?/Agcpn?))

where ny is the number of quark flavors and Agep is the renormalization scaleﬂ.

As Equation|15|shows, a decreases with the logarithm of the interaction strength.
In the high energy regime the QCD interaction becomes weak. This phenomenon is
referered to as “asymptotic freedom” [73] [93].

The opposite happens for lower energy, the value of a; increases giving as result
the “confinement” of quarks and gluons.

This phenomenon also means that if partons with color charge start to separate
form each other, the potential energy increases to the point that it is energetically
more convenient to hadronize creating a quark-anti-quark pair with opposite charge
from the the vacuum. As a consequence, colored partons produced in high-energy
interactions give place to a shower of hadrons.

Figure [2| shows the dependency between o, and the energy scale.

QCD interactions are dominant at the LHC because a constant is much larger
than the other coupling constants. Therefore a good description of the QCD process
is needed, either to understand the hadronic process in itself or as background of
other process of interest like the Higgs physics.

a,(Q*) = (15)

2.2 Hadronic collisions

An appropriate description of the physics processes in a pp collision may be com-
plicated. A typical hadronic collision is illustrated in Figure [3} When two hadrons

! The contribution of all such diagrams across all orders provides a diverging infinite sum
which can be overcome by using renormalisation: a set of parameters of the theory are rescaled to
counteract the additions from the loops. The process of renormalisation always introduces a scale
Agcp at which the calculations for the rescaling procedure are made.

15
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Figure 2: Combined measurements of a, as a function of the scale () for several
experimental sources. NLO, NNLO etc indicates the order of perturbative QCD
used in the calculation of the reported value [98]

collide, partons may interact and be scattered several ways. Either, the incoming
or outgoing partons can radiate, and all outgoing partons hadronize.

Besides, the hadronization is a complex process and involves perturbative and
non-perturbative QCD processes, described in Section [2.2.1]

In most cases of physics of interest, only particles coming from high — pr pro-
cesses are studied and the contribution of soft interactions are typically negligible.
These interactions are referred to as being part of the underlying event. However,
for precision studies, as the measurement of the top quark mass, models used for
the underlying event can have a significant impact [64].

2.2.1 Cross-section and Factorization Theorem

The computation of the cross-section contains both perturbative and non-perturbative
behaviours simultaneously. The factorization theorem shows that the cross-section
for a scattering process between hadrons A and B leading to the final state X can
be calculated by separating the high-scale, perturbative part of the interaction from
the low-scale, non-perturbative part and treating them independently [77].

It can be understood intuitively by considering the interaction between two rel-
ativistically moving hadrons with high momentum transfer, where the partons in
them feel the asymptotic freedom. The time dilation kinematic variable of the rela-
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Figure 3: Illustration of components of a hard scattering process in a hadron-hadron
collision. The incoming protons are shown in blue. The partons undergoing the hard
scattering are shown in red. Possible initial and final state radiation is shown using
dashed green lines. The particles participating in the underlying event are shown in
black.

tivistic moving hadrons is sufficient that any virtual particles will be nearly constant
during the collision and the parton momenta will not change substantially. Thus
the hadrons interact not as single particles but rather as collections of free partons
of fixed momentum [81]. The cross-section for the collision can then be computed
using the cross-section for the single parton-parton interaction of interest, weighting
it with the probability for each parton to carry a given proportion of the hadrons
momentum, and then integrating over the possible combinations [79]

Op Py—X — Z/dwldx2fi<wlaMQ)fj($2aM2)&i,j(plap2a045(,”2)’Q2/,u2) (16)

/L"j

where P; and P, are the four momenta of the incoming hadrons. A fraction of
these two momenta goes to the partons which interact in the hard scattering are
p1 = 1P, and py = x9P,. The four momentum transferred between the partons
in the hard scattering is Q. Then the parton distribution functions (pdf), f;(z, u?),
depend on the fraction of momentum carried by each parton and the choice of
factorization scale, u, which will be discussed later. And the cross-section for the
partons is ¢; ;. All the components of the cross-section are schematized in Figure |§|

Two partons (7, ) can collide under different types of “hard” scatter, giving as a
result two or more final-state partons. Partons with a large transverse momentum
(pr) tend to radiate more partons generating as consequence a “spray” of partons.
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Figure 4: Scheme of the cross-section for the hard scattering of two hadrons with
momenta Py and P,. The pdf f;(z;,Q?) that gives the probability to have a parton
with a fraction x; of the proton momentum. And the cross-section for the parton
interaction ¢,

As the shower develops, each parton looses momentum, and the strong interaction
becomes dominant over kinematics transforming single partons into hadrons. This
phenomena is call hadronization and is a consequence of the color confinement prin-
Cipleﬂ

A final state can also contain energy from processes that do not come from
the hard scatter. Partons can irradiate, mostly, gluons and photons before the hard
scatter occurs. This process is called initial state radiation (ISR). Other posibility is
the case where there are multiple simultaneous parton interactions (MPI). Figure
is a representation of a hadron-hadron collision, and the main process described
before.

2.2.2 Types of Inelastic Scattering

The total cross-section is the sum of the cross-sections of all possible pp interactions.
These can be either elastic or inelastic. In the first case the both protons end intact
and no additional particles are produced. Opposite to the Inelastic interaction,
where at least one of the incoming protons is destroyed and therefore the out-coming
particles differ from the incoming ones.

2 The totality of the partons within the shower hadronize at the very neighborhood of the
interaction point within a lenght of the size of a proton (1fm).
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Figure 5: Simulation of a pp collision. Incoming partons are in blue. In red, the hard
scattering process is represented by the large (red) circle, and the parton showering
created by it. The underlying event interactions are shown in purple. Hadrons
are indicated in green for both, the initial protons and those which begin to form
once particles have lost sufficient energy that their QCD interactions are no longer

perturbative [109].

There are three types of inelastic interactions as shown Figure [0l Inelastic inter-
actions in which color charge is exchanged are referred to as non-diffractive (ND)
interactions. In a single diffraction (SD) a particle is exchanged between the two
protons and one of the incoming protons end in a diffractive system. In double
diffraction (DD) the same happens but both of the protons form diffractive systems.

Non- single- and double- diffractive events have different topologies and multi-
plicities. In QCD non-diffractive events result in a large number of particles being
produced at central rapidity. However, the multiplicity falls fast at forward rapidi-
ties. In a single-diffractive event, the proton which breaks up produces particles
at high rapidity. The other incoming particle is essentially undisturbed and has
the rapidity of the beam. In a double-diffractive event particles are produced sym-
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(a) Non-diffractive (b) Single-diffractive (c) Double-diffractive

Figure 6: Different types of inelastic pp collisions. (a) Non-diffractive interaction ,
(b) single-diffractive diffraction and (c) double-diffractive diffraction.

metrically at positive and negative forward rapidity, with fewer particles produced
in the central region. Both non-diffractive and double-diffractive interactions are
symmetric around 7 = 0.

2.3 Beyond the Standard Model

The big goal is to find the Theory of everything, one single model that describes
all aspects of the universe [66]. Physicists know that this model can not be the
Standard Model. Even when it describes very successful several aspects of nature
it can not be complete since, for instance, gravity can not be included in it. So far
the Standard Model agrees with all confirmed experimental data from the acceler-
ators and other several experiments, but this observed particle spectrum may not
be enough to describe the matter composition of the universe. Some of the most
important outstanding issues are described below.

Incomplete model...

There are several inconsistencies and facts that the SM does not explain. For in-
stance, the value of the particle quantum numbers such as the electric charge (Q),
weak isospin (7T3), hyper-charge (Y') and color charges. Also, the values of the masses
for the quarks, leptons and some bosons are not provided by the theory, they depend
on Yukawa couplings and the vacuum expectation value. In fact, there are 19 free
parameters(+ 9 if we take into count the masses of the neutrinos responsible for the
neutrino-flavor oscillation). These parameters seem too large to be considered an
elegant theory.

All the points mentioned before constitute the fondations of the SM theory. But
the SM does not explain the measurements of the galactic rotation speeds [112],
neither the gravity. Also, the SM indicates that the amount of matter and antimatter
should have been produced in equal quantities at the time of the Big Bang, however
the big majority of the universe is made of matter.
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Several theories attempt to understand and explain the issues mentioned before,
some of the most popular are briefly commented below.

Dark matter (DM)

In 1970, measurements of galactic rotation speed provided clear evidence that addi-
tional mass was present around galaxies. This mass, is associated to what is called
Dark Matter has to be invisible to telescopes but be present in order to explain the
gravitational effects observed [117][88].

There is no appropriate DM candidate in the SM. Extremely heavy right-handed
neutrinos are a possibility, but difficult to reconcile with the low masses and mixing
requirements of the known neutrinos [IT5]. Thus a new particle not considered by
the SM is expected to be a candidate for Dark Matter. Some properties are inferred
from cosmological observations and previous collider results: It does not interact
electromagnetically. otherwise, it could be detected with astronomical procedures.
And must be stable since no SM decay products were observed.

Many DM candidates are proposed but weakly interacting massive particle (WIMP)
is motivated to be a plausible candidate.

Supersimmetry (SUSY)

The supersymmetry theory incorporates a fermion-boson symmetry. It considers
that for each particle of the SM model exists a supersymmetric partner, the spin of
which differs by a half-integer.

A super-symmetrical extension to the Standard Model would solve some issues
with the SM like cancelation of divergencies, candidates for DM and unification of
interactions.

2.4 Monte Carlo Generators

Several processes, as the determination of the resolution, optimization or the esti-
mation of the analysis background rates, require predictions based on Monte Carlo
simulations (MC).

An event generator uses predictions like the QCD or QED models for pp collisions
and simulates the rate of different outcomes. However, with the increasing number of
outgoing partons, complexity in the calculations become challenging. Furthermore,
these calculations do not provide the full hadronic level event description. So, an
alternative approach is provided by the Monte Carlo programs.

Matrix element: To describe a 2— n process from the theory, a set of Feynman
diagrams are evaluated. So, the matrix elements (ME) are calculated in powers
of the strong coupling constant (cy). It becomes hard to compute at high or-
der, but it can be factorized into a simple core process (e.g. 2 — 2, convoluted
with parton probabilities to mimic a higher-order process). Simulation pro-
grams, like PYTHIA [I14], implement this approach using leading-order (LO)
perturbative calculations, others like SHERPA [110], use next-to-leading-order
NLO perturbation calculations intead.
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Underlying event (UE): In addition to the hard interaction generated, also the
interactions between the incoming proton remnants need to be taken into ac-
count. This is usually modeled through multiple extra 2 — 2 scatterings,
occurring at a scale of a few GeV. The UE can include additional hard inter-
actions and soft processes which can not be calculated perturbatively. These
are modeled with adjustable parameters that are tuned to experimental data.

hadronization: As the shower reaches Q* = Agcp, the coupling forces become
significant and confinement takes place. This is no longer described by first
principles and involves the transformation of the outgoing colored partons
into colorless hadrons of a typical 1 GeV mass scale. The hadronization is
commonly described by the Lund string fragmentation model [50]. It describes
the color force by a linearly rising potential as charges separate. The potential
energy stored increases as partons recede, so it may break up by the production
of new quark-antiquark. Then, they may combine to produce hadrons. After
the perturbative parton branching process, the remaining gluons are split into
light gqq pairs, and then neighboring quarks and antiquarks can be combined
into color singlets (colorless “clusters”), with masses distributions peaking at
low values and asymptotically.

Tune: The MC generators contain a number of free parameters due to the non-
perturbative, and therefore incalculable, nature of much of the soft physics pro-
cesses, like the shower approximations, hadronization, and underlying event.
These different parameters are usually tuned with data from colliders. A spe-
cific set of chosen parameters for a MC generator is referred to as a tune. The
most common used are the A14 tune [35] and the AU2 tune [31].

Detector simulation: To simulate the detector effects and reproduce events as
may be measured by the ATLAS detector, the simulations must be passed
by tools like GEANT 4 [97]. These simulators simulate the effects of the
particles passing by the detector layers and is based on the geometry descrip-
tion, components, and magnetic field. The physics processes include ionization,
Bremsstrahlung, photon conversions, multiple scattering, scintillation, absorp-
tion, and transition radiation.

Digitalization: The last step involves the digitalization, which simulates the de-
tector outputs in the same format as the actual raw data.
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3 The Large Hadron Collider

The Large Hadron Collider [55] (LHC) is the world’s largest and more powerful
particle collider built so far. It is located at the Conseil Europen pour la Recherche
Nuclaire (CERN), at the France-Switzerland border area. There are four big ex-
periments, all of them able to explore the tera-electronvolt (TeV) scale through
proton (or heavier ion) collisions. However, they have a specific purpose. Two of
them multi-purpose: ATLAS (A Toroidal LHC ApparatuS) [25] and CMS (Compact
Muon Solenoid) [60]. And two dedicated experiments: LHCb (Large Hadron Col-
lider beauty) [83] specialized on b quark physics and ALICE (A Large Ion Collider
Experiment) [§] focused on studies of heavy ion collisions.

The LHC was installed in a 27-kilometer circular tunnel where a previous col-
lider was, the Large Electron Positron (LEP) collider, at approximately 100 meters
underground.

3.1 Machine design

The LHC was designed to produce pp collisions at a center-of-mass energy (1/s) of
14TeV. However, during 2010-2011 it was operating at /s =7TeV and /s =8TeV
during 2012 period. This period is known as Runl.

Between 2013 and 2014 the LHC entered in the first shutdown (LS1). It was
necessary to modernize the infrastructure and prepare it for operations at higher
energies. From 2015 until 2018 the LHC started the Run2 working at /s =13TeV
and with a double number of interactions per pp crossing.

Another significant feature is that the LHC is prepared to work with an in-
stantaneous luminosity (descrived in Section of 103*em=2s7!, with the beams
containing around 2000 bunches with 25ns interval time.

The LHC rincg is only the last element of the CERN accelerator complex as
shown Figure [7] The first element is a bottle of hydrogen gas which works as the
proton source once that the electrons are removed. Then, they are pulsed from it
to a Linear Accelerator (Linac2) up to 100 microsecond per pulse. The Linac2 uses
radio-frequency cavities to charge cylindrical conductors alternately positively or
negatively. When protons pass through the conductors, are pushed ahead causing
the acceleration. Small quadrupole magnets ensure that the protons are arranged
in a tight beam. At the end of the Linac 2, the protons have an energy of 50 MeV
and go at 31.4% of the speed of light.

Then, these protons enter to the Proton Synchrotron Booster which is made up of
four superimposed synchrotron rings which accelerate protons up to 1.4GeV (91.6%
of the speed of light)to be injected into the Proton Synchrotron (PS). It accelerates
not only protons to the PS but also ions for the Low Energy lon Ring (LEIR). It
works with particles at energies up to 25 GeV (99.93% of the speed of light). After
the protons pass to the Super Proton Synchrotron (SPS) which is the last step of
the LHC. The SPS has a circumference of 7 km and it accelerates protons up to
450GeV.

Finally the LHC is the largest and most powerful accelerator. It uses super-
conducting magnets to boost the energy of the particles along a 27 Km ring. In
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Figure 7: The CERN complex encompassing several accelerators. Image from

Ref. [69].

it, two high-energy particle beams are accelerated to an energy of 7 TeV (nominal
value) (99.9999991% of the speed of light). The beams travel in opposite directions
in separate beams pipes (two tubes kept at ultra vacuum), guided with a magnetic
field generated by superconducting electromagnets, which require a temperature of
-271.3 C (lower than in the outer space!). To keep this temperature, the accelerator
is connected to a distribution system of liquid helium, which cools the magnets and
other supply services.

3.2 Running conditions in the 2015-2018 period

The number of events per second, Neyents, generated in each LHC collision is Neyents =
L.0cpent, where L is the machine luminosity and oy is the cross-section of the pro-
cess. The luminosity depends on the beam parameters and for a Gaussian beam
distribution, it can be written as:

NN,

L = ncfrevm (17)
Where n. is the number of colliding bunch pairs, NV, is the number of protons per
bunch in the beam b, f,., is the protons revolution frequency and o*,, are the
transverse sizes of the beam at the interaction point. Equation shows how the

instantaneous luminosity increases when the cross-section is reduced.
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The time integrated luminosity L™ = [ Ldt during 2015 to 2018 data taking
periods is shown in Figure [§]
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Figure 8: Cumulative luminosity as a function of time delivered to (green) and
recorded by ATLAS (yellow) during stable beams for pp collisions at 13 TeV center-
of-mass energy from 2015 to 2018. Images from Ref [22]

3.3 Pileup

As a consequence of the high luminosity several proton collisions can be recorded
in a single event. This effect causes that the energy of other proton collisions can
be interfering with the meansured energy of the hard scatter. This phenomena is
called pileup and there are two principal sources for it:

e [n-time pileup: when multiple particle collisions occur within a single bunch
crossing and the products are recored in the same event.

e Qut-of-time pileup: when particle collisions occur in different bunch crossings
but the detector recoreds them within a single event due to the brief time
between the two different collisions.

The pileup can be estimated from the running conditions as the average number
of inelastic collisions per bunch crossing, u:

Lainelastic

nbfr <18)

ILL:
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Where n, and f, are the number and the frequency of bunches respectively, and
Oinelastic 1S the inelastic cross-section for pp collisions [20].

As a consequence it can change depending on the beam optics and bunch pa-
rameters at the impact point across different periods of data taking. Therefore,
the underlying Poisson distribution can be shifted towards higher or lower values of
< p1 > as shown in Figure [9 for 2015 to 2018 data.
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Figure 9: luminosity-weighted distribution of the mean number of interactions per
crossing for 2015 to 2018 pp collision data at 13 TeV center-of-mass energy. All data
recorded by ATLAS during stable beams is shown, and the integrated luminosity
and the mean p value are given in the figure. Image from Ref [2§]
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4 The ATLAS detector

ATLAS, A Toroidal LHC ApparatuS, is one of the two multi-purpose experiment
at the LHC. It is a 7000 ton detector and has 44m in length per 25m in height. It
is symmetric with respect to the interaction point at the center of the detector.

As shown on Figure [d] it is composed by different sub-systems each one with a
specific purpose. The inner detector is located closest to the collision point with the
goal of measureing the trajectories of the charged-particles, described in section [4.2]
Surrounding the inner detector there are two calorimeters: the Electro-magnetic and
the hadronic calorimeter. The Calorimeters determine the energy of the particles
(neutral and charged particles) , both explained in Section Finally the last
detector is the muon spectrometer, which allows to measure the position and mo-
mentum of muons, described in Section |4.4] Besides, to compute the momentum of
the particles two system of magnets are used to bend the trajectory of the particles,
explained in Section [4.5]

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Figure 10: Diagram of the ATLAS detector and sub-systems. Image from Ref. [35]

4.1 System of coordinates and kinematic variables

The coordinates system used in ATLAS is the right-handed Cartesian system, cen-
tered at the geometric center of the detector, where the z-axis goes parallel to the
beam pipe, the x-axis points to the center of the LHC ring and then y-axis points
upwards. As the ATLAS detector has a cylindrical symmetry, it is easier to use ¢
and 6 variables.

The azimuthal angle ¢ is measured around the beam axis. Thus A¢ is invariant
under longitudinal Lorentz boosts. However it is not the same for the polar angle:
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A0 which depends on the boost of the system. Instead, it is more convenient to
work with the rapidity y and the pseudo-rapidity n defined as:

1, E+p,
— = 1
y= Sl E) (19)
0
n= —lntan(ﬁ) (20)

The pseudo-rapidity is equal to the rapidity for massless particles. Thus, for
relativistic objects y is closely related to 7.

4.2 Inner detector

The goal of the inner detector system (ID) is to reconstruct the path of the charged
particles, to measure their momentum and the position of the hard scatter of the
event.

A charged particle passing through the Inner detector deposits a minimum of
energy, enough to reconstruct the path but not enough to affect the trajectory and
the energy measurements in the calorimeters.

The ATLAS ID has three independent but complementary detector systems.
From the inside out, the first one is the pixel detector (Pixel), then the Semiconduc-
tor Tracker (SCT) and the last one is the Transition-Radiation driff-tube Tracker
(TRT). Figure [L1| shows a diagram of each tracking system, which covers a region
of pseudo-rapidity of |n| < 2.7.

The ID is immersed in a solenoid magnetic field, that deflects particles in the
transverse plane, allowing a highest precision in the computation of the momentum
measurement. A complete description of the magnetic field systems is presented in
Section [£.5

During the LS1, the ATLAS Inner Detector was upgraded, installing the new
Innermost barrel layer of Pixel called the Insertable B-Layer (IBL) [16], as shown in
Figure [I2] The distances between each layer are show in Figure

4.2.1 Silicon pixel detector

The silicon pixel tracker is the innermost detector of the tracking system. For Run2,
It was improved by inserting the IBL. It was installed at a radius of » = 33.5 mm
with respect to the beam line and it covers the pseudo-rapidity region of |n| < 3.03.
The size of the pixel sensors is 50x250um? . It improves the track reconstruction
performance; for example, both the transverse and longitudinal impactparameter
resolution improve by more than 40% in the best case of tracks with transverse
momentum(pr) around 0.5 GeV.
Following-up the IBL, There are three barrel layers of pixel detectors (PIX1,PIX2,PIX3) [17],

and three end-cap disk-layers. The size of the pixel-sensor modules is 50um (r —

¢)x400pm(z).
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Figure 11: The ATLAS Inner Detector with the sub-detectors shown. Image from
Ref [7].

The Semiconductor Tracker consists of 4088 silicon strip modules, arranged in four
barrel layers (referred to CVT1, SCT2, SCT3, SCT4 from inside to outside) and two
end-caps. The Silicon strips are used instead of pixels because the particle density
decreases with the radial distance from the interaction point. In this way fewer
read-out channels are needed.
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Figure 12: Sketch of the ATLAS inner detector showing all its components- , in-
cluding the new insertable B-Layer (IBL). The distances to the in- interaction point
are also shown. Image from Ref [40].

An SCT module is made up with two sensors glued back-to-back with a stereo
angle of 40 mrad. The stereo angle allows a measurement to be made along the
length of the strip.

In contrast to the pixel detector, the read-out of the SCT is binary so it does
not provide information about the amount of deposited charge.

4.2.3 The Transition Radiation Tracker

The Transition Radition Tracker (TRT) surrounds the SCT detector. It is made of
straw tubes with 4 mm of diameter. Each tube has an anode at the center and is
filled with a X./CO5/0O5 gas mixture. When a charged particle passes through a
straw, the gas is ionized and the charge drifts to the anode. In consequence, the
time that it takes the charge to reach the wire is used to measure the distance that
the particle passes with respect to the wire.

The straws in the TRT barrel are 144cm long and are parallel to the beam axis.
In the end-cap they are 37cm long and arranged radially in wheels. The TRT only
provides information in the barrel in the r — ¢ direction with an accuracy of 130um.
To reconstruct the full trajectory the silicon detectors are needed in conjunction
with the TRT. The straws are interleaved with fibers and foils so that an electron
passing through produces photons through transition radiation. The photons are
absorbed by the gas, producing a large amount of charge. The TRT read-out has
two thresholds: a low one to measure ionization and a high one to identify these
photons, which allows electrons to be identified using the TRT.
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Figure 13: The rz view of the layout of the ATLAS ID. The top panel shows the
whole inner detector, and the bottom-left panel shows a magnified view of the pixel
detector region Image from Ref [37].

4.3 Calorimeter System

Sorroundng the ID there is the calorimeter system, whose goal is to measure the
energy of the particles.

The ATLAS calorimeter system is composed by two different sub-detectors: the
electromagnetic calorimeter and the hadronic calorimeter, both sample a full ¢ range
and |n| < 4.9.

The detectors are made of layers intercalating absorbing and active material, to
induce the parton showering and to measure their energy, respectively [70].

As the readout signal is proportional to the energy deposited only in the ac-
tive media, it is a non-compensating system, part of the energy of nuclear collisions
remains “invisible”. This creates a difference between the particles which interact
strongly with the nuclei and the particles which interact by the electromagnetic
force (EM). In the first case the measured energy is smaller, because, each kind of
the particle shower involves different physics processes and develop differently in the
detector [74].

The electromagnetic showers are energetic electrons that radiate photons by

Bremsstrahlung processes, while these energetic photons going through the mate-
rial can also convert to electron-positron pairs. These electromagnetic showers are
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originaly produced by electrons, positrons and photons.

To characterise the thickness of a material, the longitudinal depth of an EM
shower is expressed in terms of the radiation length (Xj), the critical energy (Ef]
and the initial energy (Ey) as:

In(Ey/E.)
In(2)
The hadronic showers involve hadron production from nuclei interactions and

hadron decays. In general, charged particles are produced by the hadronization

process after the parton shower and hadron decay. Charged particles as pions and
kaons are usually produced but one third of the energy dissipated in the hadronic
shower is via neutral pions which decay to two photons (7° — v ) and those
produce an EM shower by electron Bremsstrahlung and e*e™ pair production.

In addition, particles may interact with the nuclei in the absorber by several
nuclear processes, that produce additional particles near the MeV scale. The longi-

tudinal depth of the hadronic shower scales with the nuclear interaction length, as
A~ A3

X = X, (21)

The active material reacts when charge particles pass through. They are either
plastic scintillators or liquid argon. In plastic scintillators the charged particles pro-
duce light via excitation followed by scintillation. The number of photons produced
is proportional to the energy deposited by the incident particle and is guided to
photomultiplier tubes (PMTSs) by optical fibers. In the liquid argon medium the in-
cident charged particles ionize the liquid, causing electrons and positive ions to drift
(driven by a bias voltage) towards electrodes which measure the deposited charge.

Passive material consists of heavy absorber material which interacts with both
charged and neutral particles but does not measure the deposited energy. Parti-
cles may interact by different mechanisms. Charged particles can radiate photons
through Bremsstrahlung, which may pair-produce electrons and positrons that may
themselves radiate further photons. Hadron-nucleon scattering can produce strongly
interacting particles which can further interact with both the active and passive
materials, again causing a shower of particles. Through this process the energy of
charged and neutral particles is measured [80)].

In ALTAS there are two calorimeters. The electromagnetic calorimeter, described
in Section 4.3.1] and the hadronic calorimeter described in Section [A.3.2]

Resolution

To get an accuracy of the measurement of the particle energy is related to the resolu-
tion. Thus, precision can be improved by minimizing it. The fractional calorimeter
resolution as a function of energy is described as Equation

OR N S

— ==& —=06C 22

E- BT (22)

3 The critical energy E, can be defined as the energy in which the bremsstrahlung and ionization

rates are equal. A rough estimate is Fc = 800MeV/(Z + 1.2)
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where N is a measurement of the noise, dominant at low energies, arising from
background and electronics, S parametrizes the stochastic uncertainty due to the
random sampling of the active and passive materials, and C' is a constant term,
dominant at higher energies arising from non-uniformities in the detector. All these
terms are added in quadrature (®) to derive the fractional resolution.

The target energy resolution for the ATLAS electromagnetic calorimeters as
specified in the technical design report [13] is:

= S

i i NG ®0.7%

4.3.1 Electromagnetic colorimeter

The electromagnetic calorimeter system consists of a central barrel (EMB) and two
end-caps (EMEC). Both use liquid argon as an active material. Which is held in a
liquid state at 89K by a cryostat. The EMB covers a region of |n| < 1.475 and the
two EMEC cover a range of 1.375 < |n| < 3.2.

The EMB is composed by three layers. The primary layer has a fine segmenta-
tion: An x A¢ = 0.003 x 0.1 that permits a discrimination between single or two
close by photon showers. A Second layer collects the largest fraction of the energy
of the electromagnetic shower, in towers of An x A¢ = 0.025 x 0.0245 which permits
a detailed reconstruction of the showers. The third layer has half the granularity of
the previous layer and measures the tail of the electromagnetic shower.

An accordion shape design was implemented for the electrodes and absorbers,
because it allows full coverage in ¢ with no cracks and permits a high granularity.
It is illustrated in Figure

4.3.2 Hadronic colorimeter

The Hadronic calorimeter (HCAL) is a detector composed by both scintillating tile
and liquid argon. Hadrons shower differently in matter than electromagnetic par-
ticles due to their strong force interactions. The scintillators in the calorimeter
measure the energy via molecular excitation. Incoming particles excite molecules of
a primary active material, which emit UV light on de-excitation.

Tile Calorimeter

It consists of a central barrel, in the central region (0 < |n| < 1.0) and two
extended barrels (0.8 < || < 1.7) [24]. It samples a radii between 2288 and
4230 mm. The barrel has 64 modules made with scintillating tiles as the active
medium embedded in a steel absorber. The barrel tile calorimeter has a granularity
of An x A¢ = 0.1 x 0.1 (and An x A¢ = 0.1 x 0.2 in the third layer).

Hadronic end-cap (HEC) and forward (FCal) calorimeters

As the forward region of the detector has a higher particle flux, it must be instru-
mented with radiation-hard calorimeters. So it is built with liquid argon sampling
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Figure 14: Diagram of a barrel module. The granularity in 1 and ¢ of the cells
of each of the three layers and of the trigger towers are also shown. Image from
Ref [26].

calorimeters. There are two sub-systems for this purpose: the hadronic end-caps
(HEC) (1.5 < |n| < 3.2) and the forward calorimeter (FCal) (3.1 < |n| < 4.9). Both
detectors operate in the same way as the electromagnetic calorimeter.

4.4 Muon system

The last detector of ATLAS is the muon spectrometer (MS). It is located sorrounding
the toroidal magnets. A muon passing through is bent in £z direction, The curved
trajectory alows a precise measurement of the momentum with a resolution of 50um.
The muon spectrometer consists of four primary sub-systems, two precision muon
trackers: the monitored drift tubes (MDT) and cathode strip chambers (CSC), and
two triggering sub-systems: resistive plate chambers (RPC) and thin gap chambers
(TGC). The layout of the muon system and the magnets are shown in Figure .

Precision muon trackers: built with drift tubes arranged in double layers of 3

or 4 tubes of 3mm diameter. Each of them have a central anode wire and are filled
with argon, C'O,, and water vapor mixture.
Trigger chambers: are able to deliver a signal in less than 25 ns, thus providing the
ability to tag at trigger level (see Section and to recognise muon multiplicity.
The trigger chambers measure both coordinates of the track, one in the bending (7)
plane and one in the non-bending (¢) plane.
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Figure 15: ATLAS muon system Image from Ref [26]

4.5 Magnet systems

The ATLAS detector uses four systems of magnets to bend the trayectory of charged
particles. A central solenoid of 27T of axial magnetic field located around the Inner
Detector, a barrel toroid of 0.57 of magnetic field and two end-caps of 17" in each
one.

The solenoid is a single-layer coil made of a Niobium-Titanium superconductor
and has a temperature of 4.5K with a current of 7.7kA. The barrel and end-cap
toroids are made from a Nb/T%i/Cu conductor wound into pancake-shaped coils.
The toroids operate at a temperature of 4.6 K with a current of 20.5kA.

4.6 Trigger System

The ATLAS detector is designed to work with proton crossing every 25 ns and the
collisions are derived at a rate of 40 MHz in nominal operating conditions, which
is more than can be saved. Furthermore, most of it will be domain by QCD and
other physics processes well know, only a small fraction of it may contain physics of
interest. Thus, ATLAS uses a trigger system to reduce the amount of information
and to keep, as far as possible, only the events that reflect a particular topology
indicating the potentiality new physics processes.

During Run2 the trigger system is divided into two levels. The first one, the
L1Calo (L1) which is hardware-based, and the second one, the high-level-trigger
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Figure 16: Geometry of magnet system. The eight barrel toroid coils, with the end-
cap coils interleaved are visible. The central solenoid inside the calorimeter volume.
Image from Ref [14]

(HLT) which is software-based.

The L1 reduces the rate to 75K events per second, taking quickly desitions using
the information of the calorimeters and the muon spectrometer. It uses a rough
estimation of the objects like jets, muons ,electrons, photons and 7 decays. It can
also estimate the large transverse energy and missing transverse signal.

The events which pass the L1 are filtered by the HLT level. It reduces the rate
to 1kHz. The HLT has access to fine-granularity calorimeter information and also
to the tracking information from the ID (not available at L1). It uses reconstruction
algorithms and calibrations similar to those that are used later at the off-line level.

If an event is accepted by the HLT level, the information is stored to perform a full
off-line event reconstruction. Since the luminosity of the proton beams decreases as
collisions progress, data collection conditions change as a function of time. Therefore
data is collected in time intervals of one minute, referred to as lumi-blocks. and
each of it is assigned an integrated luminosity depending upon detector and beam
conditions over that lumi- block. ATLAS provides lists of lumi-blocks of good data
for each data taking period known as Good Run Lists (GRL).
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5 Objects reconstruction in ATLAS

In ATLAS, the different objects: tracks, vertices, jets, taons (7), photons (), elec-
trons (e*), muons (u) and missing Er, allow us to identify individual particles in
the event. Each of them is measured using a variety of algorithms, that use the
information collected from the detector.

The flowing sections present the principal algorithms used in ATLAS. Section
describes the algorithms used to build the tracks and vertices. Section presents
the principal jet reconstruction algorithms and their calibration. Also, Section
describe the algorithms used for the identification of electrons and photons.

5.1 Tracks and Vertices in ATLAS

Tracks symbolize the trajectories of charged particles and are a fundamental com-
ponent of the event reconstruction. These objects are reconstructed using the mea-
surements of the inner detector.

The vertices are made up using the information of the tracks and represent
interaction points.

5.1.1 Track reconstruction

The Track reconstruction algorithm has two stages: the pattern recognition, that
search for track candidates, and the track fitting which gives an estimation of the
parameters that describe the particle trajectory. Both require a detailed description
of the detector and a parametrization to describe the trajectories.

As mentioned in Section .2 charged-particles passing through the detector de-
posit energy due to the ionization process. The charge collected in the ID is read
out by the electronics as hits.

Pattern recognition proposes to identify a collection of hits corresponding to a
single particle trajectory. Then, the hit collection is processed by the track fitting
algorithms to estimate the parameters than describe the trajectory of the particle.
These algorithms have to discern the hits coming from noise or hit from other charged
particles and wrongly associated, these are called fake hits, which must be avoided.
Moreover, there are expected hits which are not found and are referred as holed]

The quality of track reconstruction algorithms is defined by two criteria. What
fraction of tracks are reconstructed, the track reconstruction efficiency, and how well
the track parameters represent those of the charged particles, the track parameter
resolution. These two criteria are not fully independent. For instance, disassociated
hits will decrease the quality of the track parameters.

The track reconstruction algorithm used by ATLAS is known as New Tracking
or NEWT [I0§]. It includes different configurable algorithms that run sequentially.
The process starts with inside-out algorithm, which reconstructs tracks from the
center of the detector to outwards. It begins with seeds, that are found from groups

4Holes are estimated by following the track trajectory and comparing the hits on a track with
the modules that the track passes through. Inactive modules or channels such as edge areas on
the silicon sensors are not counted as holes.
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of three space points in the silicon layer. Then, the seeds are used to build roads
to find more hits moving forward. These hits could be attached to multiple tracks
candidates. The ambiguity is solved rejecting poor track candidates. Then, the
silicon track candidate is fit and an extension to the TRT is probed. Finally, a track
fit is performed to provide the final estimate of the track parameters. A deeper
description is presented in Section [5.1.1.2

5.1.1.1 Impact Parameters

A charged particle passing through a uniform magnetic field follows an approxi-
mately helical trajectoryﬂ which can be parametrized by a set of five parameters
schematized on Figure [I7}

The longitudinal impact parameter dy is the distance of closest approach of
the trajectory, to the reference point in the zy plane and the transverse impact
parameter zy is the closest the approach of z coordinate of the track. The polar
angle 6 is the angle the track makes in the rz plane. and the azimuthal angle ¢
defined between the track and the tangent at the point of closes. And the curvature
parameter q/p where ¢ represents the electric charge of the particle and p is the
momentum.

5 The assumption of a perfect helical track model ignores effects from multiple scattering and
energy loss, which depend on the particles energy and the amount of material the particle has
traversed. These effects are taken into account in the track fit and the propagation of the track
parameters.
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track

Figure 17: ATLAS track parameterization. The local expression of the point of
closest approach is given by the signed transverse impact parameter dy and the
longitudinal impact parameter z;. The momentum direction is expressed in global
coordinates ¢ using the azimuthal angle that is defined in the projected plane x —y
and the polar angle €, which is measured to the global z axis. Image from Ref [3].

The impact parameters can be calculated for different reference points. The three
commonly used are the nominal interaction point (0,0,0) in the ATLAS coordinates
system (dy, 2o), the reconstructed primary vertex (dfV, 2EV) or the beam spot (d*,
zP%), where the beam spot is calculated by averaging the reconstructed primary

vertex over a short data-taking period.

5.1.1.2 Track reconstruction algorithms

The first step for track reconstruction is the creation of three-dimensional space
points group. The Pixel clusters provide directly 3D points from the silicon hits
information. Two come from the pixel cluster position and the third one from the
layer (known as radius). This is not the case for SCT clusters as they provide only
one direction. So the space points are formed by combining the information of a
pairs of clusters.

Track seeds are created using these space points as follows. The pattern recog-
nition creates groups of points compatible with a single track.A default minimum
of three points is needed, this requirement can change however this value that op-
timize the number of possible combinations being enough to provide a momentum
estimated for the track. Also, a minimum distance between the points is required
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to avoid multiple points coming from the same layer.

Furthermore, cuts for the impact parameter and the transverse momentum are
applied to limit the combinations and to optimize the execution speed. However as a
track seed is only a collection of space points, they do not provide a parameterization
of the track parameters. Thus a crude estimate is made by assuming a perfect
helicoidal track model in a constant magnetic field. The seed impact parameter can
not be calculated for the primary vertex since at this stage the tracks are not yet
ceated and the primary vertex reconstruction algorithm has not been executed. The
been spot is used instead.

The second step is the window search, applied in the seed propagation. Any
hits within the road window are collected and a track candidate is built using a
combinatorial Kalman filter [96]. Seeds can fail to become a track candidate for
different reasons; for instance, if the road fails to find sufficient hits. Approximately
more than a quarter of the seeds become track candidates. A full description can
be found on [760].

The final step is to probe the information of the TRT for a possible extension.
TRT hits are found using the propagation of the reconstructed track from the silicon
detectors. The TRT requires at least 15 hits to be considered a successful extension.
The extension of a track into the TRT improves the transverse momentum due to
the increase in the length of the track. However, the impact parameters do not
change significantly. Since the distance of these points from the reference point
hardly change the impact parameter resolution.

5.1.1.3 Matching probability and track reconstruction efficiency

To mensure the track reconstruction efficiency, first an asociation between the re-
constructed tracks and the primaryﬁ (or secondarym) particles is computed from
simulation using a hit-based track-to-truth particle association [42]. It is done via
the clusters, each one is connected to the truth particle which has the largest en-
ergy deposition in the MC simulation. The clusters are weighted according to their
importance in the track reconstruction: if the clusters are from the pixel detector
(including IBL) the weight is set to 10 for each cluster. If they are from the SCT,
the weight is set to 5 and if they are from the TRT, the weight is set to 1 [118].

The matching probability P,,.c, is defined as the ratio between the number of
hits which are in common for a given track and the corresponding truth particle
(Neemmony “and the number of hits of the track (Nack),

1O.Ncommonpizel + 5.NcommonSCT + 1.NcommonTRT
10-NtraCkPimel + 5-NtTaCkSC’T + ]-'NtTaCkTRT

(23)

Pmatch =

A reconstructed track with P, >0.5 is asociated to a truth particle.

6 are defined in MC, as charged particles with a mean lifetime 7 > 300 ps. These can be
produced, either, directly in pp interactions or from subsequent decays of directly produced particles
with 7 < 30 ps.

7 Secondary particles are those produced from decays of particles with 7 > 30 ps.
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Then, the track reconstruction efficiency €;,.1x(pr,n) is measured as a function of
prand nas:

Nmatchedrec (pT ; 77)

Ngen (pTa T/) <24>

Etrk (pT7 7]) =

Where N™atehed | (pr.m) is the number of recontracted tracks matched to a given
generated charge particle and N, (pr, 1) is the number of generated charge particles.

The fake H rate 7 rqke(pr, 1), is measured following Equation . It gives a mag-
nitude of how many tracks are disassociated with particles. Fake tracks can have
several sources, most common are due to the interaction with the matter and a bad
performance in the track reconstruction process.

Nunmatchedrec (pT , 77)
Ngen (1, 1)

Tfake(pT, 77) = (25)

5.1.2 Vertex reconstruction

The vertices are reconstructed using the track information in an iterative vertex
finder algorithm [95], which uses only tracks with a small IP dy < 4mm well-
measured, meaning o(dy) < 5mm and o(2p) < 10mm. Also, a minimum number of
4 hits in the SCT and 6 hits for all the silicon detectors combined is required.

The algorithm finds the vertex seeds by looking for the global maximum of the z
distribution of the tracks. Then, further tracks are iteratively added and weighted
according to their compatibility with the current vertex position estimate. The
process finishes when there are no more tracks to be associated. All vertices are
required to have at least two tracks with a nominal prvalue of 0.5 MeV.

Once all primary vertices are created, the algorithm chooses as event vertex that
one with the highest > (thkas)Q. Thus the number of primary vertices (PVs) is
a measure of additional activity and can be used as an estimator of the average
interaction per band-crossing (u).

5.2 Photons and electrons

The ATLAS experiment uses the information of the calorimeters and the ID to
identify and tag electrons (e*) and photons (). This process is performed by
reconstruction algorithms, that analyze the electromagnetic shower shape in the
EM calorimeter and the associated tracks from the ID.

5.2.1 Reconstruction algorithms

The reconstruction algorithm analyzes the local depositions of energy in the elec-
tromagnetic calorimeter. In it the topological clusters are seeded by calorimeter
cell in the second and third layers of it, where the enery deposited is greater than
four standard desviations above the expected noise level of that cell. Once seed
cells are defined, neighboring cells in which the energy deposited is greater than two

8The Fake tracks are tracks which do not match any particle or have Ppaten < 0.7.

41



standard deviations above the expected noise level of that cell are iteratively added
to the cluster. Lastly the neighboring cells surrounding the defined topocluster are
included.

After the topocluster have been defined, they are matched to tracks from the ID.
The candidate track is extrapolated to the EM calorimeter to asses the compatibility
with the topocluster. Then it is defined as matched if it satisfies the following
criteria: |An| < 0.05 and —0.10 < ¢ X (Grack — Petuster) < 0.05 where ¢ is the charge
of the candidate charged particle, it means that the projected track must hit close
to de location of the energy deposit. Both electrons and positrons will be identify
a deposit of energy in the EM calorimeter with one asociated track. On the other
hand unconverted photons carry no charge, these are photons which have converted
in an alectron-positron pair in the detector volume (due to the interactions with
the detector material). They appear as two clusters, each with an associated track
(with oppositely-charged), and generally have a reconstructable conversion vertex.
In addition, converted photons may be reconstructed from tracks with no hits in the
innermost layer. The reconstruction algorithm takes into account the fact that some
photons are classified as electrons (converted photons) and the other way around
(due to miss associated tracks).

In Run 2, the reconstruction of photons and electrons has been improved by
usining the superclusters, which allow energy from secondary showers (such as from
a Bremsstrahlung photon) to be captured and factored into energy reconstruction.
The topoclusters mentioned before are used as seeds to the superclaster. To be
defined as a supercluster seed for an electron (photon), It must have at least 1 GeV
(1.5 GeV) of energy deposited. In addition the topoclusters are defined as satellites
of a supercluster seed if they fall within a window of Aln| x A¢ = 0.075 x 0.125 of
the seed.

Ones all topoclusters have been assigned, the combined seed and satellites are
defined as a supercluster, which is limited to maximum side of Anp < 0.075 in order
to reduce the impact of pileup.

In addition an ofline identiication algorithm is applied. It reduce the amount
of “fake” photon candidates, which are primarily charged jets mis-reconstructed as
photons.

There are three primary identification working points: loose, medium and tight.
The loose photon identification requirements is based on the electromagnetic shower
produced in the hadronic calorimeter and in the shower shape in the second layer
of the EM calorimeter.

The loose requirement uses the following variables:

e Ry.q: Ratio between the transverse energy deposited in all layers of the
Hadronic calorimeter over the energy deposited in the cluster in the EM
calorimeter, for 0.8 < |n| < 1.37.

e Rp.q1 Same but only considering transverse energy deposited in the first layer
of the Hadronic calorimeter.

e R, The ratio of the energy deposited in a 3 x 7(n x ¢) cell rectangle to that
deposited in a 7 x 7 cell rectangle, where both rectangles are centered on the
cell with the most depositedenergy
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e w,y The lateral shower width calcuated in a 3 x 5(n x ¢) cell rectangle.

The mediun requirement uses the same variable as before and also the E,.4;,. It
is defined as the ratio of the difference in energy deposited between the maximum
deposit and thesecond largest deposit within a cluster to the sum of the energy in
those two deposits.

The tight selection includes the requirements of thelooseworking point, and it
adds information from the finely segmented strip layer of the calorimete. Overall,
the tight selection provides a better fake photon rejection, while keeping the same
identification efficiency.

5.3 Jets in ATLAS

Jets are definitions of the experimental production of the partonic showering. It is
the manifestation of the hadronization of particles carrying a color charge. However,
it is important to highlight that, in practice, there is not a double implicate between
the jet and the parton. For instance, one parton may be reconstructed as multiple
experimentally observed jets, and multiple parton showers may end up forming part
of a single jet.

Jets are defined through several algorithms, where each of them can use a variety
of objects at the tracking or calorimeter level. Furthermore, jets in Monte Carlo
simulations can be defined using the parton showering or particle information.

The jets defined using track information are called track jets, in general, used for
calibration purposes. There are also true jets , only defined in simulations, using
particle level information as inputs. Lastly, the calorimeter jets are constructed
using calorimeter measurements. ATLAS uses a high-level object called Topological
cluster. These objects are a group of neighboring cells that have significant ener-
gies compared to the expected noise. Topological clusters are built using a 4-2-0
clustering scheme optimized to find efficiently low energy clusters without being
overwhelmed by noise [I19]. The topocluster formation algorithm starts from a seed
cell, whose signal-to-noise (S/N) ratio is above a threshold of S/N = 4. The noise
is estimated as the absolute value of the energy deposited in the calorimeter cell
divided by the RMS of the energy distribution ﬂ Cells neighboring (laterally and
longitudinally) the seed which has a signal-to-noise ratio of at least S/N = 2 are
then iteratively added. Finally, all nearest neighbor cells are added without any
threshold to the cluster.

Incoming particles usually deposit their energy in many calorimeter cells, both
in the lateral and longitudinal directions. Thus, the topoclusters may have different
sizes and a variable number of cells depending mostly on the energy of the incoming
particle: more energetic particles produce larger showers and thus larger clusters.
A topocluster ends up formed, on average, by approximately 250 calorimeter cells.

Section describes the principal jet algorithms used in ATLAS and Sec-
tion [5.3.2) presents the jet calibration process made.

9RMS of the energy distribution is measured in events triggered at random events
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5.3.1 Jet algorithms

There is not a unique jet definition. It can be adapted for a particular application or
experimental conditions to reconstruct better the hard scattering process. However,
the jet definition must satisfy the following criteria:

e Applicability in both experimental analyses and theoretical calculations;
e Yield reliable (finite) results at all orders in perturbation theorys;

e Infrared and collinear (IRC) “safe”;

e Experimentally “safe”. It means not strongly affected by contamination from
hadronization remanents and other underlying soft events like pileup or noise;

This criteria is an extension of the “Snowmass accord” [78] [100], created to
facilitate the comparison through all jet physics results, which still provide a com-
mon ground for the development of modern jet algorithms. The most common
definition adopted by ATLAS comes from the family of sequential recombination
algorithms [99]. These are specifically designed to be insensitive to the presence of
soft (Infrared) and collinear gluon emission. Thus are usable for calculations in per-
turbation theory. Recombinations algorithms work iteratively trying to reverse the
pattern of QCD parton showers and multi-gluon radiations characterized by softer
emissions as the shower evolves [65]. For this, the algorithm defines a distance d;;
between entries, particles or energy deposits, and d;p between the entity ¢ and the
“beam” as is shown below:

: ARy,
dij = mzn(pTiQPaijQp) RQJ (26)
dip = pr,”

The AR?j is the angular distance between to points defined as AR?]- = A+ A¢?;
pr is the transverse momentum of the entity ¢; and the parameter p and R regulate
the evolution of the clustering. The algorithm identifies the smallest of the distance,
and if it is d;; then it combines the four-momentum of entries ¢ and j, while if it
is d;p, it defines entity ¢ as a jet and removes it from the list of the entries. Later,
distances for the rest of the inputs are calculated and the procedure goes on until
no inputs are left.

As it was mentioned, there are different algorithms to reverse the shower:

The k; algorithm for p =1 [100], where the distance used induces soft radiation
particles to be merged first. This introduces a strong sensitivity to small fluctuations
of the energy density of the particle shower.

The Cambridge-Aachen (C/A) algorithm for p = 0 [120] [89] works only with
the angular component, sorting emissions by omitting the transverse momentum
from d;;

The anti—k; algorithm for p = —1 [84]. Here the soft particles will tend to cluster
with hard ones long before the cluster among themselves, reducing the sensitivity
to fluctuations of the parton shower. So, if a hard particle has no hard neighbors
within a distance 2R, then it will accumulate all the soft particles within a circle
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of radius R. The stability of the jet area facilitates the experimental calibration
( as shown in Section , eliminating some parts of the momentum resolution
loss caused by, for instance, pileup contamination. This is the default algorithm in
ATLAS, and the one used in this thesis.

5.3.2 Jets calibration

The reconstructed jets may not have the true energy of the original parton. Not only
because the topoclusters are calibrated at the electromagnetic scale, and therefore
would reflect the energy deposited by an electromagnetic shower but do not prop-
erly for hadronic showers. There are other factors affecting the jet reconstruction
algorithms. Some of them are listed below:

e Dead material: Some of the energy of a jet may land in non-responsive parts
of the detector.

e Leakage: Some energy may fall outside the calorimeter

e Qut of jet cone: Particles which fall outside the reconstructed calorimeter jet
are a source of energy loss due to the jet reconstruction process.

e Thresholds and reconstruction efficiency: Part of the jet energy could be
missed by the reconstruction. For instance, falling below the noise thresh-
old requirements for cluster formation.

At this level, two jet collections of jets are performed. One with the EM-scale
topoclusters called electromagnetic jets (EM), and the other one made with a pre-
liminary calibration at the topocluster level called local cell signal weighting jets
(LCW). The LCW calibration uses the shape of the shower depth and the energy
density to assign a weight to the topoclusters. Both collections have to go through
a four-step process of calibration, with the aim of restoring the energy scale of the
reconstructed jet to that of the true jet. Each step is briefly described below:

1. Pileup correction: This effect is generated by additional energy deposits as was
explained in Section |3.3] These extra deposits of energy need to be subtracted.
Thus, a correction derived from MC simulations and applied in bins of y and
pr takes into account the number of primary vertices (Npy) and the average
number of interactions per bunch crossing (< p >), which is sensitive to the
out-of-time pile-up.

2. Jet origin correction The four-momentum of the jet is adjusted to the in-
teraction vertex instead of the nominal center of the ATLAS detector. The
interaction vertex is one with the largest value of Y (py"%*)2, where the scalar
sum is taken over all tracks associated with the vertex as is described in Sec-
tion B.1.2

3. Jet energy and n corrections: This step returns the jet energy and 7 to the
scale of truth MC jets. The calibration to be applied is derived as follows
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[33]. Calorimeter jets from a MC sample are matched to a truth jet and the
EM-scale jet energy response is computed as:

R det — Epn™
o Etruthjet

(27)

The response is calculated for all such jets and binned in truth jet energy and
Naet- Within each (Epuin’®, Naer) bin, the Rpp/¢ distribution is fitted with
a Gaussian function. Then the mean is used to determine the R that bin
(< Rea® >). This quantity depends on the mean reconstructed jet energy
< Egy®® > in the same Ej.,. bin and so varies with the jet energy. This
distribution is fitted using de following function:

, Nonaz o
Fcalib(EEMJEt) = Z ai(lnEEMjet)l (28)
i=0
where a; are free parameters and the number of terms in the function N,
can be up to 6 depending on the goodness of the fit. So, for a measured EM
jet of a given 14 and Egy’® the energy can be corrected by dividing it by
the value of F,,;; in that ng bin as:

jet
EEMJ

Froui(Epy)|

Egyises’™ = (29)

Ndet

. Residual in situ calibration: Takes into account the differences between data
and MC. It corrects the jet energy form the conservation of the transverse
momentum using a well-measured set of objects as a reference.

In the central region (|n| <1.2), the direct pr balance between a jet and a Z
boson can estimate the remaining jet correction up to pr =200GeV. Up to
800 GeV, a photon can be balanced against the total recoil of the jet and the
proton remnant. Finally, for jets up to the TeV scale, a very high-prjet can be
balanced against a group of lower-prjets already calibrated with the preceding
two methods. For jets in the forward calorimeter regions, the transverse mo-
mentum balance method draws a comparison to well-calibrated central jets,
and thus the calibration is extended across the full detector range. The same
balance techniques are applied on data and MC and the difference between
the two is taken as the residual in situ correction and applied to the data [34]:

1 < pr?? pr" >0
R(ijEta 77) < ijet/pTTEf >data

Correction = (30)

As an example, the Figure [18/shows the relative jet energy resolution o, /pr as
a function of prfor anti-kt jets with a radius parameter of R = 0.4 and inputs
of EM-scale topoclusters calibrated with the EM+JES scheme followed by a
residual in situ calibration and using the 2017 dataset. The expectation from

Monte Carlo simulation is compared with the relative resolution as evaluated
in data.
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The error bars on points indicate the total uncertainties on the derivation of
the relative resolution in dijet events, adding in quadrature statistical and sys-
tematic components. The result of the combination of the in situ techniques
is shown as the dark line. The band indicates the total uncertainty resulting
from the combination of in situ techniques, and includes the statistical and sys-
tematic components added in quadrature, although the statistical component
is found to be negligible.
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Figure 18: Relative jet energy resolution as a function of prfor anti-kt jets with
R = 0.4. performed with inputs calibrated at the EM-scale. For a nbin of 0.2<
|n?et] <0.7. The dark line represents the in situ techniques. The dot line represents
the MC prediction and in green the statistical and systematic components added in
quadrature. Image from Ref [21].

47



6 Charged particle multiplicities in pp interac-
tions with pr > 100 MeV

6.1 Motivation and analysis strategy

A description of low-energy processes is not possible within a perturbative frame-
work. Thus, the measurements of charged-particle distributions in pp collisions
provide an inside view by reflecting the strong interaction with low momentum
transfer. Many of the MC event generators are inspired by QCD-like models, and
the measurements are used to constrain their free parameters. Therefore, a descrip-
tion of low-energy strong interaction processes is essential for simulations of pp
interactions and the effects of multiple pp processes in the same bunch crossing.

This analysis strategy is inspired by previous results from ATLAS [27] [29]. The
aim is to measure the charged-particles distributions listed below and compared
them with respect to MC predictions.

1 dNg,
. 31
Ney dn (31)

1 1 d2NC
. Lk (32)
Nev 27TPT dnde

1 dN,,
. 33
Nev dnch ( )
< pr > as a function of ng, (34)

where pp is the transverse momentum of track to the beam direction, 7 is the pseu-
dorapidity, n., is de number of primary charged-particles in an event and N, the
total. N,, is the number of events with n., > 2, selected as minimum bias eventsET]
, and < pr > is the average pr for a given number of charged-particles.

The charged-particle density as a function of n ( ]\iv.dggh) is sensitive to the
fraction of energy of the collision converted into soft particles. When the collision
energy increases, the number of multiple parton interactions per collision rises too.
This increases the density at central 7 .

The distribution of the average momentum as a function of the number of
charged-particles was recently introduced because it becomes useful to constrain
the color reconnection parameters in Pythia, Section

The Monte Carlo simulations are used in several stages of the analysis. Therefore
a brief summary of the samples used is presented in Section [6.2]

0Events triggered by a minimum bias trigger whose requirement is to have at least one colision
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The analysis uses the events that fire the MinBias trigger described in Section [6.5]
Then, it measures the ng;, n and pr data raw distributionﬂ for the tracks that
pass the event and the track selection criteria described in Section [6.3]

Then an event weight and a track weight are applied to correct inefficiencies
of the detector reconstruction processes. The first one corrects for the trigger and
vertex reconstruction efficiency. And the second one for the tracking efficiency and
it also subtracts secondaries particles, out-of-kinematic-range particles, and strange
baryons.

Finally, weighted distributions are corrected for the migration bins (due to the
resolution) by unfolding them with a bayesian method to deconvolute the detector
effects. The correction process is described in Section [6.8]

Throughout all this process the reconstructed tracks and vertex used are de-
scribed in Section [6.4.3] and Section [6.4]

The final results and comparisons to different MC generators are presented in
section [6.13]

6.1.1 Some definitions before...

Although a first introduction to the different objects in ATLAS was presented in
Section [b.1, This analysis requires a deeper description of the objects used. So, a
brief “dictionary” of the most common terms is introduced below:

Primary and secondary particles The primary particles are defined in MC,
as charged particles with a mean lifetime 7 > 300 ps. These can be produced, either,
directly in pp interactions or from subsequent decays of directly produced particles
with 7 < 30 ps. In the same way, secondary particles are those produced from
decays of particles with 7 > 30 ps. Both, primary and secondary particles have a
minimum pr requirement of 100 MeV applied.

Primary tracks (secondary tracks) Primary (and secondary) track par-
ticles are tracks that ate matched with primary (and secondary) particles. The
matching criteria is that Py.en has to be larger than 0.5. With the matching prob-

ability ( Phpaten) described in Section |5.1.1.3]

Fake tracks The Fuke tracks are those which do not match any particle
Praten < 0.5.

Strange baryons These particles have a mean lifetime of 30 < 7 < 300 ps and
decay after a short flight length inside the tracking volume. Therefore they have a
very low tracking efficiency and are excluded from the primary particle definition in
this analysiﬂ

HDistributions after the event and track selection
12 These objects are excluded in this analysis but not in older iterations of the analysis at lower
center-of-mass energies
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6.2 Data and MC Samples

The data used was recorded during a period with a special configuration of the LHC
with low beam currents and reduced beam focusing. This leads to a low expected
mean number of interactions per bunch crossing (1)=0.005.

For MC generators, the pPyTHIA 8 A2 [113] and Epos LHC [94] event generators
are used in this analysis. As tune for the PYTHIA 8 A2 generator, the ATLAS
minimum-bias A2 [I9] tune is used. It is based on the MSTW2008LO PDF [104]
and provides a good description of minimum bias events and the transverse energy
flow data.

The comparison to the unfolded data distribution is done for these two gen-
erators, also, all results are compared to the QGSJET-IT [91] generator and the
PYTHIA 8 A2 generator using the Monash [106] tune instead of the dedicated ATLAS
tune. It is based on the NNPDF23LO PDF [51]. For Epos LHC and QGSJET-II an
LHC tune is provided from the appropriate authors. Table [1| shows the list of used
MC models.

Generator Version Tune PDF Focus Data From

Pythia 8 8.185 A2 MSTW2008LO MB LHC ATLAS
Epos 3.4 LHC - MB LHC Authors
Pythia 8 8.186 Monash NNPDF23L0 MB/UE LHC Authors
QGSJET-II | II-04 LHC - MB LHC Authors

Table 1: Details of the MC models used. It should be noted that the tunes use data
from different experiments for constraining different processes, but only the data
which had the most weight on each specific tune are shown. Here LHC indicates
data taken at /s =7 TeV, although /s =900 GeV data were also included in
ATLAS tunes, with much smaller weight. Some tunes are focused on describing the
minimum-bias (MB) distributions better, while the rest are tuned to describe the
underlying event (UE) distributions, as indicated here.

6.3 Event and Track Selection

The present analysis uses an event and a track selection designed to reduce back-
ground events and non-primary tracks contributions. The events have to satisfy the
following criteria:

e The analysis uses the events that fired the MBTS trigger. A description and
the performance of it is described in Section [6.5]

e [t has to contain a primary vertex, reconstructed with at least two tracks with
a pr above of 100 MeV as descrives Section [6.4.3]

e Not contain a second vertex to avoid events with more than one interaction
per bunch crossing
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Then, tracks used for the analysis must satisfy the followings requirements:

e The pr of the tracks should be grater than 100MeV and || < 2.5. Tracks with
lower pr values tend to be closed tracks and do not pass through the inner
detector. The 1 requirement comes from the coverage of the ID detector.

e The tracks have to be built with at least one pizel hit. If a hit is expected in
the innermost layer (IBL), then one is required. If a track passes through an
inactive IBL module, then a hit is required in the next layer if one is expected.
This requirement aims to avoid secondary tracks.

e In the same way the track has to be built with at least 2, 4 or 6 SCT hits
for pr < 300MeV, < 400MeV or > 400MeV respectively. This requirement
makes the analysis less sensitive to differences in the number of dead modules.

e The transverse impact parameter (dy) calculated with respect to the LHC
beamline has to be smaller than 1.5 mm, and the longitudinal impact parameter
(z0) calculated with respect to the primary vertex is such that |zgsinf| <
1.5mm. Both requirements are to avoid secondaries tracks.

o If the track pr is larger than 10 GeV, the track x? probability must be larger
than 0.01 to suppress mismeasured tracks.

6.4 Track reconstruction efficiency

The tracking reconstruction efficiency for primary particles is based on simulation
and uses the tracks built with the algorithms described in Section that pass
the selection defined in Section 6.3 It is used to correct for the detector effects and
is based on simulations.

To compute this efficiency, first, the generated particles are associated with the
reconstructed tracks which pass the selection cuts. This process is done by the
track-to-true particle association algorithm described in Section [5.1.1.3] Previous
studies [23] show that the measured efficiency is independent of the number of
generated particles and also of the trigger and vertex requirements.

The tracking efficiency for the selected primary tracks is shown in Figure|19|as a
function of pr and 1 . The components of the uncertainty on the track reconstruc-
tion efficiency are discussed in Section [6.4.1]

The low-efficiency values in |n| > 1 are due to the increasing amount of detector
material that the particles have to pass through. And the soft increasing of the
efficiency for |n| > 2 is associated with the fact that in this case the particles pass
by a larger number of sensitive layers.

6.4.1 Systematic uncertainties on the track reconstruction efficiency

The systematic uncertainties come from the understanding of the compatibility of
the detector geometry model in data and MC, and the cuts applied on the recon-
struction process.

51



1.2

> SRS —— > A T T T T e
2 t ATLAS Simulation Internal 1 2 0.95- ATLAS Simulation Internal 3
Q [ {s=13TeV = Minimum Bias MC | QL TR Vs=13Tev = Minimum Bias MC ]
£ L Ngy22,p, >100 MeV, |n| <25 ] £ 09,22 p, > 100 MeV, || < 2.5 E
c ’ ——— © 0.85F 3
S 0.8 s ] 5 g ]
S F e 1 2 0.8 E .._.M..m._.. E
S o6 = . S 075 o e T
2 ! ] 2 0.7; s S
S r ] I} El~ O F
§ 0.4 7 :&_))0.65; Bl
g 02 1 8 0,558 E
= L0 il Lol ] L Y1 HUEY NN FUUTY FRURNETY NUUUE FETHN TRUT P B
5 L2 — 5 L2p e
5 r 5 3
s I s I
2 r S 5
3 08—l Ll 3 0.8l b ]
107t -25-2-15-1-050 05 1 15 2 25

n

‘Hio 102
p, [GeV]

Figure 19: The primary track reconstruction efficiency integrated over pr (top left),
integrated over 7 (top right) and as a function of pr and n (bottom). The green
shaded error band includes the total systematic and statistical uncertainty.

Each systematic uncertainty on the track reconstruction is described below. The
results are summarized in Table 2l

Systematic Uncertainty ‘ Size ‘ Region
Track Selection 0.5% flat in pr and 7
x? probability 0.2-7% increasing for pr
Material 1-9% | decreases for pr ; increases for |7|

Table 2: The systematic uncertainties on the track reconstruction efficiency. All
uncertainties are quoted relative to the track reconstruction efficiency.

Track selection systematic uncertainty Even when the detector conditions
in MC simulations are well described, there are small differences in the number of
hits counted in MC and data. In order to remove the dependence on the kinematics
of tracks (1, pr ), a two-dimensional re-weighting of the MC is used. The systematic
uncertainty is estimated by comparing the efficiency of each cut in data and MC,
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defined as:

Nytewss (o 51)
— all cuts ? 35
E(pT 777) ngjr_aidc{its(pT ,77) ( )

where N1aks (1) is the number of reconstructed tracks with all cuts applied and

all cuts
Niacks  (pp . n) is the number reconstructed thacks with a hit requirement removed.

The track selection uncertainty is flat and goes to 0.5% for || < 2.5 and pr as
shown in Figure [20
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Figure 20: Relative systematic uncertainty from track selection on the primary tracking

efficiency integrated over pr (20(a)) and 7 (20(b))

x2 probability cut systematic uncertainty Badly measured low momen-
tum charged particles are sometimes reconstructed as a high momentum tracks.
Even when the fraction of this badly measured tracks is small at low pr , for high
pr it becomes a significant fraction due to the falling pr spectrum.

These bad measurements are caused by interactions of the tracks with the ma-
terial which causes multiple scattering. This produces tracks with a bad x? fit
probability.

In order to suppress these tracks, a cut on the x? probability of P(x?, nqot) > 0.01
is applied for tracks with pr >10 GeV. The corresponding systematic uncertainty is
performed as in previous analyses [23], the absolute difference between the fraction
of tracks removed by the x? cut is used and added in quadrature to the statistical
uncertainty. It is less than 0.2% at 10 GeV rising up to 7% above 50 GeV as shown

in Figure [21]

Material correction and systematic uncertainty The track reconstruction
efficiency is strongly dependent on the material distribution in the detector. Previous
studies [15] indicate the accuracy of the material measurements in the detector. It is
a 5% uncertainty on the material in the entire inner detector plus an additional 10%
uncertainty on the IBL material plus a 50% uncertainty coming from the PP

13The patch panel-0 (PP0) of the Pixel services are the service areas where is the optical-electrical
signal conversion boards to reduce ionizing radiation dose and to facilitate access for maintenance.
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Figure 21: Relative systematic uncertainty from y? prob. cut on the primary tracking

efficiency integrated over pr (21(a)) and n (21(b)).

region (|n| > 1.5). The total uncertainty is taken as the cuadratic sum of the
uncertainties. This leads to a total systematic uncertainty due to the material of
1-9%, which decreases with pr and increases with |7|. The impact of the various
components of the tracking efficiency systematic can be seen in Figura [22]

Total systematic uncertainty The total systematic uncertainty on the pri-
mary tracking efficiency is shown as a function of n and pr in Figure The
statistical uncertainty is included here, but it is negligible.

It is located between the ID and the end-cap calorimeters far from the interaction point.
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Figure 23: Relative uncertainty on the primary tracking efficiency integrated over
pr and n . The statistical uncertainty is included here, but it is negligible.
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6.4.2 Low-pt Tracks

The analysis of charges-particles-multiplicity measurements at low-pr requires mod-
ifications of the nominal parameters used for the track reconstruction algorithms.
The most significant is the minimum transverse momentum for tracks, which was
lowered from 500 to 100 MeV. And the number of silicon hits lowered accordingly
from 6 to 5. The optimal values used for this track selection was determined by
studying the effects on the efficiency and the fake rate for different track reconstruc-
tion parameters.

Figure [24] compares the transverse momentum of the primary track distributions
with different setup in the reconstruction algorithm. First, the default, uses a pr
threshold of 400 MeV. Second, called MinBias, uses a pt threshold value of 100 MeV.
And the last one, caled MinBiasLowPt uses a value of 50 MeV. In all cases the tracks
were reconstructed using a minimum of 6 hits.

Figure [25 shows the efficiency of primary particles for the three configurations
and Figure [26] shows the fake rate, for both cases, as a function of pt and 7.

[ ATLAS Simulation Internal
3 (s=13TeVv

Primary Tracks

Comparison
— Default
— MinBias
— MinBiasLowPt

. P I | | |
0 02 04 06 08 1

12 14 16 18 2
p, [Gev]

Figure 24: Number of primary tracks as a function of pr . Different lines corresponds
to diffent track reconstruction configurations; “default” for pr >400MeV, “MinBias”
for pr >100MeV and “MinBiasLowPt” for pr >50MeV.

Figure |25 shows that “MinBiasLowPt” curve reaches higher values of efficiency,
however, Figure [26| also shows that the fake rate goes up to 25% for high n . This
effect is expected considering the fake rate is correlated with the amount of material
in the detector, which increases at high 1 . As a consequence of this effect, the pr
threshold was set at 100 MeV in the analysis. Another parameter value analized is
the number of silicon hits (Si). Figure[27|and Figure 28 show the track efficiency for
primary and secondary tracks as a function of pr (left) and 7 (right); for different
values of minimum number of Si hits and pr threshold of 100 MeV. Figure [29 shows
the same for fake tracks where its rate is. Figure shows that the fake rate is
under 3% and Figure [27] and Figure 28] show that the efficiency is slightly better at
low pr using 5 Si hit; so this value is chosen.
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Figure 25: Reconstruction efficiency of primary tracks as a function of pr on
the left and as a function of n Different lines corresponds to diffents track re-
construction configurations; “default” for pr >400MeV, “MinBias” for pr >100MeV
and “MinBiasLowPt” for pr >50MeV.
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Figure 26: Fake rate as a function of pr and as a function of 7 [26(b), Dif-
ferent lines correspond to diffents track reconstruction configurations; “default” for

pr >400MeV, “MinBias” for pr >100MeV and “MinBiasLowPt” for pr >50MeV.

Therefore the reconstruction setup used for the analysis is the same as for the
standard track reconstruction except the pr threshold with goes from 400 MeV to
100 MeV and the number of Si hits, reduced from 6 to 5.
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Figure 27: The reconstruction efficiency of the primary track as a function of gen-

erated pr (27(a)) and n (27(b))) for different values of Si required.
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Figure 28: The reconstruction efficiency of the secondary track as a function of

generated pr (28(a)) and n (28(b)|) for different values of therequired number of
Silicon hits (Si).
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6.4.2.1 Low-pr tracking performance in Run2

To check the performance of track selection, the distributions of the number of
tracks as a function of the number of hits in the IBL, SCT layer and Pixel layer
are compared between data and MC, as shown in Figure [30] In each distribution,
the event and track selection (from Section are applied, except the cut that is
shown in each plot. The differences, as seen in the number of IBL hits distribution,
come from differences in the disabled modules between simulation and data and the

agreement is consistent with previous studies [18].

Figure [31| shows the number of tracks as a function of dy (31(a)) and zgsin(6)
BI).

The agreement of both distributions in Figure is only good in the central
region. In the outer region, the agreement gets worse. This is expected as for larger
impact parameter the number of secondary tracks is larger. Section describes
a correction to the rate of secondaries, that uses a scale factor which improves the
modelling of the tails.
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6.4.3 Vertex Efficiency

The vertex reconstruction efficiency, €., is build from data as the ratio between the
number of triggered events with at least two selected particles and a reconstructed
vertex, over the total number of triggered events with at least two selected particles,
as is defined in Equation

_events passing MBTS, & n"°"%,q > 2 & having a vertex
Cota = events passing M BTS, & n™o=%,; > 2 (36)

The efficiency is then calculated as a function of the number of selected tracks
nhg”, tracks with all the selection cuts applied, but not the cut for z;. The exclusion
of the z cut is to relax the condition and increase the efficiency.

Events with only two tracks are corrected using a Az (the distance between
the two selected tracks in the event at the beamline) dependent correction because
dependence on the separation was observed for events with low track multiplicity.
This means that for events with only two tracks, the vertex efficiency is computed as
a function of the Az aes as shown in . For events with more than two tracks,
the vertex efficiency is computed as a function of the number of selected tracks, as

shown in the [32(a)|
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Figure 32: Vertex efficiency in data with respect to the event selection as a function
of the number of reconstructed tracks (left) and as function of Az, for exactly
two selected tracks (right). The statistical errors are shown as black lines, the total
errors as green shaded areas, which are very small and only hard to see for the right
plot. The plot shows the efficiency in data at 13 TeV for nlg” > 2, pr > 100 MeV,

In| < 2.5. The systematic errors are from the subtraction of the non-collision beam
background.

The systematic uncertainties are treated in previous studies [23] by analyzing the
non-collision beam (NCB) background that can be reconstructed as collisions within
the ATLAS detector. Thus the difference in the vertex reconstruction efficiency with
and without beam background removal is assigned as a systematic uncertainty.
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6.5 Trigger

Events are collected from colliding proton bunches where the MBTS trigger recorded
one or more counts on either side.

6.5.1 Trigger efficiency

The trigger efficiency (€) is measured from a data sample selected using a randomly-
seeded control trigger. It is defined as the ratio between events in which the control
trigger also accepts the event and the total number of events in the control sample.

The control trigger selects events from a randomly filled bunch crossing on the
L1 level and filtered at the HLT level. The First step of filtering asks for at least
two pixel hits and at least three SCT hits. Then, a track reconstruction is applied
in the event filter and only one track (with pr > 200 MeV) is required. The trigger
efficiency is expected to be very high in events with two or more tracks even if the
requirement pr > 100 MeV uses a bit lower threshold. The control trigger may
fail only if all tracks in the event have pt < 200 MeV. Anyway, the efficiency of
the control trigger was tested using a random sample containing 7861 events with
at least two tracks with pr > 100. In this sample 200 events with ng = 2 were
found. All events collected this way were also accepted by the control trigger thus it
is calculated efficiency is always equal to 100%, while the statistical error in ng = 2
bin is ~0.005. As the overall impact of the trigger efficiency uncertainty is negligible
in this analysis.

The resulting trigger efficiency as a function of the number of selected tracks is
shown in Figure 33| for selected tracks with a transverse momentum of pr >100 MeV.
For events with more than six reconstructed tracks, the trigger is fully efficient.

The systematic uncertainties on the trigger efficiency are calculated by varying
the track selection. The variation is as follows: First, the restriction on the transverse
impact parameter is removed, increasing the number of tracks and generating a
migration of events to higher n2 bins, leading to a decrease of trigger efficiency at
low multiplicities. Last, For tracks in events with a primary vertex, a cut on the
z coordinate with respect to the primary vertex is applied reducing the number of
accepted tracks, and causing a migration of events to lower n2/ bins. The difference

sel

between the efficiency obtained and the default is less than 1%.
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Figure 33: Trigger efficiency with respect to the event selection as a function of the
number of reconstructed tracks (ng) with pr > 100 MeV and |n| < 2.5, which are
compatible with the beam line (d§*™* < 1.5 mm). A reconstructed vertex is not
required. The statistical errors are shown as black lines, the total errors as green
shaded areas.

6.6 Backgrounds

Backgrounds must be subtracted from the raw distributions. There are two types
of background. First, the event background related to non-collision events as proton
interactions with residual gas molecules in the beam pile and cosmic ray interac-
tions. And the second type is the background to primary tracks, such as hadronic
interaction products, resulting in secondary tracks or fake tracks. Also events with
more than one interaction in the same bunch-crossing (pileup events)

The first contribution is evaluated by considering events that pass the full event
selection but occur when only one of the two beams is present. This contribution
is less than 0.01%, and considered negligible. Also, the expected rate of cosmic ray
events is less than 0.001 Hz which is irrelevant concerning the event readout rate
(2 kHz) therefore it is neglected. The pileup contribution is avoided by the vertex
condition, events with more than one vertex are excluded.

The amount of fake tracks was analized after the full event selection. Figure
shows the fraction of fake tracks as a function of prand n. I can be seen that
the fraction of fake tracks is less than 1%. Neverless them are subtracted. The
uncertanty on the fake rate contribution is assumed to be 50% of the rate following
the tracking group recomendations.

The contribution of secondary tracks comes from three sources: tracks created
through hadronic interactions with the detector material, decay products of long-
lived particles as k° and A°, and photon conversionEFE] which is the principal back-
ground for very low pr tracks (100-250 MeV). Figure [35[shows the rate of secondary

14Creation of a pair of charged particles from a photon decay
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The procedure to determine the contribution of non-primary reconstructed tracks
is fully described in [23]. The dy distribution is computed after applying the track
selection except the transverse impact parameter d, cut. These distributions are
fitted in the side-band regions to the distributions in data to find scaling factors for
the rate of secondary tracks. The distribution before and after applying the fitted
scale factor is shown in Figures , and . The fit is performed in a range of |d|
from 4mm to 9,5mm. The lower limit is such that the primary rate is suppressed
versus the secondary rate and the upper limit due to the cut in the pattern recog-
nition. The process is done for differents pr bins but for pr > 500 MeV, a single
template is sufficient.

The systematic error on the fit method is obtained by varying, for the fit, the
simulation with different amount of material, and the widow fit (from 3mm to 6mm
in steps of 1mm). For prbetween 100 MeV and 150 MeV, this results in relative
errors of 6.8% and 4.5%.

The difference in the generators of the ratio of secondaries in the fit region and
the selected tracks are used as the systematic error which leads to a relative error
of 5.18% in the 100 MeV < pr < 150 MeV bin. More details on systematic studies
in all pr bins can be found in Appendix
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Figure 38: Impact parameter distribution dy for data compared to Pythia8 A2 tune
without (left) and with (right) the data-fitted secondaries scale factor applied to
the background from secondary tracks. The distribution of primary tracks is shown
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6.7 Out of phase-space correction

There is a fraction of reconstructed selected primary tracks that migrates from
outside to the inside of the kinematic range. It is estimated from different MC
samples for comparison and in each case separately for n and pr.

Figure shows the 1 migration. On the left, the fraction of selected tracks
originating from particles with |n| >2.5 and on the right the migration to the region
2.4< |n] <2.5 for the different samples.

Figure [40| shows the migration in pt .The left plot shows the number of primary
tracks originating from particles from pr <100 MeV, after subtracting the number
of particles migrating out of acceptance (from pr >100 MeV to pr <100 MeV) and
normalized to the number of selected tracks. On the right the difference in residual
pr migration in the region 100 MeV< pr <125 MeV.
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(b) Sample comparison for pr migration mixed sample

Both cases n and pr right plots reflect the fact that the biggest changes in the
number of migrated tracks are caused by material distortions.
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A systematic uncertainty is considered to take into account the migration dif-
ference in the total migration between the samples. It is computed as the absolute
value of the difference in migration fractions in the 2D distribution (|n| vs pr ).

The different contributions are added up in quadrature, and the relative sizes are in
Table Bl

Systematic Calculated as difference Fraction of total | Fraction of total

uncertainty between samples uncertainty (pr ) | uncertainty (n )

Generator herwig++ pythia 8 Monash 19% 12%
Inner Detector extra material 5% extra ID material 1% 1%

and Pythia8 ND
IBL corrected material 10% extra IBL material 4% 4%
and Pythia8 ND
High n extra material 2x10% extra ID material 76% 80%
(In| > 2.2) and Pythia8 ND

Table 3: Summary table of the systematic uncertainties on the corrections applied
to tracks originating from outside of the kinematic region (pr and 7 acceptance)

Figure [41] shows, on the left, the total size of the out-of-phase-space correction as
a function of n and pr, and on the right, the resulting relative systematic uncertainty
histogram. The correction is largest for the lowest pr and highest n bin, but the
relative uncertainty is still less than 4.5%
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Figure 41: The out of phase space correction in pr and n bins (41(a)) and the
systematic uncertainty on the out of phase space correction fractions (41(b)))

6.8 Correction Procedure

The data must be corrected to obtain the inclusive spectra for charged primary par-
ticles satisfying the phase-space requirement (|| <2.5 and pr > 100MeV). These
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corrections include inefficiencies due to the trigger selection (ey4) and vertex require-
ment (€yx). Therefore the number of events lost are corrected by an event-by-event
weight:

1 1
Etrig (nsgl-z) EVtX(nggza AZtracks)
where n25” is the multiplicity of selected tracks with the relaxed selection (no cut on

the vertex and hence no cut on the longitudinal impact parameter). The calculation
of the trigger efficiency is explained in Section [6.5.1| and the vertex efficiency is in

Section [6.4.3]

(37)

Wev(”sela n ) -

Also, to correct for the inefficiencies in the track reconstruction, the pr , n ,
and mean pr distributions of the selected tracks are corrected with a track-by-track
weight. It uses the tracking reconstruction efficiency (€1 ) and removes the fractions
for non-primary particles (fuonp), for strange baryons (fs,) and for particles outside
the kinematic range (fox:), as shows Equation

Wtrk(pT 777) = ) ’ (l_fnonp(pT 777) _fokr(pT 777) _fsb(pT 777) _ffake(pT 777))

€k (DT 4N a8)

In addition, a cross-check was developed only for the unfolding procedure with

a completely independent code based on RooUnfold tools [5].
1 dNg, 1 _ 1

dQNch

The correction procedure for each of the measured distributions (

1 dNey
Ney " dnep,

The inicial raw distributions of the variables of interest (nge, pr , 7 ) are shown
in Figure . The main contribution is from non-diffractive (ND) events with around
80%, single (SD) and double diffractive (DD) events contribute around 10% each.
This composition is very similar to the one seen in [29)].

and < pr >) is presented separately in the following sections.

6.8.1 Summary of the systematics uncertanties

A summary of all systematics uncertanties is presented in Table [l The systematic
uncertainties due to the vertex reconstruction and the trigger efficiency are neglected
as they are an order of magnitude smaller than the systematic uncertainties due to
the tracking efficiency.

The systematics applied to each distribution are described in the respective sec-
tions.
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Figure 42: Raw distributions of the fraction of events/tracks in each bin. The
distributions are split for the MC expectation into single diffractive (SD), non-
diffractive (ND) and double diffractive events (DD).

6.8.2 Correction to dNg,/dn.,

In order to remove the detector effects in the final results, one needs to express
the multiplicity distribution in terms of the number of charged primary particles
ne, instead of the number of selected charged tracks ng.. For that purpose a
Bayesian unfolding procedure[23] is implemented. Then, the distribution of pri-
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Distribution Systematic uncertainty max. size
all material 10%
all secondaries 5%
all strange baryons 2%
all effect of badly measured tracks ™%
all out-of-kinematic-range 0.5%
Neh propagation of stat uncert. due to unfolding matrix <1%
pr propagation of stat uncert. due to unfolding matrix | 4% for pr <10 GeV
<30% for pr <14 GeV
>40% for pr >14 GeV
Nen, < Pr > pr spectrum <1%
non-closures
Neh 4,2,2,2% in ny,=2,3,4,5 cover vtx, trigger syst
n 0.4% for the full range, 1% for the first and last bin
pr 1% for pr <10 GeV, 3% for pr >10 GeV
< pr > 2% in nq, <15 and 0.5% else

Table 4: List of systematic.

mary particles are gotten by the probability relation given by the Bayes theorem
P(nen).P(nsei|nen) = P(nen|nser) .- P(nser) over nge:

1

6miss (nch)

Nev(nch) = Z P<n0h|nsel)-Nev(nsel) -

Nsel ZO

Z P(nch|nsel)-Nev(nsel) (39)

Nsel 22

The second relation factorizes the contribution of events that are lost due to
track reconstruction inefficiencies but would pass the particle level phase-space cuts,
i.e. those with ng, > 2 but ng = 0 or 1. The correction applied is written in
Equation

8miss(nch> =1 — (1 — €)™ — nen-€rpe. (1 — €>(Tlch*1) (40)

Where the €, is the mean tracking efficiency in the first ng, bin. The correction
is significant in the first n., bin, with significantly smaller contributions in higher
bins. The procedure assumes that the mean tracking efficiency is constant as a
function of n.,. In table [, the mean tracking efficiencies are listed for the different
samples which are used in this analysis.

Sample ‘ mean trk. eff.
Data 0.71941
PYTHIA 2 0.71337
EPOS LHC 0.72951

Table 5: Mean tracking efficiency in the first ng, bin for all different samples which
are used for this analysis. The tracking efficiency is used in order to calculate the
so-called miss-factor for the out-of-phase-space correction.
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The condicional probability P(n.,|nse.) of observing an event with true n.,, given
the observed ng is unknown. Therefore, the idea is to get an estimate for P(nep|nser)
form MC using a Bayesian unfolding, and improve it by iterations:

Nevr(nch)
Nev(”sel)
Where P(ngse|ne,) is the resolution function and Ng,"(ne,) and Ne,"(nse) are the

distributions of primary particles and of selected tracks, respectively. Only for r = 0,
these are the prior from MC.

P(”ch’nsel)rJrl = P(”sel‘”ch) (41)

The unfolding matrix is made up with the PyTHIA 2 MC sample and is applied
to the data distribution to obtain the observed ng, distribution. The resulting
distribution is used to re-populate the matrix and the correction is re-computed.
This procedure is repeated and converges after 5 iterations in data. The unfolding
matrix from Equation (1] is shown in Figure [43] It shows several events with low
nee but high n.,. These events are caused by the tracking inefficiencies where no
tracks were found.

p,>100 MeV, n| <25, n,, 2 Pythiag_A2_filtNch
I L -

P, >100 MeV, || <25, n,, >2 Pythiag_A2_filtNch
<300

[3]

[ B R R B

750 100 150 200

Ll
250 300 0 2 4 6 8 10

r‘sel

Figure 43: Migration matrix derived from PYTHIA 2. On the left hand side is the
full matrix, on the right hand side the rows are normalized to one. The matrix is
shown for the first iteration.

6.8.2.1 Closure test for d N, /dn.,

Different closure tests were performed for the unfolding procedure. They are divided
into two groups, one that uses the unfolded matrix generated with PYTHIA 2 and
the second that uses EPOS LHC instead.

For both groups, two distributions are tried as inputs: the first one uses PYTHIA 2
and the second one uses EPOS LHC. If the distribution is generated with a different
generator than the matrix then it works as pseudo-data. Both closure groups are
shown in Figure [44] and Figure [45] and Figure [47 and Figure [46] respectively.
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The closure test shows the n., distribution and an additional comparison is done
for events with ng > 2 which do not migrate outside the detector phase-space.
These are labeled “visible” in the plot and correspond to the unfolded distribution
without applying the correction factor €y (cf. eq. Therefore it probes especially
the matrix-based step of the correction. The unfolding works very well for this test,
as the ratio from the unfolded distribution to the truth distribution is always at one
(blue line in the ratio plot).

Figure shows that the number of used iterations is 5. The best number of
iterations is selected by finding the iteration with the lowest difference between the
expected and the resulting distribution. The right-hand plot shows the improvement
of the result with an increasing number of iterations. Also for this closure test, the
ratio is again around one and shows that the correction procedure works well.
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Figure 44: Closure test using PYTHIA 2 for the input distribution and the construc-
tion of the unfolding matrix. The label ”visible” is used for the subset of events
with ng > 2 that do not migrate outside the detector phase-space. The closure test
is shown for a zoom to low multiplicity (left) and for the full range (right).

The cross check using RooUnfoldBayes tool was done using PYTHIA 2 for the
matrix determination. Figure 48|shows PYTHIA 2 unfolded with PYTHIA 2 on
for the full range and 0 for the first bins. Figure [49| shows the closure test
for unfolding EPOS LHC with the PYTHIA 2 matrix, for the full range on the left
and for the first bins on the right side. As well as for the main method, the closure
gets better when increasing the number of iterations. The ratio is within 5% for 5
iterations. This is slightly larger than using the main method.
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Figure 45: Closure test using EPOS LHC for the input distribution and PYTHIA 2 for
the construction of the unfolding matrix. The [45(b)|shows how the results improve
with increasing number of iterations.
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Figure 46: Closure test using PYTHIA 2 as the input distribution and Epos LHC
generator to construct the unfolding matrix. The label ”visible” is used for the
subset of events with nge>2 that do not migrate outside of the detector phase-space.

6.8.2.2 Unfolded data distribution and the systematics uncertainties

The data distributions are undolded following the same procedure as described
above. In this case the number of iterations to achieve a good convergence in the
ne, distribution is small thanks to the relatively good modeling of the multiplicity
distribution. The MC deviates from data for ng > 70. The results can be seen
in Figure using different MC inputs as model for the unfolding matrix. This
demonstrates a good stability of the unfolding procedure.

Figure shows the data unfolded with the PYTHIA 2 matrix using RooUn-
foldBayes, and the ratio on the bottom shows the agreement between the unfolded
distributions using this method and using the main method.

The systematic uncertainties on the unfolded distributions are obtained by mod-
ifying the input distributions to be unfolded. And the results are compared to the
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Figure 48: Closure test using PYTHIA 2 for the input distribution and the con-
struction of the unfolding matrix. 48(b)| for the full range and 48(b)| for the first

bins.

unfolded nominal distribution. Previous studies [29] show that if the matrix is var-
ied by the systematic uncertainties intead of the input distributions, similar results
are obtained.

The systematic uncertanties are propagated starting from the observed ng.; spec-
trum in data and randomly adding and removing tracks. There are three systematic
for the unfolded n.;, distribution. Each of them described bellow.

o Track weight uncertainties are added or removed tracks depending on the
pr and n of the existing tracks and their associated track reconstruction
efficiency uncertainty (Aegr(pr , 1))
added(/removed), and if it is less/more than Aey,(pr , 1), Nser is increasead/
decreased by one.

For each track a random number is

The down variation is underestimated for low multiplicities because it is not
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Figure 49: Closure test using EPOS LHC for the input distribution and PYTHIA 2
for the construction of the unfolding matrix/49(a)| for the full range and 49(b)| for
the first bins.
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Figure 50: Comparison for unfolding data PYTHIA 2 and EPOS LHC on side
for a zoom into the low ng, and on hand side for the full range.

possible to create tracks from ng; < 1. Hence, the uncertainties created for
the “up” variation is symmetrized.

This procedure is also used to propagate the uncertainties of the strange bar-
ions, secondaries tracks and out-of-kinematic-space tracks.

It is performed by adding or removing tracks depending on the pr and 7 of
the existing tracks and their associated track reconstruct efficiency uncertanty
(Aégr(pr ,m)). For each track a random numer is added(/removed), and if it
is less/more than A€, (pr , 1), nse is increasead/ decreased by one.

the “down” variation is under estimated for low multiplicities because it is not
posible to create tracks from ng,; < 1. As a consecuence the uncertaty created
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Figure 51: Data unfolded with PYTHIA 2 matrix using RooUnfoldBayes.

for “up” variation is symetrizated.

This procedure is also used to propagate the uncertainties of the strange bar-
ions, secondary tracks and out-of-knematic-space tracks.

Then, all the different components are added in quadrature, by asumming
positive and negative desviations from the nominal values.

The systematic uncertainty due to de difference between data and MC is ob-
tained by the variation of the tracking weight in the n,, distribution. The
variation is obtained using the difference in the average tracking efficiencies in
data (delivered from the pr spectrum) and MC.
The average tracking efficiency is the ratio of the sum over all reconstructed
tracks in data and all true tracks. The denominator can be expressed by the
sum of reconstructed tracks weighted by the track reconstruction efficiency
Etrk-

Elf;’k(nsel) - z?(%

i€sel €cff,i

and the €, can be computed by, either integrationg over the pr -spectrum
in data or MC, considering the shape difference of the pt -spectrum between
them.

The average tracking efficiency is calculated as a function of ng. This is shown
in Figure on the left hand side for data, PYTHIA 2 and EPOS LHC. As
EPOS LHC is in between these two distributions, the difference between data
and PYTHIA 2 was calculated and is shown on the right hand side. The differ-
ence went nearly up to 1% for large multiplicities and the absolute difference
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is taken as a systematic uncertainty for all ng, dependent final distributions
(nen spectrum and the mean pr vs. ng, distribution).
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Figure 52: Comparison of the average track reconstruction efficiency (as derived
from MC and parametrised by pr and 1 ) of all tracks in data and MC as a function
of ngof the event from which the tracks are taken (52(a)). The difference of this
average track reconstruction efficiency between PyTHIA 2 and data (52(b)).

e Non-closure
A systematic uncertainty due to the non-closure is added: 4,2,2,2% in n4,=2,3,4,5
respectivly

In Figure one can see on the left hand side the breakdown of all the different
systematics for unfolding data and using PYTHIA 2 as input model. On the right
hand side, the total uncertainty and the contribution of the statistical uncertainty
from the unfolding matrix are shown. The uncertainty band is not symmetric as
the up and down variations from the various systematics have different influence on
the shape of the ng,distribution. The dominant systematics come from the material
and the secondaries.
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Figure 53: Breakdown of all systematic uncertainties on Uncertainty on
side show the contribution from the statistical uncertainty due to the unfolding
matrix.

6.9 Correction to Ng,

The total number of events N, is defined as the integral of the n, distribution after
all corrections are applied. Figure shows the data unfolded distribution with
the total systematics as a function of n%™ denoting the selection on the particle
multiplicity.

6.9.1 Unfolded data distribution and the systematics uncertainties

The systematics are obtained in the same way as for the ng, distribution. Only
the out-of-phase-space correction has an impact on N,,. Figure |54] shows the total
systematic error on the total number of events Ng, (ne, > ng;}n).

The total number of events after unfolding is N, = 9.5 - 10° for the phase-space
with a transverse momentum > 100 MeV and ng, > 2 with a relative uncertainty of
0.5%.

84



~ I B e o e REEaE ~ E L NS e s s

e Ng 2 2, pT>100MeV,|r7|<2.5 b 5 103; Ngy 2 2, pT>1OOMeV,|I]|<2.5 B

N r bl N E E

g [ 1 £ ¢ 3
3 r ] 8 107 =

z 10— ®u Data unfolded — z E e Data unfolded E

[ e ] ol _
L . ] 107 E
[ [ _ E 3
9? o i s d
» - ] e E
I [ ) A = |
L . i C ]
8 — 4 -
- ] e
r ® 7 C ]
r 1 10°e =
Un - E E
L ] 107 g
Tll111111111l1111111111111111111111111111111? :\ L L L l L L L L L L L L L L L L L L L \7
102 T T T T T T T ™ 1.2¢ T T

1.015F = 1.15E
1.01F = 115 =

o1.005F = o LO5E =

3 1= e (] o o [} o o [ o - T -

%0.995 .  o9s5E 4
0.99F = 0.9F e
0.985F = 0.85F =

1 1 1 1 1 1 1 1 1 E 1 1 1 1
0.98 08 50 100 150 200

N
w
EN
o
(2]
~
©
©
S

>
EF)
5
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6.10 Correction to A}

First, the event weight is applied and the track are corrected by the track weight.
Afterward, the unfolding procedure is performed using an unfolding matrix com-
puted with PYTHIA 2 and 5 iterations were required to converge. The matrix is
shown in Figure [55|

1 dNe

closure test for
Nev de

6.10.1

Two sets of closure tests were performed for the unfolding procedure on the pr
distribution. One uses the PYTHIA 2 sample to build the matrix and PYTHIA 2 and
EPOS LHC for the pr distribution to unfold. And the second one uses EPOS LHC to
build the matrix and the same two generators for the pr distributions. Figures
and [56| shows both cases respectively.

The general agreement is good. The overall non-closure comparing all closure
tests gives a difference of 1% for the low pr part and 3% for pr >10 GeV which is
then also used as additional systematic uncertainty for this distribution.

The same closure tests were performed in the cross-check procedure using RooUn-
foldBayes. They are shown in Figure On the left-hand side, the same generator is
used for the matrix and for the input distribution. while on the right side PYTHIA 2
and EPOS LHC are used for the unfolding matrix and the distribution. Figure
shows a closure within 5% except for the first bin and lower than 2% for the other
bins.
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Figure 56: Closure test derived using PYTHIA 2 for both the input and the matrix
(56(a)]). Closure test derived using EPOS LHC for the input and PyTHIA 2 for the
matrix (57(a)]). Track wise corrections are derived from PYTHIA 2 in both cases.
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Figure 57: Closure test using EPOS LHC as the input distribution and PYTHIA 2
generator to construct the unfolding matrix (57(a)|) and PYTHIA 2 as the input and
EPOS LHC as generator to construct the unfolding matrix (57(b))).
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left side. Closure test using EPOS LHC for the input and PYTHIA 2 for the matrix
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Figure 59: Data unfolded with PYTHIA 2 and EPOS LHC

6.10.2 Unfolded data distribution and the systematics uncertainties

The systematic uncertainties are computed modifying the input distribution with a
variation of the tracking weights.

Then, for each variation, the pr distribution obtained is used as input for the
unfolding process. Finally, the differences with respect to the nominal distribution
are used as systematic uncertainty.

Figure [59| shows the corrected data as a function of pr. They are unfolded using
different MC samples for the construction of the unfolding matrix. The agreement
between the different distributions shows again a good stability of the unfolding
procedure as the results are within the statistical error band when data are unfolded
with PYTHIA 2.

The breakdown of the systematics is shown for the pr distribution in Figure
on [60(a)l The [60(b)| shows the unfolded distribution with the systematic and the
statistical uncertainties combined. For the low pr region, the material systematic
is again the most dominant. For high pt , the total uncertainty comes mostly from
the statistical uncertainty.

As it was done for the ng, data distribution, Figuer [61] shows data unfolded with
PYTHIA 2 matrix using RooUnfoldBayes as a function of pp . The ratio on the
bottom shows the agreement between the unfolded distributions using the RooUn-
foldBayes method and using the main method.
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Figure 61: Data unfolded with PYTHIA 2 matrix using RooUnfoldBayes.
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1 dNe

6.11 Correction to N dn

As well as before, the event inceficiences are corrected by the event weight (Equa-
tion [37). Then, the tracks are corrected for the track reconstruction inefficiencies,
the adition of non-primary tracks, the remamining strange barions and the out-of-
kinematic range factors (Equation .

Afterwards, the n distribution is normalized by N, obtain in Section [6.9]

The unfolding procesure is not needed since the bin-to-bin migration is small
due to a high 7 resolution.

The mean particle density at n = 0 is calculated as an average over 4 bins at
the center of the distributions with a bin width of Ap = 0.1. The obtained charge
particle density in the range |n| < 0.2 gives:

1 dnch
Ney dn =0

= 6.422 £ 0.002(stat.) & 0.096(syst.)

6.11.1 Closure test

The closure test for the number of charged particles as a function of 1 was performed
using PYTHIA 2 and EPOS LHC for the input distributions and to derive the tracking
efficiency. The test shows a 1% of non-closure for the first and the last 1 bins and
0.4% for the central region. The results are shown in Figure [62]

6.11.2 data and the systematic uncertainties

The systematic uncertainties of the n distribution are estimated by the variation
of the weights acording to their systematic uncertanties. For each systematic un-
certainty, the distribution is normalized by N,,, which is calculated for the same
systematic vatiation.

On the left hand side of Figure the breakdown of all relevant systematics
is shown for the n distribution. The main systematic is again the material un-
certainty, which has some bumpy features for high n . These are caused by the
uncertainty coming from the PPO0 region. The right hand side shows the corrected
data distribution with the total systematic uncertainty.
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Figure 64: Closure test for >, ., pr vs. ne and >, ., 1 vs. ng as well as for
(pr ) VS ng, using PYTHIA 2 as input distribution and unfolding matrix.

6.12 Correction to (pr ) as a function of n.,

The correction for the (pr ) vs. ng, distribution is done separately for the two
components » . pr vs. ne, and Y, 1 vs. ng,. The sum is over all tracks and all
events; the second sum represents the total number of tracks in each bin of n,.
These two distributions are then divided to get the unfolded (pt ) distribution.

6.12.1 closure test

For the (pr ) vs. ng, distribution, the closure test is first done for the two individual
distributions. These and the resulting ratio are shown in Figure |64] using PYTHIA 2
for the input distribution and the construction of the unfolding matrix. In the
resulting ratio plot, one can see that the unfolded distribution matches relatively
good with the truth distribution. In the very first bins, 5< ng, <15 one can see
some differences up to 2%. The other closure tests confirm the difference of around
2% for ng, <15. For higher multiplicity the ratio is flat and show very good closure.

6.13 Results

All corrected and unfolded distributions discussed are compared to several MC
samples. These MC samples are PYTHIA 2 PYTHIA Monash, EpOS LHC and

92



QGSJET-II . The theoretical predictions are obtained by running RIVET. In
the same way as for the tracking efficiency, strange baryons are excluded in the
primary definition.

The unfolded distributions are shown in Figures [65, [66] [67] and

The different MC generators do not present a good description of the n, unfolded
data distribution. The best agreement between the unfolded data and the MC
prediction comes from EPOS LHC generator. Same behavior as [29]. The agreement
for n is good except for PYTHIA 2.

For the pr distribution similar discrepancies as for the ny, distribution can be
seen for both analyses. The best description comes from the EPOS LHC gener-
ator. The agreement for the (pr ) vs. ng distribution shows similar agreement
for EPOs LHC but larger disagreement for PYTHIA 2 and PYTHIA Monash. The
description from QGSJET-II is very poor.

In order to compare the mean particle density with previous ATLAS measure-
ments and other measurements, it is necessary to extrapolate the measured mean
particle density at n = 0 in order to include the contribution of the strange baryons.
For this the extrapolation factor is taken from the EPOS LHC generator and is 1.0121
+ 0.0002. The systematic uncertainties of the extrapolation factor is taken as the
largest observed difference of PYTHIA 2 with respect to EPOS LHC where the ex-
trapolation factor for PYTHIA 2 1.0086 + 0.0002. This results to the following mean
particle density:

1 dnch
Ney  dn

= 6.500 £ 0.002(stat.) £ 0.099(syst.)
n=0

Figure 69| shows the mean particle density including several ATLAS measure-
ments only for the low pr phase-spaces. Figure [70| shows the same distribution for
all available ATLAS measurements so far. The uncertainty includes the statistical as
well as the systematic uncertainty for the measured density and for the extrapolated
factor which are added in quadrature.

Overall the agreement for PYTHIA 2 does not seem as good as it was studied in the
baseline analysis. From this plot, the modeling of QGSJET-II and Epos LHC seems
quite well described even if there are description problems for other distributions as
seen from the mean transverse momentum distribution.
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for the full range used in the analysis (bottom).
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Figure 68: Mean transverse momentum per event as a function of event multiplicity
for a zoom into the low ngregion up to 30 (left) and for the full range (right).
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Figure 69: Summary plot of mean particle density at n = 0 including several ATLAS
measurements for low pr at different /s energies. The 13 TeV result is extrapolated
by a factor of 1.012 which is the fraction of strange baryons predicted by Epos LHC.
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is extrapolated by a factor of 1.012 which is the fraction of strange baryons predicted
by PYTHIA Monash.
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7 Search for resolved dijet resonances

7.1 Motivation and analysis strategy

ATLAS and CMS have engaged in a program of complementary searches of new
particles decaying to pairs of jets [75]. Any strongly interacting new particle directly
produced via quarks and gluons and later decaying to them, will generate a pair of
jets. Thus the dijet signatures are a simple way to search for several possible new
physics models. The increasing collision energy allows searches to access higher
mass ranges for possible new physics. However, higher energies comes at a cost;
lower masses and smaller hypothesised couplings are particulary chalenging due to
the trigger prescales required to control increasing instantaneous luminosities. Dijet
searches at 13 TeV have excluded resonances beginning at a mass of 1.2 TeVto 5.2
TeV [46] 47], 0.2TeV to 6 TeV [48], and an 8 TeV dijet search [38] beginning from
250 GeV to 950 GeV was strongly limited by these same trigger prescales. The
trigger-level analysis (TLA) evades trigger bandwidth restrictions by recording only
minimal event information but at a very high rate [43].

The presented analysis has a diferent approach. It uses events produced in aso-
ciation with a high-pr initial-state radiation photon, that can be used for triggering.
This allows the resonance to be reconstructed from lower-pr jets that would not
pass an unprescaled single-jet trigger. This analysis considers then, two jets and
one photon for the final state (see Figure [71]).

Figure 71: Example Feynman diagram for a generic new resonance Y produced in
association with a photon and decaying to two jets.

A leptophobic axial-vector mediator Z’ particle is used as a benchmark for inter-
pretation [62]. For some models of Beyond the Standard Model (BSM) [82] 53, 54],
new particles are expected to preferentially decay to third-generation quarks. Sen-
sitivity to such models can be dramatically improved by requiring that one or both
of the jets from the resonance decay be tagged as originating from a b . The b-tag
channel was not present in the previous studies [45].
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This study uses data collected with the ATLAS detector during 2015-2017 at a
centre-of-mass energy of 13 TeV. The invariant mass distribution of a selected pair
of jets (M;; ) in each event is compared to a smooth SM-only background predic-
tion taken from a fit. A model-nonspecific search phase compares the data to the
expected background. In case the search phase does not show any significant excess,
limits are then set on the benchmark 7’ models for signal masses and on generic
gaussian shaped hipotesis.

The analysis is presented as follows. It starts with a description of the datasets
used and the Monte Carlo samples used for background and signal in Section [7.2]
The object reconstruction and calibration are explained in Section [7.3] while Sec-
tion details the event selection. The b-jet tagging procedure is described in
Section [7.7] including studies of the choices made for this analysis. In addition var-
ious kinematic checks on the dataset after selection and a comparison between data
and each MC period is shown in Appendix [B.3] Section [7.§| shows studies of the
signal kinematics and the impact of selection and morphing on the template shapes.
The background modelling procedure with all relevant studies is presented in Sec-
tion [7.9, while all systematic uncertainties are explained in Section [7.10l Finally,
Section [7.11] gives the results of the analysis.

7.2 Data and Monte Carlo samples

Data collected between 2015 and 2017 as well as simulated events from a range of
Monte Carlo generators were used.

7.2.1 Data

Collected data form pp collision at the ATLAS detector during 2015 and 2017 inclu-
sive; with a centre-of-mass energy of 13 TeVwas used for the analysis. Two selections
are used (see Section , one corresponding to a luminosity of 79.8 fb~!and the
other of 76.6 fb~!. After removing the events with unsuitable beam conditions or
some inactive portions of the detector using Good Runs Lis@ During 2016 and
2017, the topoclustering thresholds and pileup conditions changed. This modified
the pileup profile for these year datasets (see Section [3.3)). Hence, various cross-
checks comparing 2016 to 2017 data, as well as both datasets to corresponding MC
campaigns are include in Appendix [B.3

7.2.2 Monte Carlo samples

The Monte Carlo samples corresponding to background processes are only used for
the studies of the analysis before unblinding, to optimize the analysis selection and
to determine the reported limits.

All MC samples used in this analysis are produced with a GEANT 4-based
simulation, with additional pile-up interactions in each simulated event modeled
by adding multiple soft pp collisions generated by Pythia 8.165 [105] with the
MSTW2008 LO PDF and AU2 tune [32]. After event generation and the addi-
tion of pile-up, the response of the ATLAS detector to particles passing through

15 Aplication used in ATLAS to select the well beviour runs
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the detector elements is simulated with the GEANT4 toolkit [6] and events are
reconstructed using the same software used to reconstruct events in data.
Background processes

Background processes with a photon and 1, 2, or 3 jets were simulated using
SHERPAgenerator. The details of these samples are described in Table [6]

Generator DSID Simulation details
SHERPA 361039-361062 FS, NLO, MC16a+MC16d

Table 6: Simulated samples used for background studies.

Signals

The main benchmark model is a Z’ axial-vector mediator signal consistent with
recent recommendations from the ATLAS-CMS Dark Matter (DM) Forum [4].

This benchmark signal is used in the search and limit-setting phases of the anal-
ysis and for testing the sensitivity of potential resonant signals on the search phase.

The choice of this benchmark signal is motivated by the role that searches for
dijet resonances play in constraining possible interactions between dark matter, or
a “dark sector”, and the Standard Model. In this analysis, we consider a pure
axial-vector leptophobic Z’ model in the specific scenario [57], where the searches
are in regions of parameter space where the decay of the Z’ to invisible particles is
kinematically suppressed.

In this model, the Z’ arises from a simple extension of the Standard Model (SM)
with an additional U(1) gauge symmetry and a Dirac fermion Dark Matter particle
that has charges only under this new group. Assuming that some SM particles are
also charged under this group, the Z’ can mediate interactions between the SM and
DM. The DM particle x has a mass m,. The spin-1 7’ has mass M;eq.

The Dark Matter Forum [63] report models with vector or axial-vector couplings
between the spin-1 mediator Z’ and SM and DM fields, with the corresponding in-
teraction Lagrangians:

Evector = gsm Z Zl/qu,.yuq + gDMZ;;X’-}/MX

q=u,d,s,c,b,t

Eaxialfvector = gsm Z ZL@’Y“’VE)Q + gDMZLXVMVBX
q=u,d,s,c,b,t

The parameters in the model are thus

{gSM7 gpm, My, Mmed'} (42)

where ggys is the coupling of the 7’ mediator to quarks, gpys is its coupling to the
Dark Matter fermion, m, is the mass of the Dark Matter fermion and M, is the
7’ mass.
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The two most relevant parameters of this model in the dijet search are the
coupling of the 7Z’ to quarks as it drives the intrinsic width of the resonance and
the 7’ mass. These two parameters are scanned to obtain the signal grid used for
the limit setting. The Dark Matter mass is fixed at 10 TeV and the coupling to
DM to 1.5. Changing the DM-related parameters has no effect on the width of the
resonance in this search since with this choice the mediator cannot decay directly
to DM. Nevertheless, a dijet search can still probe a dark interaction even though
the DM particle is inaccessible to colliders.

The signal samples have been generated for 5 mass points. These have been
produced with at least 20,000 events with coupling constant gsp; = 0.1,0.2,0.3 and
0.4. Given that this analysis is sensitive to samples with gga; ~ 2, higher couplings
than the ones produced are not necessary since the corresponding mass points would
be already excluded.

The signal samples have been generated using the Madgraph generator[I0] with
the NNPDF2.3 LO PDF [52] and the A14 tune [35], and hadronic showers are
produced with PYTHIA 8. To further increase statistics, a truth-level filter is applied
to the photon pr. Two sets of samples are produced: one set with this filter set
at pt = 100 GeV and a second with the filter at p;. = 50 GeV. These are used
with the two different analysis triggers (see Section to ensure high statistics for
each mass point while keeping all appropriate events. The simulated 7’ signals used
can be found in Tables [19| and As the tables show, only one coupling value was
generated with the 50 GeV filter. The width is calculated as:

I'Mea = I'bm + D' (43)
where: 3o
3mMed9§M (qu)2
I —_— 1-— 44
M Zm 2r Mg (44)
q€(mqg< —ed)
and

mMedg%M X <1 _ (2mDM)2>3/2 lf m < MMed
FDM = 12m MR 1eq ’ DM 2 (45)

0, otherwise

Figures showing signal width in the reconstructed samples, as well as cross sec-
tions, can be found in Section (7.8, This analysis is sensitive to couplings at the
level of 0.2 and will only set limits in the regime where the width is less than 15%
of the resonance mass. Larger widths are not possible to fit within this framework
based on previous experience. Signals with larger widths cannot be discovered by
the search phase, and attempting to fit for these larger signal can potentially bias
the background fit. A similar effect is seen in other di-jet searches ( [47] and [43]).
For much wider signals, it would also be necessary to account for interference with
the standard model.

7.3 Objects selection

This analysis works with two objects: photons and jets. The reconstraction require-
ment of each one are described below.
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Photon

The photons used for the analysis are reconstructed following the ATLAS standard
procedures and calibrated using the recommendation from the EGAMMA group.
They have to satisfy the following criteria:

Jet

Photon pr > 10 GeV and |n| < 2.37, and at least one photon of pr > 95 GeV
to ensure trigger efficiency descrived in Section

The tight working point is used for photon identification in accordance with
the recommendations [11].

The photon passes the standard object quality cuts defined by the EGamma
group recomentations.

The photon must pass an isolation requirement. This specifies that the sum
of energies of all EM-scale topoclusters in a AR < 0.4 cone around the photon
must satisfy the following: topoetcone40 < 2.45 GeV + 0.022 - EJ. An
additional requirement is placed on tracks such that the sum of track pr in a
AR < 0.2 cone around the photon must be a small fraction of the total photon
pr: ptcone20/pl < 0.05

Anti-kT R =0.4 jets are used for the analysis and are calibrated following recomen-
dations of the JetEtMiss group.
Jets are retained which pass the following criteria:

7.4

Jet pr> 25 GeV, falling within the region typically considered well-calibrated

Jet |n| < 2.8, ensuring that the most forward jets stay fully contained within
the HCAL endcap

All jets selected by the above must pass loose jet cleaning requirement [39]
which is designed to provide an efficiency of selecting jets from pp above 99.5%
for pr >20 GeV.

Jets with 25 GeV < pr < 60 GeV and |n| < 2.4 must pass the recommended
jet vertex tagging (JVT) selection. This removes jets with a large fraction of
tracks originating from pileup vertices. Details can be found in [36].

Trigger studies

Several triggers were studied in this analysis, however only those that present the
best performance are discused here. For an easier description we will divide them
into two groups: the single-object and the multi-object triggers. For both cases, the
aim is to increase the sensitivity and the inclusion of a larger M;; range.
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The trigger studies were done in two stages, before and after the optimization of
the cut selection™]

In addition, all the turn-on curves were fitted by an error function (Equation
of three free parameters (pg, p1 and py) to get the point where it reaches the 99% of
the efficiency from the fit.

po- (1+erf(——LLy) (46)

\/@)pz

single-object trigger

The lowest unprescaled single-photon trigger across 2015, 2016 and 2017 datasets,
was the HLT g140_loose. Thus, their efficiency with respect to the off-line transverse
momentum of the leading photon is studied by bootstrapping from the HLT g60_loose
trigger. This means that the efficiency is determined by taking the ratio of events
passing both triggers from those that passed only the reference trigger, which is fully
efficient for isolated photons passing tight identification and pp > 70 GeV.

As the thresholds of this trigger did not change at any point in 2015-2017, and
as this photon trigger is relatively pileup insensitive, the performance was found
to be essentially identical for the three years and the turn-on curve for this entire
period is shown in Figure [72(a)|

The trigger efficiency was computed again after optimizing the y* [[7] cuts and
determining a lower M;; boundary from the fitting procedure. In this way the most
accurate evaluation of trigger efficiencies were made by looking only at the events
which are relevant to the analysis. The trigger efficiency for the single-photon trig-
ger with analysis cuts applied is presented in Figure [72(b)|

multi-object trigger

The lowest unprescaled multi-object trigger studied in this analysis were

HLT g75 tight 3j50noL1 L1EM22VHI, for 2016, and HLT g85 _tight L1EM22VHI 3j50noL1,
for 2017. These triggers require at least three HLT jets with pr > 50 GeV and one
photon with pp > 75 or 85 GeV respectively, passing the tight identification criteria
(descrived in Section [5.2), at the on-line level.

The efficiency of the trigger with respect to the offline reconstruction is studied by
bootstrapping from the HLT g60_loose trigger. which is fully efficient for the full set
of events passing the multi-object (“compound”) trigger. The efficiency was studied
as a function of the transverse momentum of the leading isolated photon passing
tight identification. It is important to highlight that this kind of trigger requires
two types of objects: photons and jets, therefore their efficiencies are related to the
respective thresholds. The jet component of the trigger reaches a plateau when the
subleading jets have a pr > 65 GeV. So, this condition is also required to build the

16 Off-line selection cuts defined to optimize the relationship between signal and background,
see Section

17 % is defined as the diference in the pseudo-rapidity between the leading and the sub-leading
jets, it is described in Section
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Figure 72: shows the turn-on curve in 2015-2017 data for the HLT_g140_loose
trigger. The efficiency is found with reference to the prescaled HLT g60_loose trig-
ger, which is fully efficient within the prrange considered. HLT g140_loose is found
to be > 99% efficient for leading photon pr > 151 GeV. Same for but
with all the analysis cuts are applied. It is reaches the plateau for leading photon
pr > 149 GeV.

efficiency (A deeper description of the combined trigger requirements can be found
in Appendix .

Figure [73(a)| shows the efficiency after requiring that the subleading jet pr is
greater than 85 GeV. As this trigger requiers two types of objects, photon and jets,
it’s efficiency depends on these objects reching their respective plateau.

As well as before, the turn-on curve versus photon pr was re-checked after ap-
plication of the final analysis cuts and the results are shown in Figure [73(b)]

A similar behaviour is observed for the HLT g85_tight L1EM22VHI 3j50noL1
trigger in the 2017 dataset, so the same procedure was developed. Figure [74(a)
shows the efficiency of this trigger with no kinematic selection and Figure [74(b)
shows the turn-on curve versus photon pr after applying all analysis selection cuts.

To combine 2016 and 2017 data, a single unified set of cuts is defined such that
both triggers will be on their plateaus. This requires an off-line isolated photon of
pr > 95 GeV passing tight identification and two jets of pt > 65 GeV. Nonetheless
it is clear from Figure that the analysis selection does not achieve truly full
efficiency even after application of these jet and photon pr cuts. To account for this,
an uncertainties is estimated by looking at trigger efficiency as a function of Mj; .
For details on this uncertainty see Section [7.10}

Figure compares the shapes of the background distributions using a single-
photon triggering strategy versus the multi-object triggering strategy. The sensitiv-
ities of the two analysis strategies are shown in Figure (details in Section .
Two key points are illustrated by these plots:

1. The single-photon triggering strategy leads to a sharper M;; distribution
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Figure 73: shows the efficiency of the dijet+ trigger as a function of lead-
ing isolated photon passing tight identification criteria. The subleading jet pr is
required to be above 65 GeV. The efficiencies in 2016 data and mcl6a are shown.
Full efficiency occurs at 80 GeV. same but with all the final analysis cuts in
y* and M;; are applied.
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Figure 74: shows the efficiency of the dijet+~ trigger as a function of leading
isolated photon passing tight identification criteria without any kinematic selection.
The efficiency in 2017 data is shown. The dashed line corresponds to full efficiency.

same ,but after the analysis selection

which could be fit from a lower mass, while the multi-object triggering strategy
leads to a distribution with a noticeable shoulder which could not be fitted
until ~ 300 GeV higher in M;; .

2. The multi-object triggering strategy provides better analysis sensitivity than
the single-photon triggering strategy.

As the present analysis sets limits on signal masses as low as 200 or 250 GeV . The
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Figure 75: Invariant mass distribution for Sherpa multijets requiring on
one side events to pass HLT_gl40_loose trigger and leading photon pr >
150 GeV (single-photon trigger); and on the other hand, events to pass
HLT g75_tight_3j50noL1_L1EM22VHI trigger, leading photon pp > 95 GeV and
two leading jets pr > 65 GeV (multi-object trigger) . No y* cut is applied.

single-photon trigger is included for the low values of the mass range. However, in
order not to lose sensitivity gained by the multi-object trigger, this analysis therefore
uses both selections. A spectrum was created with each triggering strategy and
fitted independently. For masses where the multi-object trigger selection can be
fitted and used to constrain signal points, those will be the nominal results. Where
this spectrum is not yet smoothly falling, the single-photon trigger result will be
used. This conclusion is summarised and the relevant luminosities for each selection
are recorded in the Event Selection discussion later in this Section (see Table [L0]).
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Figure 76: Comparison of analysis sensitivity (based on the definition in Equa-
tion to a benchmark Z’with couplings g, = 0.1 (76(a))) and g, = 0.2 (76(b))
for a multi-object trigger strategy versus a single photon trigger strategy. For the
doubly b-tag result, the DL1 tagger at the 77% fixed efficiency working point is used
(see Section [7.7.1). The luminosities are scaled to represent the full Run II dataset
including the 3 fb~! loss from the multi-object trigger strategy. These results show
that for masses where both triggering strategies can be fitted, the multi-object trig-
ger strategy provides improved analysis sensitivity, even when accounting for the
loss of the 2015 dataset.

7.5 Optimization cuts

To optimize the number of events that may contain physics of interest with respect to
the background events, several discriminant variables were studied. The significance
of these variables gives a relationship between the number of signal events related
to the amount of background. It is computed as S/ VB, where S corresponds to
the signal distribution and B to the background. The maximum of the significance
provides an appropriate cut selection.

The cut values determined may also have an impact on the smoothness of the M;;
range that would be properly fit, thus it is important to check that the M;; shape
does not get distorted by a specific cut.

Four target mass points were studied: 250 GeV, 350 GeV, 450 GeV and 550 GeV,
each with a range of 50 GeV. The study searches for selection cut values that are
identical for all mass ranges. Also, only the trigger requirement and a cut on the pp
value where it reaches the 99% the efficiency are applied.

The signal and background distributions for different discriminant variables were
studied. A brief description of them is presented below.

_ (pral=lpr,2])
~ (Ipral+lpre2l)
This is expected to be smaller on average for signal than for background.

Asymmetry : The asymmetry in pr between the two signal jets: A

AR : The difference in n, ¢ location between the ISR object and the nearest signal
jet. In a signal event with a reasonably boosted resonance these are expected
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to be roughly back-to-back.

ARy, : Same as before but with respect to the invariant jet mass.

*: A key discriminating variable for dijet analyses, y* is a measure of rapidity

difference between the two signal jets. Specifically, y* = #5#. Signal should
be produced roughly isotropically, but multijet production preferentially gen-
erates forward jets. Therefore, the requirement that the two selected jets are

relatively central in their centre-of-mass frame makes y* an effective discrimi-

nant@.

Yy

Unfortunately, many of the candidate variables have poor discrimination power.
These distributions can be found in Appendix

The y* and the asymmetry presented better discrimination power, see Figure[77]
a multivariate analysis using TMVA was attempted. The methods tested were Fisher,
Likelihood, and Cuts. The first two multivariate discriminant methods provide a
new variable to cut on that, unfortunately, has different optimal values for each mass
range, which effectively results in different variables for different ranges. Because
of this fact, this study only focuses on the third method which determines optimal
cuts on variables without the necessity of introducing new composite variables for
which their optimal performances are different across mass ranges.
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Figure 77: Signal (S) and background (B) distributions of the discriminant variables
(asymmetry, and y*), along with the distribution S/v/B, for the two leading jets in
photon+jet events in the 500 GeV to 600 GeV mass range.

Results for this study are summarised in Table |7| which shows the maximum
value of the significance normalized to a luminosity of 1/pb on each mass range,
computed for different sets of variables.

It was found that the variables were largely correlated, thus almost no additional
sensitivity was gained by using multiple variables instead of simply the more powerful

BFuture iterations of the analysis would do well to study this variable or equivalents in the
context of 2 — 3 processes, as its use has been developed and mostly informed by 2 — 2 process
searches like the dijet analysis.
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Mass range [GeV] | Only y* Only Asymmetry  Asymmetry and y*
200 < M;; < 300 0.033 0.029 0.034
300 < M;; <400 0.066 0.051 0.066
400 < M;; <500 0.055 0.040 0.055
500 < M;; <600 0.046 0.031 0.047

Table 7: Maximum value of the significance s/ Vb for each mass range, for different
combinations of variables

of them: y* . It was therefore concluded that a multivariate technique offered no
additional power over a rectangular cut based technique.

The goal is then to determine a cut value in y* which maximizes the significance
across all mass ranges. The criteria employed is to use the cut value that optimizes
the mass range with the lowest significance value, and verify that it does not sig-
nificantly reduce the significance value for the other mass ranges. Tables [§ and [
show the significance value for each mass range when selecting a cut value using the
method mentioned above.

Mass range [GeV] | Max. s/v/b optimized for each | Max. s/v/b for
mass range (and y* cut used) y* <0.75
200 < M;; <300 0.067 (y* <0.81) 0.0676
300 < M;; <400 0.066 (y* <0.78) 0.0658
400 < M;; < 500 0.0554 (y* <0.78) 0.0553
500 < M;; < 600 0.0460 (y* <0.85) 0.0458

Table 8: Maximum value of the significance s/v/b, optimized for each range (left)
and for y* < 0.75 as used in the analysis (right). The HLT_g140_loose trigger and
relative selection are shown.

Mass range [GeV] | Max. s/v/b optimized for each | Max. s/v/b for
mass range (and y* cut used) for y* < 0.75
200 < M,; <300 0.0319 (y* <0.81) 0.0317
300 < M,; <400 0.0294 (y* <0.81) 0.0293
400 < M;; < 500 0.0249 (y* <0.78) 0.0247
500 < M,; <600 0.0202 (y* <0.78) 0.0202

Table 9: Maximum value of the significance s/ Vb, optimized for each
range(left) and for y* < 0.75 as used in the analysis (right). The
HLT g85_tight_3j50noL1 L1EM22VHI trigger and relative selection are shown.

The cut of y* < 0.75 was introduced very early in the analysis when a second
channel (jet ISR) was still considered, to homogenize the cut selection. The value
of 0.75 was taken after checking the loss in the significance from 0.78 to 0.75, as it
was less than 1% the selection of y* < 0.75 defined and applied in the rest of the
analysis.
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7.6 Event selection
The events used in the analysis are required to pass the following event selection:

e pass the trigger listed in Table

e satisfy the jet cleaning criteria [39], after applying the jet-vertex-tagging (JVT)
to avoild pileup events.

In addition the data have to satisfy:
e the run has to be included in an appropriate good runs list (GRL).
e to have a primary vertex reconstracted with at least 2 tracks with pr >500 MeV.

The following triggers are used in each of the specified cases, in accordance
with the studies presented in Section [7.4] The total luminosity result is thus
76.595 fb~! for M;; < 335 GeV (“compound” trigger) and 79.826 fbo~! for M;; >
335 GeV (“single photon” trigger).

Channel Year High-level Trigger Lumi.[fs—1]
2015 - -
“Compound trigger”,M;; > 335 GeV 2016 HLT_g75_tight_3j50noL1 L1EM22vHI  33.009
2017 HLT g85_tight L1EM22VHI 3j50noL1  43.586
“Single photon trigger”,
M;j; < 335 GeV 2015 — 2017  HLT_g140_loose 79.826

Table 10: Triggers used for each channel and each year’s datasets. An additional
signal region using single-jet triggers allows an extension of the search range to lower
masses, albeit at lower sensitivity.

Analysis selection

The analysis selection is described in Table The jet and photon multiplicity
and pr cuts are necessary to ensure each trigger is fully efficient. Optimal cuts in
y* were determined as described in Section [7.5 The M;; cuts are determined by
the shape of each spectrum and are chosen such that the spectrum can be described
by a smooth fit above the cut. The data cutflows and yields for both channels are

in Tables [22] and [24] also the cutflows for MC are given in Appendix [B.2]

Cut Single-photon trigger ~ Compound trigger
Number of jets Njet > 2 Njet, > 2
Number of photons ny > 1 ny, > 1

Lead ~ pr pr > 150 GeV pr > 95 GeV
Lead & sublead jet pr p% > 25 GeV pzr > 65 GeV
Centrality Yiy < 0.75 Yia < 0.75
Invariant mass M;; > 169 GeV M;; > 335 GeV

Table 11: Analysis search region cuts
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Single photon trigger Compound trigger

Cut Events remaining % remaining Events remaining % remaining
Total 6443085312 - 5227867136 -
GRL 111929303 1.7% 103846024 2.0%
Trigger 93589345 83.6% 34203232 32.9%
Cleaning 93424536 99.8% 34149788 99.8%
Njets > 2 89115138 95.4% 33409444 97.8%
ny >1 19199687 21.5% 16350066 48.9%
Lead v pT cut 5249652 27.3% 9174245 56.1%
Lead jet prcut 5249652 100% 8712658 95.0%
Sublead jet prcut 5249652 100% 5633026 64.7%
ly*| < 0.75 3093280 58.9% 3478528 61.8%

Table 12: Cutflow for data 20154-2016. Percentages remaining are relative to the
previous cut, and all values are relative to the objects remaining in the ntuple: thus
all jets pass the leading and subleading jet cut, since only jets above 25 GeV are
kept in the ntuple. Please note that there was not compound trigger used in 2015,
so all events there originate in the 2016 dataset.

Single photon trigger Compound trigger

Cut Events remaining % remaining Events remaining % remaining
Total 5002680320 - 5002680320 -
GRL 139551621 2.8% 139551621 2.8%
Trigger 109049835 78.1% 42646980 30.6%
Cleaning 108878354 99.8% 42593952 99.9%
Njets > 2 104090372 95.6% 41596064 97.7%
ny > 1 24898568 23.9% 20861906 50.2%
Lead v pr cut 6325551 25.4% 12916492 61.9%
Lead jet prcut 6325551 100% 12125213 93.9%
Sublead jet prcut 6325551 100% 7380192 60.9%
ly* < 0.75 4014393 63.5% 4552562 61.7%

Table 13: Cutflow for data 2017. Percentages remaining are relative to the previous
cut, and all values are relative to the objects remaining in the ntuple: thus all jets
pass the leading and subleading jet cut, since only jets above 25 GeV are kept in
the ntuple.

7.7 b-Jet tagging

As it was briefly mentioned before, the analysis is divided into two searches, one
inclusive in jets, and one using only events where the two jets, candidates for the
resonance, are tagged as b-tag .

This section explores the choice of tagging criteria, justifies the addition of the
b-tagged channels, and shows the consequences for the resulting spectra.
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7.7.1 Tagger and working point selection

This analysis explores two official taggers: MV2c10 and DL1, folowing the recomen-
tations of the tagging groupﬂ.

The optimal choice of tagger and working point was determined by compar-
ing signal sensitivity for each choice across the full range of Z’ mass points. The
significance was defined as follows [61]:

bins

zi: Z?%, where Z; = \/2 [(s +b)log(1 + %) —5 (47)

The full analysis selection was used in the nominal MC samples. In Addition, the
two jets forming the candidate Z’ have to pass the relevant tagging requirements.

Figures [78] [79 compare the significance for a range of taggers and for all available
working points, with hybridﬂ and ﬁxed@ conditions, respectively. In all cases,
the 7’ with a coupling constant gsys = 0.2 was used for the tests. However, the
Appendix [B.5]shows the full set of plots for all taggers, working points, and coupling
values.
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Figure 78: Signal significance in two-b-tag channel for various taggers at the
same hybrid working point and various hybrid working points for the most
promising supported tagger. The selection corresponds to the single-photon trigger.
Signals with a coupling of g, = 0.2 are shown.

For all mass points, the DL1 tagger outperforms the MV2c10 tagger. Thus, it was
chosen.

19 Originaly six official taggers were studied to determine the optimal choice for this analysis:
DLirnn, DL1mu, DL1, MV2c10rnn, MV2c10mu, and MV2c10. However in January 2018 the tagging
group set only two of them: MV2c10 and DL1

20Hybrid condition refers to use a mix of Fixed condition below a prcutoff value, and a Flat
Efficiency confition above it. And Flat Efficiency condition means that different DL1 cut values
are use to hold efficiency at a cerntain value in each pT sub-region.

2IFixed condition refers to set the average value of the b-tagging efficiency to a certain value
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Figure 79: Signal significance in two-b-tag channel for various taggers at the
same fixed working point and various fixed working points for the most promis-
ing supported tagger. The selection corresponds to the compound trigger. Signals
with a coupling of g, = 0.2 are shown.

The right plot in Figure [7§ and Figure [79 reflects that the significances change
significantly across the mass range for various working point. Taking this into ac-
count, it was found that the optimal hybrid efficiency working point is 77% and the
optimal fixed efficiency working point is also 77%. Nevertheless, the decision still
needs to take into account the possibility of introducing features or sharp changes
in the composition of the M;; spectrum, as discussed in the following section.

Tagging efficiencies and mis-tag rates

To ensure that the final tagged spectra can be fitted properly, the b-tag efficiencies
and fake rates must vary smoothly as a function of mass. Otherwise, it could lead to
localized excesses and deficits in the data spectrum and It may generate challenges
to the fit, generating then fake signals.

Figure 80| shows tagging efficiencies for the 77% hybrid efficiency working point
for the signal jets using the single-photon trigger as an example.

The efficiency presents some structure visible around 200 GeV. As a result, a
comparison of the efficiencies between the optimal hybrid and fixed working points
was performed to choose that one with smoother performance.

Also, the miss ¢ and [ tag rates were consider. If it was too high, it could mean
than ¢ or light quarks may be tagged as b very often. In the same way, a smooth
behavior is expected for those distributions.

Figures [81] [82] and [83] show the b-tagging efficiency, c-jet miss tag rate, and light
jet miss tag rate for the same signal jets for both the 77% hybrid efficiency WP and
the 77% fixed efficiency WP. Both fixed and hybrid working points are problematic
for pr< 200 GeVbecause they are not smooth distributions. For the hybrid working
point, these features are most visible in the b-tag efficiency and the c-jet mistag rate,
while for the fixed working point the features are most visible in the light jet mistag
rate. However, the light jet mistags rate for the fixed efficiency working point is
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Figure 80: Efficiency of b-tag using the DL1 tagger at 77% hybrid efficiency WP.
The full analysis selection is applied to the nominal background MC samples, and
the leading and subleading jets are shown.

very small for low prjets resulting in a low contribution of mistagged rates in this
part of the spectrum. A detailed study of the impact of non-smooth efficiencies and
mistag rates on the final M;; spectrum shape suggests that non-smoothnesses on
this scale do not cause future issues on the M;; distribution (see Appendix for
details). Therefore, the safest choice between the two performant working points is
to use the fixed efficiency WP at 77% efficiency.
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Figure 81: Efficiency of b-tag in the for the 77% hybrid efficiency working point
(81(a))) and the 77% fixed efficiency working point (81(b)|). In each case, the full

analysis selection is applied to the nominal background MC samples.
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Figure 82: Mistag rate for ¢ jets for the 77% hybrid efficiency working point (82(a))
and the 77% fixed efficiency working point (82(b))). In each case, the full analysis

selection is applied to the nominal background MC samples.
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Figure 83: Mistag rate for light jets for the 77% hybrid efficiency working point
(83(a))) and the 77% fixed efficiency working point (83(b))). In each case, the full

analysis selection is applied to the nominal background MC samples.

7.7.2 Defining the analysis selection

There is not a unique tagging choice. This analysis explores five tagging choices
defined bellow:

Inclusive No tagging requirements are made in the selection

0-tag Explicitly require that neither jet from the candidate resonance is b-tag

1-tag Require that exactly one jet from the candidate resonance is b-tag

2-tag As in the optimisation studies, require that both jets from the candidate
resonance are b-tag
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Combined A simple combination is performed between the 0, 1, and 2-tagged
channels:

Zeomp =\ 25+ 23 + 72
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Figure 84: Signal significance versus mass in the inclusive, 0-tag, 1-tag, and 2-tag
channel as well a combination of 0, 1, and 2-tags. The DL1 tagger is used at the
77% fixed efficiency WP. Z’signals with coupling g, = 0.2 are used.

Figure |84 compares the significance of each tagging case. The 2-tagged selection
offers a noticeable increase in sensitivity over the inclusive channel.

The inclusive spectrum is the most general case and is the simplest option for
reinterpretation. The 2-tagged channel provides additional information particularly
interesting for some models which decay preferentially to heavy flavours. On another
hand, the combined would only be re-interpretable if all three exclusive tagging
channels (0, 1, and 2) were provided, since the branching ratios can vary from
model to model, and a simpler result is preferred. Therefore, the option of showing
only two results in each channel (inclusive and 2-tagged) is preferred for the current
iteration of the analysis.

Conclusion for b-tagging in the selection

To summarise the outcomes of the three preceding sections, the analysis will be
presented in two channels per trigger selection:

e Photon ISR, inclusive
e Photon ISR, 2-tagged

For the 2-tagged channels, the DL1 tagger at the 77% fixed efficiency working
point is used. Both the leading and subleading jets are required to pass this tagging
requirement.
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7.7.3 Impact of the tagging choices on the spectra

Figure |85 shows the M;; distribution in Sherpa mc16d after all analysis cuts in the
inclusive and 2-tagged cases. The selection corresponds to the single-photon trigger,
and the spectra are broken down by flavor, to illustrate changes in the composition
as a function of Mj;; . The inclusive spectrum is dominated by light jets in roughly
equal proportions for all masses. The 2-tagged spectrum illustrates the decrease
in b-tag performance as a function of mass, with a higher proportion of true di-b
events at lower masses and a composition dominated by miss-tagged light jets at
higher masses. These plots use the DL1 tagger at the 77% fixed cut working point.
Additional plots of the compositions of various jet kinematic distributions can be

found in Appendix
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Figure 85: Flavour composition breakdown of the M;; spectrum in Sherpa mcl6d
for the inclusive selection and for the 2-tagged selection . The fraction
represented by each flavour pairing is shown in the ratio plot. The single photon
trigger signal region is used.

The understanding of the composition of the tagged spectra is essential to know
if it will be possible to describe it with a fit-based background estimate. A smooth
variation in the flavor composition helps prevent the formation of sharp corners in
the tagged spectrum. These plots show that changes in composition are smooth
within the statistical uncertainties of the MC samples.

Another concern is the appropriateness of using a fit-based background estimate
for a large mass range when the composition may change. If the background dis-
tribution is not made up of the same type of events through all mass ranges, use a
function that forces a correlation on these events such that the background estimate
at high mass values may depend on that at low masses. This concern is addressed
by changing the background estimate strategy from a single global fit to a sliding
window fit (see Section for details). As long as each sliding window fit is not
wider in range than a few hundred GeV, then over the range of a single fit, the
composition changes only slightly and smoothly.
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7.8 Signal shapes, cross-sections and acceptance

All signal MC samples used in the analysis are plotted in Figures through [88]
These show the peak visible in M;; for each sample at the reconstructed level after
passing all analysis cuts. The three figures show three different g, coupling values
for the Z’ model. A Bukin fit [50] is performed to each peak to determine its width,
and the results are found to range from around 13% for the lowest masses to 8%
for the narrowest and highest masses. As all of these are within 15% width to mass
ratio, this benchmark is appropriate for this fitting and bump-hunt based search.
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Figure 86: Fits to signal masses in simulated Z’samples with g, = 0.1. The signals
have nominal masses of 250, 350, 450, and 550 GeVfrom left to right.
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Figure 88: Fits to signal masses in simulated Z’samples with g, = 0.3. The signals
have nominal masses of 250, 300, 350, 400, 450, 500, 550, 750, and 950 GeVfrom left
to right.

Cross-sections

The cross-sections for the 7Z’ benchmark signal samples are shown in units of pico-
barns in Figure 89 It reflects the fact that smaller coupling values of the signal
to standard model quarks mean smaller cross-section for the simulated process,
pp = Z'+v = qq.
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Figure 89: Cross-sections of Z’benchmark model for all coupling values used in the
analysis. Values displayed are in picobarns.

Acceptance

The number of signal events due to a new process can be expresed by the Equation 48]
as follows:

Nsg=L-0-BR-A-¢ (48)

This shows, the relevant efficiencies (¢) and acceptances (A) must be taken into
account to get the amount of signal expected for a model with a given cross-section
(0). The relevant factors which affect this analysis are briefly described below:

Kinematic acceptance Fraction of events at truth level which pass analysis se-
lection cuts, ain = Mruth /Mot

Photon efficiency Efficiency of photon identification and reconstruction. This
factor is included in the reco-level efficiency.

Jet efficiency Efficiency of jet reconstruction. Thisis 1 in ATLAS for all practical
purposes.

B-tagging efficiency Number of jets surviving the b-tag process. This is a func-
tion of both tagging efficiency for real b-jet and mistag rate for light and c-jets,
and is included in the reco-level efficiency.

Trigger efficiency Efficiency of the photon reconstruction in the trigger. This
factor is included in the reco-level efficiency.

Each of them does not need to be computed individually, instead can be measured
as two quantities, a single acceptance and a single efficiency per signal point and
channel.

The acceptance is measured as the fraction of events that pass the kinematic
analysis selection cuts (that is, excluding trigger requirement) at the truth level.
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Mass points below 450 GeVare shown using the samples with filter cut at photon
pr = 100 GeV and the single-photon trigger selection, while mass points above
450 GeVare shown using the samples with filter cut at photon pr = 50 GeV and
the compound trigger selection.

It is important to highlight that these acceptances of the single-photon trigger
selection and compound trigger selection can not be directly compared with one an-
other in this way because the filter efficiencies for the two samples differ substantially
(see Tables [19) and [20] in Appendi. Thus, to remove the ATLAS MC-specific
generator dependence of these numbers and compare the true kinematic-level accep-
tance, the curves are multiplied by the filter efficiency of each sample. The resulting
ATLAS-independent acceptance curves are shown in Figure [90]
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Figure 90: Kinematic acceptance of the Z’ benchmark model for all coupling values
considered in the analysis. The acceptance quantities are multiplied by the filter
efficiency for each sample to remove the otherwise hidden impact of the different
photon pr cuts at generator level. The single photon trigger selection and appro-
priate samples are used below 450 GeVwhile the compound trigger selection and
appropriate samples are used above that point.

The efficiency is defined as the fraction of the reconstruction-level events that
passed all analysis requirements over the number of truth-level events that passed the
kinematic requirements. So it accounts for the trigger, ID, and tagging efficiencies.
These quantities are shown for each signal point in Figure (91}

The visible cross section for the Z” model is then given by o -k - €1 multiplied by
the two acceptance and efficiency values from the relevant plot at each mass point.
The branching ratio is incorporated in the cross section value in this case, since
only events resulting in a jet final state are generated. An interpolation between the
points is performed logarithmically in Z’ mass and appears as straight lines in the
figures.

122



- R e I R = > 070 =
% 0'88: ] é £ 3
'S 0.86 ATLAS Simulation Internal —| 'S 0.65 ATLAS Simulation Internal —|
= [ - | = C - |
i 084t (s =13 Tev = TR (s =13 Tev E
0.82 = Flavour Inclusive E T 2 b-tags ]
825 ‘ _ g, = 01 { 0_55; g, = 0.1 ;
08 ¢ T 9,= 02 1 E g9,= 02 1
= 3 0.5~ | =
0'78: g, = 03 7 = /\ g, = 03 7
0.76 - E 045~ - \ E
0.74f E E E
= E 0.4 =
072: v L b b b b L L \i E v b b b b L b L \:
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
m,[GeV] m,[GeV]
(a) Inclusive selection (b) 2-b-tag selection

Figure 91: Efficiency of the Z’benchmark model for all mass points and coupling
values considered in the analysis.

7.9 Background modelling

The background estimate for this analysis is performed using a parametric fitting
procedure. The method fits the observed dijet mass distribution using a few-
parameter function over the complete search range. The background to be modeled
consists of QCD processes with a complex mixture of PDF's, parton showering, and
the effects of the detector response and kinematic selection.

The functions used to moderate the background are presented in Table[I4] These
have been studied in various spectra relevant to the analysis, composed of both
ve been carriedMC and subsets of data, as detailed in Section The three-
parameter dijet function has proven insufficiently flexible, so the studies focus on
the other three: the four and five parameter dijet functions and the UA2 function.
Each offers benefits in particular situations. The analysis strategy is to create the
nominal background estimate from whichever function performs the best in real data
and will define an uncertainty on that function selection using the second-best of
the three functions. This is described in more detail in Section [7.9.3]

Functional form Citation Label
f(z) =pi(1 — x)P2aPs [46] our3param
f(x) = pi(1 — z)p2gpotpabos [38] ourdparam
f(x) = pi(1 — )p2gpetpalmespsina® - [3g) ourSparam
f(x) = BLeporpia’ [116] UA2

Table 14: Functional forms explored for fitting the QCD background, with citation
to previous results in which they have been used to fit similar distributions and label
for reference in the rest of the text.

7.9.1 Motivation for a sliding window fit

Historically, the resonance searches in dijet channels have been carried out by look-
ing for a localized excess above a smooth background, which is obtained by fitting

123



the entire dijet mass spectrum with ad-hoc functions. But, with increasing data,
the fitting procedure with a global fit becomes increasingly challenging. In par-
ticular, when the data increase several orders of magnitude. For this reason, the
presented analysis adopted a sliding window fit, as described as in [I03]. It is a
background estimation method that looks for localized excesses by sliding over the
data spectrum of a given half-width (corresponding to a number of bins termed as
window-half-width or “whw” in the following) in small, overlapping windows. This
allows the analysis to move away from an assumption that low and high ranges of
M;j; can predictably be strongly correlated.

The unblinding strategy considers the possibility of a global fit and, if the fit
quality is too low, will move to a sliding window fit and iteratively narrow the
window until the background can be adequately described.

As an example, a case in which a global fit would be insufficient is shown in Fig-
ure (92, For this spectrum, created to simulate the shape of the 2-tagged spectrum,
a global fit with the five-parameter function cannot satisfactorily describe the whole
range in M;; . Both the p — value of 0.0 and the sinusoidal shape evidenced in the
fit residuals demonstrate that the fit is not acceptable. In contrast, a sliding window
fit with a window half-width of 13 bins performs better. A reasonable p — value is
obtained and the sinusoidal residuals are reduced. Even when this may not be the
final choice for the window width, it demonstrates increased flexibility of the sliding
window fit.

————

ATLAS Internal
Vs=13TeV, 15.0 fo'!
—— Data

—— Background fit
BumpHunter interval

quli;

————]

ATLAS Internal
Vs=13TeV, 15.0 fo'!
—e— Data

—— Background fit
BumpHunter interval

WHW 13

Events

10°

Events

10°

M‘M
/

102 102

10

p-value = 0.0 ip-value = 0.45
Fit Range: 169 - 1200 TeV Fit Range: 169 - 1200 TeV
1 |y* <0.75 1= |ly*l < 0.75

o Tl
o PTTETE

Significance
Significance

2x10? 3x10?  4x10° 5x10? 3x10?  4x10° 5x10?

10° 10°
m; [TeV] m; [TeV]

(a) Global fit (b) Sliding window fit

Figure 92: Fits to a spectrum derived from the inclusive single-photon trigger chan-
nel using an ABCD method@ to estimate to represent the 2-tagged result. Fig-
ure uses a global fit while Figure uses a sliding window fit with window
half-width of 13 bins. In both cases the five-parameter dijet function is shown. The
spectra corresponds to use 15 fb~of real data.

The sliding window fits, however, may generate potential issues for analyses due
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to their increased flexibility. If the window width is too narrow, the fit is more flexible
and loses sensitivity [44]. Thus the widest window still able to fit the spectrum shape
is used. The optimization of the window width is discussed in the following sections.

7.9.2 Selection of parameters for the sliding window fit based on goodness-
of-fit and signal injection

There are two parameters to be defined for the fitting procedure: the maximum and
the minimum usable window width.

The minimum acceptable window width is determined via signal injection tests,

as is fully descrived in Section [7.9.2.2

The mazimum usable window width can be found by fitting the Monte Carlo
spectra, where there is no signal and can also be complemented by tests in a dataset
equivalent to that used for the 2015+2016 data’ which give a null result [45]. To
do so, the window half-width is increased one bin at a time until a pre-determined
fit quality criterion reaches a certain threshold. Following previous studies [43], the
criterion is such that the background estimation to have a x? p—value above 0.05,
and if it is necessary, after excluding the window containing the largest excess.

Also, the tests on data are useful to reduce the set of fit functions and to exclude
window widths that are too large for a dataset that is smaller than the full dataset
used for the analysis. In the sense that if they already give a x? p—value below
0.05 on a 15fb~tspectrum, they will not be sufficiently flexible to fit the full dataset
spectrum.

The statistic of the MC and the data is not representative of the statistic of the
full dataset used in this analysis, thus, the actual sliding window size is determined
directly on data as described in Section [7.9.3] Nevertheless, Appendix shows
the results of fits on the 15 fb~tand MC spectra for the inclusive single photon-
triggered and compound-triggered signal regions. These results give us an initial
determination of the maximum possible window.

All the following tests were performed before unblinding the analysis and there-
fore used 303 GeVas the starting point for the fit in the compound trigger spec-
trum. This value was later improved following the procedure described below in
Section [7.9.3] and led to the value of 335 GeVquoted elsewhere.

7.9.2.1 Tests of fitting in statistically non-sensitive dataset

To test the background estimation method, the fitting procedure was applied over a
dataset that is equivalent to the one from the last public result (2015+2016), where
no signal was found.

The UA2, ourdparam and ourbparam functions were tested, using different values
of window half-widths starting from half the spectrum and ending at 12 bins. To

23This dataset corresponds to approximately 15 fb~!.
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simulate the unblinding procedure, we first show the results of the global fit. If
the x? p-value of the overall background is below 0.05, then the procedure moves
to SWiFt with a half-window width equivalent to half the spectrum. If the x? p-
value is still below 0.05, the half-window width is reduced by one bin and the fit is
performed again. This procedure stops whenever the overall background x? p-value
is above 0.05 or when a half-window width of 14 is reached (see Section for
studies of the minimal signal width). this test is useful to gather a first idea on the
maximum possible window that can be used for the sliding window fit, with about
a quarter of the dataset. Figure 93| shows the results of the widest possible window
and the results of the fit with the largest window where the y? p-value is above 0.05,
for each of the channels and each selection of the functions.
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Figure 93: Global fits and example sliding window fits in 15/fb of data for the
inclusive selection, using the ourdparam function.
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Functional form Channel (inclusive) Fit type x? p—value BH p — value

our4dparam Compound trigger SWiFt, whw=18 0.052 0.60
ourbSparam Compound trigger SWiFt, whw=18 0.052 0.49
UA2 Compound trigger SWiFt, whw=16 0.056 0.58
ourdparam Single photon trigger global 0.85 0.94
ourbparam Single photon trigger global 0.86 0.94
UA2 Single photon trigger global 0.079 0.35

Table 15: Summary of the fitting tests in data, showing the x?> and BUMPHUNTER
p — valuefor different fitting configurations.

The p — value printed on each plot is the BumpHunter [58] p — value: this is used
to determine the presence or absence of a signal, but is not the primary determinant
of fit quality: for that, the x? p — value is used.

All functions already provide a good description of the 15 fb~!data for the single-
photon trigger with a global fit. The example shown uses the dijet four-parameter
function, but the other two provide comparable results. If the full dataset behaves
similarly to the smaller dataset, there will be no need to use a sliding window fit. For
the compound trigger spectrum, a sliding window fit is needed and an acceptable
x? p — value is reached with all function starting from a half-window width of 16
for the UA2 function and increasing to 18 bins for the other two functions. This is
despite the acceptable BumpHunter p — value at larger window widths. The various
p — value and test results are summarized in Table [T5]

Since this dataset does not include any b-tagging selection, as that signal region is
still unexplored and blind, an ABCD method was needed to reweight the inclusive
sample; It is described in Appendix [B.11] The selected dataset has a luminosity
of approximately 14.5 fb~!(labeled in the following plots as 15 fb~!for simplicity)
and corresponds to data 2016 periods B, C, E, G, and K. Figure 94 demonstrates
the closure of the method in Sherpa MC. It can be seen that the statistics of the
Sherpa 2-tagged spectrum is not sufficient to bring any statistically firm conclusion.
There is a not good closure of the method starting from 600 GeV. This is a possible
explanation of why the fitting tests are not successful on the full range up to 1.2
TeV, and we have to restrict the fit range to 800 GeV and 1 TeV. Nevertheless, in
data, we will use the full range and follow the unblinding procedure.

The results in Figure [95 and Table [16] for two different background estimation
ranges (1 TeV and 800 GeV) show that we would have at least two functions with
a window width above 14 bins of half-width.

Functional form Channel (ABCD “tagged”) Fit type X2 p — value
ourbparam Single photon trigger SWiFt, whw=17, fit range m;; < 1 TeV 0.137
UA2 Single photon trigger SWiFt, whw=14, fit range m;; < 1 TeV 0.116
ourbparam Single photon trigger SWiFt, whw=15, fit range m;; < 0.8 TeV 0.123
our4param Single photon trigger SWiF't, whw=15, fit range m;; < 0.8 TeV 0.186
UA2 Single photon trigger SWiF't, whw=14, fit range m;; < 0.8 TeV 0.094

Table 16: Summary of the fitting tests in an ABCD-scaled 2-tagged spectrum derived
from data, showing the x? p — valuefor different fitting configurations.
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Figure 94: Closure results of the ABCD method using sherpa samples for the single
photon trigger selection. The two spectra are normalized to 1 to compare the shapes.
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using the ourdparam and ourbSparam functions.

7.9.2.2 Signal injection and spurious signal test

The robustness of the fit-based-background estimation technique is given by the
following requirements:

e The background estimation must not exhibit localized excesses or deficiencies
due to differences between the QCD shape and background estimation;

e If the background estimation is significantly affected by the presence of a
signal, it must be identified and the signal window excluded;

e If the signal is present but at low levels such that it is not identified, the
predicted background values must not be significantly affected, neither in the
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region neighboring the signal nor globally.

All the studies performed across this section use the minimum window half-width
obtained from the MC studies, as well as with neighboring smaller and larger window
half-widths to understand the trends. Instead, the starting point for the half-width
obtained in data will be only available after unblinding as discussed in Section [7.9.3]

A true spurious signal test can not be produced because of the lack of MC
statistics for background samples. Therefore, instead of an MC-based spurious signal
test, the analysis performs the signal injection studies described to prove that the
background estimate will not be biased by the presence of a signal.

The background estimation procedure is tested in the presence of injected gaus-
sian signals to study the dependence of the signal sensitivity in the search phase on
the SwiFt window width and to validate the robustness of the background fit.

The injected signals have a relative width of 5% to 15% and are injected at all
tested mass points in the fit mass range. In this study, the signal normalization is
iteratively tuned to exceed the BumpHunter p-value threshold (0.01) set to remove
the interval of the highest excess of the mass spectrum from the fit.

The background is derived from pseudo-experiments from a smooth fit to the
15/fb data spectra, drawing pseudo-data with statistics equivalent to the statistics
of the full dataset. The signal-plus-background distribution is then fitted using the
SWiFt algorithm with different window widths. The shape of the fitted background
with signal injected is then compared to the shape of the background without any
signal injected, allowing to understand the bias given by the possible signals against
the statistical uncertainties.

As an example, in Figure 06 the curves in the main panel indicate the ratio
to the background without any signal injected, for the case in which the signal
normalization is below the BumpHunter 0.01 p-value threshold for removal of the
window corresponding to the excess (”just above”, green graphs) and in the case
when it does not (”just below”, blue graphs). The bottom panels show the bin-by-
bin significance of pseudo-data vs background estimation in the two cases, with the
light red area superimposed representing the significance from a fit to the pseudo-
data without any signal injected.

The ”just below” case represents the bias to the background from having a signal-
like fluctuation without being able to discover any signal, while the ”just above”
case represents the case where the signal is found and removed, and the pseudo-
data distribution is then refitted. We expect the bias from the ”just above” case
if a signal is found and the corresponding window removed to be smaller than for
the case where the window is not removed, so we decide on the minimal acceptable
signal window using the ”just below” case. We consider the bias in the ”just below”
case acceptable when contained within 3 sigma of the statistical uncertainties. In
the example in Figure [96] we show one case in which the bias is not acceptable
(Figure 96(a)|), in the case of a wide signal close to the start of the fit range (400
GeV mass vs 300 GeV for the fit’s starting point), and one case in which the bias
is acceptable (Figure [96(b))), in the case of a narrow signal in the middle of the fit
range (750 GeV mass vs 250 GeV for the fit’s starting point).

We perform this test for all SWiFt half-window widths from 22 bins to 12 bins,
for all signal mass points considered in the analysis (250 GeV to 1100 GeV) and for
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Figure 96: Comparisons of the fit in cases of inclusion/exclusion of the bump region
for different Gaussian signals injected at the 400 GeVmass point for the photon +
dijet trigger (left) and 750 GeVmass point for the single photon trigger (right). The
green and blue curves on the top panel represent the ratios between background
without any signal injected to the background with signal injected, in the green case
after removing the most discrepant bins in all SWiFt fits and in the blue case without
bin removal, mimicking the case in which the signal is just below the discovery
threshold. The bottom two panels show the significance of signal+background with
respect to the estimated background in the two cases (with and without signal
exclusion, respectively). The significance of the deviations of the (pseudo-)data
with respect to the background estimated starting from a distribution where there
was no injected signal is overlaid in red, showing the intrinsic statistical fluctuations
of the dataset.
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the three Gaussian widths of 7%, 10% and 15%, and for each of the two inclusive
channels. This test was not performed for the b-tagged channel as we did not
unblind the data, and the MC statistics was insufficient, but since the statistics of the
background is much lower we expect that it will be easier to fit the distribution using
a global fit, which is more robust than SWiFt. Not all mass points are available, but
we can draw conclusions by looking at the general trends in Figure[97]and Figure[98]

single photon trig., signal width=7%, below discovery threshold single photon trig., signal width=10%, below discovery threshold
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Figure 97: Maximum possible background fit bias from a signal just below the
discovery threshold within the dijet mass range 200 GeV - 1200 GeV, divided by the
statistical uncertainty in the same bin. The plots show the results for single photon
trigger using the three Gaussian widths of 7%, 10% and 15%.

In each bin of the plots in Figures 7] ands the z-axis value is the ratio
between the blue ”just below” curve and the grey statistical uncertainty line in the
bin where the bias due to signal injection is largest; i.e. where the blue curve is at
its peak. This therefore represents the number of standard deviations by which the
fit is pulled at its maximum. The conclusions drawn from these plots affect both
search and limit setting phase, since the presence of a non-detectable signal biasing
the background estimation would mean a model-independent search is not sensitive

to it. Based on Figures[97 and [08}

e we set the minimum acceptable SWiFt window half-width to 14 bins, as that
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Figure 98: Maximum possible background fit bias from a signal just below the
discovery threshold within the dijet mass range 200 GeV - 1200 GeV, divided by the
statistical uncertainty in the same bin. The plots show the results for the photon +
dijet trigger using the three Gaussian widths of 7%, 10% and 15%.

ensures that the bias for signals of 7% and 10% in each of the two trigger
selections remains below the threshold.

e [f the SWiFt window half-width is smaller than 19 bins, we will not set Gaus-
sian limits for widths of 15% for the single photon trigger, and we will not set
Gaussian limits for widths of 15% for the dijet + photon trigger region.

e [f the minimum acceptable SWiFt window half-width of 14 bins is reached, we
will restrict the search region and the signals probed to 1 TeV rather than 1.2
TeV;

7.9.3 Unblinding procedure

All the studies shown in Section indicates that the unblinded spectra can be
well described using a sliding window fit with one of the selected functions and
either a global fit or a window half-width of at least 14 bins. Nonetheless, a good-
specification of the procedure is needed to define the parameters of the background
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estimation during the unblinding.
The unblinding procedure is defined as follows

1. The spectrum is fit using a global fit from the lowest starting points considered
viable (169 GeV for the single-photon trigger spectra, and 335 GeV for the
spectra triggered by the compound trigger), and subsequently, a sliding win-
dow fit (SWiFt), for the 5-parameter, 4-parameter, and UA2 functions. For
the sliding window fit, start with a window with a wide half-width, ideally, the
largest which the data and MC tests indicate might be useable, but necessarily
one which gives a x? p — value above 0.05 in the tests (17).

2. In the case of the global fit, check whether two fit functions converged. In
case of the sliding window fit, check whether the individual sliding window fits
converged for at least two of the functions. If not, reduce the window size and
start over.

3. For the fit functions that converged, check whether the global data-background
x? p — value is above 0.05.

o if yes, refit allowing for window exclusion and proceed with regular search
and limit setting phase (BUMPHUNTER p — value, if above a threshold
of 0.01 proceed to set limits)

e if not, we need to distinguish between a bad background description and
an excess, so we refit excluding the most discrepant window and let the
background for that window be estimated using the sidebands. Then we
check the BUMPHUNTERp — value considering the whole spectrum, and
the xy?> and BUMPHUNTER p — value for the compatibility of the data
and estimated background excluding the most discrepant window

At this point the procedure branches into two cases:

If the p — value of both x? and BUMPHUNTER for the spectrum excluding the
most discrepant window are above the predefined thresholds of 0.05 and 0.01, and
the BUMPHUNTER p — value including the window is below 0.01, then there is an
indication of an excess.

In this case, the next step is to proceed with applying systematic uncertainties
to the background in the search phase. The description and validation of the sys-
tematic uncertainties are presented in Section [7.10]

If the p — value of both x? and BumpHunter for the spectrum even excluding
the most discrepant window are still below the predefined thresholds of 0.05 and
0.01, they are the indication of a bad background estimation. So, the window half-
width is decreased by one bin, and the procedure repeated. The procedure continues
until two functions satisfy the criteria above (with the same window width). The fit
function with the largest x? p—wvalue is chosen as nominal. If the window half-width
becomes too narrow that the sensitivity to the signals sought is lost as shown from
the signal injection tests, then the procedure is repeated removing one bin from the
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lowest mass region at a time. The reason for requiring at least two functions to pass
the criteria for a good fit when unblinding is that the alternate description of the
background is available. The uncertainty will be defined from it, as described in

Section [T.10l

7.10 Systematic uncertainties

This section presents all the uncertainties used in the analysis. The uncertainties due
to the jet energy scale must be applied only to the background or to the signal, but
not to both, in order to properly estimate their impact. Thus, only uncertainties
relevant to the fitting procedure are applied to the background estimate and all
uncertainties referred to Monte Carlo are applied to the signal samples.

7.10.1 Uncertainties applied to the background estimate

There are two systematic uncertainties are related to the background estimation
method: one due to the fit function choice and other associated to the fit quality.
The latter is related to the statistical uncertainty of the dataset being fitted, and
is the dominant of the two uncertainties. The details of each uncertainty are as
follows:

Function choice: As discussed in Section , the function with the best x?
p — value in the unblinding procedure is taken as the nominal function and
at least two more functions are required to pass the criteria. From those two,
that one with worst perform is then taken as an alternate.

The difference between the nominal and alternate fit functions is used to define
an uncertainty that is permitted to change between the fit function and the
alternative one maintaining a directionality, even if the nominal and alternate
functions cross. A detailed description of how the fit function uncertainty is
implemented in the limit setting can be found in [12].

Fit quality: Ideally, the uncertainty associated with the quality of the fit would be
determined by the covariance matrix of the fitted parameters. However, there
are cases where the likelihood function has a badly-behaved maximum, so it
is not possible to compute this covariance matrix.

Thus a different method is required. Since the confidence interval on a func-
tion is meant to represent the 1o region within which the fit would fall in the
large-number limit of repeated trials, it can also be found by throwing pseudo
experiments and fitting each. This method does not need an accurate estima-
tion of the parameter errors; instead, the pseudo experiments are generated
using Poisson statistics based on Hy so only the fit itself is required. Here, as
before, Hy is defined from the nominal fit; that is, the fit to the real data. A
large number of these pseudo-datasets are generated, each is fit using the same
starting conditions as the observed data, and the error on the fit in each bin
is defined to be the RMS of the function value in that bin for all the pseudo
experiments.
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Figure [99| shows the two uncertainties for a sliding window fit with window half-
width of 23 bins. The demonstration plot uses the 15 fb~! sample dataset with the
inclusive selection and the compound trigger. In this example, the nominal fit is
taken from the dijet 4-parameter function, while the UA2 function is taken as the
alternate. The statistical uncertainty (fit quality uncertainty) is dominant across
the M;; range. There are noticeable variations in the function choice uncertainty
for different mass ranges; this is an expression of the average differences between
the fit functions in different regions of M;; .
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Figure 99: Fit quality uncertainty (dark blue) and fit function choice uncertainty
(light blue) in an example fit to a statistically non-sensitive data sample using the
compound trigger and inclusive selection. The fit quality uncertainty is symmetric
while the fit function choice uncertainty is treated as asymmetric to preserve the
directionality when the two fits cross one another.

7.10.2 Uncertainties applied to the signal

The systematic uncertainties applied to the signal are the jet energy scale (JES); jet
energy resolution (JER); photon ID, energy scale, and resolution; b-tag scale factor
uncertainties; luminosity; and PDF parameter choice. Details of each are given be-
low.

135



Jet energy scale and resolution

JES

A jet energy scale (JES) uncertainty is applied to the signal templates, following
the JetEtMiss group recommendations. The number of uncertanties regarding the
JES is the strongly-reduced to 4 nuisance parameters. The JES uncertainty ranges
from around 8% for jets of pr~ 25 GeV to 1% for jets of pr~ 750 GeV.

An example of the variation due to each nuisance parameter is given in Ap-
pendix [B.10.1} All the uncertainties act not on the acceptance but rather on the
peak location, moving it to higher or lower M;; as events move between bins. This
effect is accounted for in the limit setting procedure by using MC templates for
+1, 2,30 in each of the uncertainties and allowing all four to be marginalized inde-
pendently.

This approach is only valid for the Z" model-dependent limits; the Gaussian lim-
its require an approximation of this effect which is discussed in Section [7.10.3]
JER
The uncertainty on the jet energy resolution (JER) is also estimated by varying sig-
nal templates according to JetEtMiss recommendations. Unlike the JES, the effect
is not to change the signal peak location, but rather to widen the peak somewhat.
The impact is hard to see bin-by-bin, as the statistics of affected bins are quite
low and the fluctuations vary dramatically. Instead of using the variation between
the templates and propagate very statistically dependent effects, average trends are
examined to look for a single treatment that can be applied across samples. The
Appendix shows the effects of varying the JER on two signal sample tem-
plates.

For this procedure, the binning is increased to 50 GeV and the weighted average
effect between all samples is taken as the value in each bin. This is sufficient to
reduce the statistical fluctuations and extract the size of the underlying uncertainty.
A linear fit is performed to the resulting distribution. Based on the fits, a flat 3%
JER uncertainty will be applied in both channels.

Photon ID, energy scale and resolution

The photon energy scale and resolution uncertainties are determined following the
recommendations of the EGamma CP. Both of these uncertainties can affect signal
acceptance by determining whether or not a photon passes the trigger-based offline
pr requirement, but it does not affect the shape of M;; . The impact on a repre-
sentative Z’ point (450 GeV, g, = 0.2) is shown in the Appendix [B.10.1] it can be
seen that the effects alter the normalization of the sample but not the peak shape
or location.

As the uncertainties evaluated in each sample are statistically limited, a method
was explored for deriving a value of the uncertainty which could be applied to all
signal samples. Instead of relying on the differences between MC templates, the vari-
ation in each signal point due to the systematics were plotted together to understand
the overall behavior and determine if it could be used to derive a statistics-robust
evaluation of the uncertainty as a function of M;; . The results are shown in the
Appendix [B.10.1} No difference is expected for the doubly b-tag selection, but the
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statistics are smaller, so the inclusive selection is used to derive the uncertainty.

The photon ID scale factor uncertainty affects the MC weights of the events
which have passed the selection, thus only the normalization of the signal templates
may change. As a consequence, it shows less statistical fluctuation than the energy
scale and resolution uncertainties, which vary in which events pass selection rather
than their weights. They are nevertheless evaluated using the same technique as the
previous uncertainties to determine a single consistent treatment across the signal
samples.

Thus the effects of photon energy scale, resolution, and ID scale factor are treated
purely as acceptance uncertainties, with a single fixed-size covering all three uncer-
tainties of 2% for the single-photon trigger and 1.4% for the compound trigger. One
parameter will be used to scale the number of events in the signal template.

Trigger efficiency

From the studies in Section [7.4] it was noticeable that the compound trigger never
reaches a perfect plateau of 100% efficiency even after all analysis cuts are applied.
To determine how the trigger inefficiency uncertainty should be applied, the trigger
efficiency as a function of M;; is calculated. The same curve is computed for the
single-photon trigger for comparison. In both cases, all analysis cuts except for
minimum M;; are applied, including relevant photon and jet pr cuts as well as the
y* cut.

The trigger efficiency versus M;; for each trigger can be found in Appendix[B.10.1],
overlaid with a horizontal line fitted to the data points in each. No obvious depen-
dence of the efficiency on Mj; is visible; the apparent approach to full efficiency at
high mass is an effect of the decreasing statistics. Based on these fits, an uncertainty
of 3% is applied in the compound trigger channel to account for trigger inefficiency.
No such uncertainty is applied for the single-photon trigger where the efficiency is
essentially 100%.

b-tagging scale factors

The b-tagging efficiency for b, ¢, and light-jets uses simulated event samples that
have applied around 25 scale factors to compensate for differences between data
and simulation. The uncertainties of those scale factors are provided by the flavor-
tagging CP group.

To take into account these uncertainties, the signal templates were produced
variating each of these scale factors. As all of them were very small, a conservative
simplification was made by taking the sum in quadrature of all of them and applying
the result parameterized by a single nuisance parameter. It was then determined
using a similar method to that of the photon energy uncertainties:

1. first, the impact on each signal sample was estimated to ensure it changed
only normalization and not shape.

2. next, the impact bin by bin of each scale factor uncertainty was plotted for all
signal samples, to ensure the size of the effect depended only on M;; and not
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on the individual sample being considered.

3. finally, the quadrature sum of the impact of all 25 uncertainties was averaged
across the signal samples and a parameterization found for it which could
be used on each sample, thereby producing an uncertainty robust against
statistical fluctuations in the individual samples.

The overlay of bin-by-bin uncertainty sizes for the four largest uncertainties
can be found in Appendix [B.I0.1] In some cases a substantial dependence of the
uncertainty on M;; is visible, but in all four cases, the size of the uncertainty does
not depend significantly on the signal sample being examined. The same pattern is
seen for the remaining 21 smaller uncertainties. This demonstrates that it is safe to
use the collective information of all the signal samples to derive a single uncertainty
robust to statistical fluctuations which can be applied to all individual samples.

The total uncertainty is relatively flat until about M;; of 300 GeVwhen it begins
to increase in a fairly linear way. To evaluate this M;; dependence in more detail,
a weighted average of the values in each bin is plotted, and a linear fit is performed
from 300 GeVto 1200 GeV. A flat value of 5% can be used from 170 GeVto 300 GeV.
Thus the total b-tag uncertainty used in both single photon trigger and compound
trigger 2 b-tag channels is 5% for M;; < 300 GeV and 0.0001115(A/;; — 300) 4 0.05
for 300 GeV < Mj; < 1200 GeV.

Luminosity

The uncertainty on the integrated luminosity is handled as a single normalization
uncertainty applied to the signal templates following the recommendations of the
ATLAS luminosity working group. For the single trigger photon channels, its value
is taken to be £2.0%. and for the compound trigger photon channels is 42.3%.
In both cases, the luminosity uncertainty is applied as a scale factor on the signal
sample.

PDF choice and parameters

PDF uncertainties principally affect the normalization of the signal rather than the
shape of the distributions. To determine the effect, events are generated using the
ensemble of PDFs provided by the NNPDF group. The differences in acceptance
are calculated for each member of the ensemble and, following the physics model-
ing group recommendation, the standard deviation of all acceptance variations is
assigned as a systematic uncertainty. For this purpose, the mass distribution after
the analysis selection and all relevant weights as a function of mediator mass is cal-
culated for each pdf variation (see Appendix . The results showed that the
systematic uncertainty is less than 1% everywhere. Thus a 1% flat systematic was
applied on the signal normalization.

7.10.3 JES uncertainty for model-independent limits

Most of the uncertainties on the background estimate are unchanged between model-
dependent and model-independent limits. The acceptance uncertainties due to JER,
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photon energy scale and resolution, b-tagging scale factors, and luminosity can all
be applied to Gaussian-shaped signals in the same way as to the Z’samples. Not the
same for the PDF uncertainty, which is not applied to Gaussian limits since it is a
theory-dependent uncertainty.

To simulate the effects of JES on a real signal for use with the Gaussians, the
impact on the M;; value of the signal peak due to the uncertainty must be measured
and can then be applied to move the mean of the Gaussian template. To this end, a
Gaussian fit is performed to the core of each signal template as well as to the +30
variations in each JES uncertainty component.

The equivalent fit is repeated for each point and the resulting shift in the fitted
mean location is added in quadrature across the four independent nuisance parame-
ters. The Z’ coupling values with the largest number of mass points are shown, but
the other couplings behave similarly. The fits are less reliable in the 2 b-tag channel
due to the very low statistics, and in particular tend to fail for the +3¢ variations
due to the shape of the signal. Thus the larger shifts in the —30 direction should
be taken as the more reliable estimate of the uncertainty size. In every case, the
shift in the mean is found to be < 2%. Therefore this value is chosen for use in the
model-independent Gaussian limits.

7.10.4 Summary of uncertainties

A summary of all uncertainties for each channel is presented in Table [17]

Uncertainty Inclusive, Inclusive, 2 b-tag , single 2 b-tag ,
single ~y trig. compound trig. v trig. compound trig.
Fit statistics 0.5% - 10% of background, depending on channel and M;
Fit function choice 0.5% - 10% of background, depending on channel and Mj;
JES Templates for Z’, 2.0% shift in Gaus. mean for model-independent limits
JER 3.0% 3.0% 3.0% 3.0%
Photon related 2.0% 1.4% 2.0% 1.4%
Trigger efficiency - 3.0% - 3.0%
b-tag SF's - - ~5.0%-15.0% ~5.0%-15.0%
Luminosity 2.0% 2.3% 2.0% 2.3%
PDF 1.0% Z’, none for model-independent limits

Table 17: Summary of all uncertainties used in limit setting, by channel.

7.11 Results

The search phase results for the 4 analysis spectra: inclusive using the single-photon
trigger, inclusive using the compound trigger, 2 b-jets using the single-photon trig-
ger, and 2 b-jets using the compound trigger are shown in Figure [100} No evidence
of new physics is observed in any channel. The BUMPHUNTER p — value for the
four channels range from 0.59 to 0.97 as specified in the plots and in Table The
lower panel displays the difference between data and the fit calculated from Poisson
statistics and converted to a number of standard deviations following the convention
described in [59].
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Figure 100: Search phase results for the four analysis channels: inclusive using
the single photon trigger (100(a)|), inclusive using the compound trigger (100(b))),
requiring two b-jets with the single photon trigger (100(c))), and requiring two b-jets
with the compound trigger (100(d)|). In each case a sliding window fit was used
with the function and window half width identified by the procedure and noted in
Table [I8 The blue vertical lines indicate the region of greatest excess in each case;
no observed excess is statistically significant.

The unblinding procedure specified in Section [7.9.3] selects a nominal and al-
ternate fit function and a SWIFT window half-width above the specified mini-
mum value. The alternate function was defined as the function with the worst
x? p — valuein each channel which passes the requirements for an acceptable fit.

The starting location for the fits in the compound trigger channels was adjusted
from the first optimistic minimum of 303 GeVto a final value of 335 GeV in accor-
dance with the unblinding procedure,to work around a residual effect of the trigger
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Channel

2

Nominal Alternate Fit Fit SWIFT BH X
function function low edge | high edge whw p—wvalue | p—wvalue
Single v trigger, inclusive ourbparam | ourdparam | 169 GeV | 1200 GeV 19 0.74 0.11
Compound trigger, inclusive | ourdparam UA2 335 GeV | 1200 GeV 23 0.60 0.23
Single v trigger, 2 b-jets ourdparam | our3param | 169 GeV | 1200 GeV 23 0.97 0.75
Compound trigger, 2 b-jets our3param | ourbparam | 335 GeV | 1200 GeV 23 0.63 0.53

Table 18: The BUMPHUNTER p — value for the four channels range from 0.59 to

0.97

turn-on present in the first two bins.

Figure [101] shows the final sizes of the fit uncertainty and fit function choice
uncertainty, derived from the unblinded data as described in the previous section.
Since no evidence of new physics was observed, the same nominal and alternate
functions selected in each spectrum are used in the limit setting procedure described
in the following two sections.
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Figure 101: Fit uncertainty and function choice uncertainty determined from un-
blinded data in each of the four channels: inclusive using the single photon trigger
(101(a)]), inclusive using the compound trigger (101(b))), requiring two b-jets with
the single photon trigger (101(c)|), and requiring two b-jets with the compound

trigger (101(d))).

7.11.1 Limit setting procedure

In absence of signal, the limits on the possible number of events from resonant new
physics processes must be set.

The Bayesian method documented in ref. [30] is applied to data at these same
mass points to set a 95% CL limit on the cross-section times acceptance, o X A,
for the new phenomenal (NP) signal as a function of myp, using a prior constant
in signal strength. The limit on ¢ x A from data is interpolated logarithmically

142



(that is, linearly in the log of the cross-section) between mass, points to create a
continuous curve versus M;; . The exclusion limit on the mass (or energy scale) of
the given NP signal occurs at the value of M;; where the limit on o x A from data
is the same as the theoretical value, which is derived by interpolation between the
generated mass values.

Also, the limits for the generic signal are approximated using a Gaussian line
shape. This provides a limit on the cross-section times acceptance times efficiency
times branching ratio which can be applied to any model which would approximate
this shape after the analysis selection [38].

This form of analysis applies to all resonant phenomena where the NP couplings
are strong compared to the scale of perturbative QCD at the signal mass, so that
interference with QCD terms can be neglected.

7.11.2 Model dependent limits

This section shows the limits set on the benchmark Z’ model following a Bayesian
procedure. All uncertainties discussed in Section have been accounted for when
calculating these results, and the signal samples were generated in both mcl6a and
mc16d weighted according to the proportion of luminosity made up by each year of
data taking. The limits as a function of Z’ mass are calculated independently for the
two values of the SM quark coupling gsa; which are above and below the theoretical
excluded cross section. These limits are shown in Figures [102H105]
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Figure 102: Limits set using Z’ benchmark model using the single photon trigger
and the inclusive selection. All uncertainties are applied. The two coupling values
relevant for the model exclusion are shown. All samples use the photon filter at
100 GeV.

A single summary exclusion across all coupling values is presented combining the

results from the single and compound triggers in each channel to produce a single
plot. The different coupling possibilities are combined by interpolating the limit
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Figure 103: Limits set using Z’ benchmark model using the compound trigger and
the inclusive selection. All uncertainties are applied. Only the g, = SM = 0.2
coupling was generated for the samples with photon filter at 50 GeV, so only this
coupling is shown.

results across coupling as well as mass. The final result is a single two-dimensional
plot of limit versus coupling and M;; for each of the inclusive and two b-tag se-
lections. The limits from the plots shown above, with couplings of g, = 0.1 and
g1 = 0.2, are used as inputs. These final plots are shown in Figures and
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Figure 104: Limits set using 7Z’ benchmark models using the single photon trigger
and the 2 b-tag selection. All uncertainties are applied. The two coupling values

relevant for the model exclusion are shown. All samples use the photon filter at
100 GeV.
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Figure 105: Limits set using Z’ benchmark models using the compound trigger and
the 2 b-tag selection. All uncertainties are applied. Only the g, = SM = 0.2
coupling was generated for the samples with photon filter at 50 GeV, so only this
coupling is shown.
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Figure 106: Limits on Z’ mediators as a function of coupling and mass, using the
inclusive selection. Limits up to masses of 450 GeVare set using the single photon
trigger; above this mass the compound trigger is used. All uncertainties are applied.
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Figure 107: Limits on Z’ mediators as a function of coupling and mass, using the
2 b-tag selection. Limits up to masses of 450 GeVare set using the single photon
trigger; above this mass the compound trigger is used. All uncertainties are applied.
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7.11.3 Model independent limits

The model-independent limits are set using Gaussian template shapes. These rep-
resent the maximum cross-section times analysis acceptance times efficiency times
branching ratio for any process which, after application of the analysis selection,
has a shape that can be approximated as a Gaussian. Signal-related uncertainties
are equivalent to those used for the model-dependent limits. Figure [L08| shows the
Gaussian limits with no systematic uncertainties considered. Figure [109| shows the
Gaussian limits including all relevant uncertainties in each channel, as described in
Table [I7] The systematic shift is dominated by the b-tagging scale factor uncer-
tainty in the channels with 2 b-jets , and even in the inclusive channel the addition
of another small scale factor to the existing combination of luminosity ¢ photon
E/R @ JER @ PDF should be negligible.

As for the model-dependent limits, only one limit value is reported at each mass
point, so the two plots in Figures and will be shown. While the y-axis is
shared between the two selections in these plots, the signal acceptance varies, and
thus the two sets of limit points relate to two different interpretations of o x A x ex
BR. For example, after accounting for the difference in filter efficiency between the
samples used for the two triggers, the acceptance for a Z’ of mass 550 GeVis about
twice as large for the compound trigger as for the single-photon trigger. This is also
illustrated in Figure [00] When comparing to an actual theoretical prediction, this
acceptance must be taken into account.
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Figure 108: Limits on generic Gaussian shaped signals of 15%, 10%, 7% or
M;; resolution width in each of the four channels. No uncertainties are applied;
the limit at each point is strongly determined by the statistics in the relevant por-
tion of the data spectra.
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Figure 109: Limits on generic Gaussian shaped signals of 15%, 10%, 7% or
; resolution width in each of the four channels. All uncertainties are applied.
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Figure 110: Limits on generic Gaussian shaped signals of 15%, 10%, 7% or
M;; resolution width using the inclusive selection. Limits up to masses of 450 GeV
are set using the single photon trigger; above this mass the compound trigger is used
due to its greater sensitivity. All uncertainties are applied. The acceptances of the
two selections shown are different and must be accounted for when comparing the

sensitivity.
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Figure 111: Limits on generic Gaussian shaped signals of 15%, 10%, 7% or
M;; resolution width using the 2 b-tag selection. Limits up to masses of 450 GeV are
set using the single photon trigger; above this mass the compound trigger is used
due to its greater sensitivity. All uncertainties are applied. The acceptances of the
two selections shown are different and must be accounted for when comparing the
sensitivity.
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8 Conclusions

The work presented throughout this thesis belongs within the framework of the ex-
perimental high energy physics and was carried out in the ATLAS experiment at
CERN. It includes two different analyses that involve different physics processes and
uses the measurements of two of the main components of the ATLAS detector: the
inner detector and the calorimeters. The first analysis is a study of the distributions
of charged primary particle distributions, that are important to reflect the strong
interaction with low momentum transfer and are essential to constrain free param-
eters of Monte Carlo event generators allowing to get an accurate description of
pp interactions. In addition, this study explores a new phase-space in the low mo-
mentum region of the tracks, that are the experimental observation of the passage
of charged particles throught the detector.

The second analysis is a search for new physics. Since any strongly interacting
new particle produced in pp collision will mostly decay into a pair of quarks, and
reconstructed later as a pair of jets. Searches of localized excess in the dijet mass
distributions are an important tool for the quest of new physics.

The first analysis is based on the “Charged-particle distributions at low transverse
momentum in /s =13 TeV pp interactions measured with the ATLAS detector at
the LHC” paper [41]. The aim is to study the charged-particle density as a function
of the pseudorapidity and the transverse momentum of the tracks. It also studied the
average value of the transverse momentum as a function of the number of charged
particles. All these distributions are important because they provide a data-driven
correction to the simulation-based track-reconstruction, and allow us to reduce the
systematic uncertainty and to obtain better results to be used in the tuning of Monte
Carlo event generators.

The selected data was corrected with an event and a track weight, taking into
account the inefficiencies in the reconstruction processes and the contributions of
non-primary particles. Then it was unfolded using a Bayesian method to decon-
volute the effects of the detector resolution. Lastly, the data was compared to the
predictions of PYTHIA 2, PYTHIA Monash, EPOS LHC and QGSJET-II Monte
Carlo event generators.

The results show that the density distribution of the number of particles in an
event as a function of the number of charged particles is not properly described
by the different MC generators, but the best agreement comes from EPOS LHC
generator. As well as for the case of the transverse momentum distribution the best
description comes from the EPOS LHC generator. For the density of the number
of charged particle density distribution as a function of the pseudorapidity, there is
good agreement except for PYTHIA 2. The average of the transverse momentum as
a function of the number of charge particles is well described by EpOos LHC and
PYTHIA 2 while PYTHIA Monash present larges differences.

To compare the mean particle density with previous measurements, it was com-
puted for the central value of the pseudorapidity resulting equal to 6.50040.002(stat. )+
0.099(syst. ), which is compatible with previous analysis. QGSJET-IT and Epos LHC
presents the best description even when they have problems for other distributions
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as the mean transverse momentum distribution.

The second analysis presented relates to the ”Search for low-mass resonances
decaying into two jets and produced in association with a photon using pp collisions
at /s =13 TeV with the ATLAS detector” paper [49]. This is a search of Dark
Matter particles, in a scenario where a dark matter mediator particle interacts with
the particles of the Standard Model. In this study, the Dark Matter mass is fixed at
10 TeV, which is inaccessible at current colliders. Nevertheless, a dijet search can
probe a dark matter interaction via the interaction with the particles of the Standard
Model. Even when ATLAS has been performed several dijet searches before, at low
values of the mass range, they are very limited by the prescaled triggers used to
reduce the high rate of the large multi-jet background. The presented analysis uses
a different approach. It utilizes dijet events in association with a high transverse
momentum photon produced as initial-state radiation which is used for triggering,
allowing then to reconstruct the resonance mass from jets with lower transverse
momentum. Thus the final state of this analysis is 2 jets and a photon. The
signal significance can be improved by requiring that the two jets come from a
b quark. So, two final states were analyzed: 2 b-tag jets and an ISR photon,
and two inclusive jets and an ISR photon. Besides, two triggers were implemented
to get to low mass ranges while not loosing sensitivity. The single-photon trigger
allows us to reach lower masses range (below 303GeV) and the compound trigger
increases the sensitivity for higher mass values. Then, a study was performed to get
a discriminant variable from which an optimal cut value can be extracted to increase
the significance. For the 2 b-jet case a tagging study was performed to chose the
optimal tagger and working points to increase the sensitivity and to control the
miss-tagging rate.

The analysis searches for resonances scanning a smoothly falling background
distribution, thus it must be properly fit. To get the best fit function a study was
performed over non-sensitive samples. As the amount of stats in the background
Monte Carlo distributions available was not enough for this study, a fraction of
the collected data during 2015-2017 was used instead since it gave a null- result.
The fit procedure starts with a global fit. But, for the cases in which it is not
sufficient flexible, a SWIFt fit is performed using a sliding window fit. This means
that a maximum and a minimum window fit needs to be defined. The former is
the maximum value that allows a good adjustment of the fit function. The second,
the minimum width is such that a small value would lose sensitivity to the possible
signal.

Finally, the invariant mass distribution was analyzed using a frequentist ap-
proach. Unfortunately, no evidence of new physics was observed so limits were set
for the possible number of events from resonant new physics processes applying a
95% CL limit on the cross-section times acceptance for new phenomena signal, and
a limit on the cross-section times acceptance times efficiency times branching ratio
which can be applied to any model which would be approximated by a gaussian sig-
nal shape. These limits extend the current ATLAS constraints on dijet resonances
to the mass range between 225 and 1100 GeV that was unexplored before.
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A Studies for Charged-primary particles distri-
butions

A.1 Backgrounds estimation studies

Secondary tracks may pass the selection cuts due to different processes, ranging
from electron and positron tracks from converted photons to tracks from long-lived
hadron decays and fake tracks. Due to their broader impact parameter distribution,
the fraction of secondaries can be fitted in the control region of the dy distribution,
i.e. in side-bands defined as |dy| > some value which is 4mm in the default case.
The upper cut on the transverse impact parameter is 9.5 mm and defined by the size
of the search window in the pattern recognition.

The template distributions are taken from the simulation and the fractions are
fitted in the side-bands. The data is fitted using normalized MC templates for
primaries p(x) and secondaries s(x) in side-bands, keeping the normalization to the
full range so that to obtain secondaries yield for full range. The fit formula used is

' Sfull
Fit(dy) = D/ [(1 —(B32 —1). %) -p(do) + BB - s(dy) (49)
MC

where BS2 is the secondaries scaling factor fitted in side-bands, D/* is the number
of tracks in data, and S ]J\c;g and P]{}ug are the secondaries and the primaries rates in
MC, respectively.

The fitted scale factor was evaluated for the default MC as a function of the side-
band region size. A scale factor of 1.3738 & 0.0056 was fitted for the pp > 500 MeV
bin which means that the tails of the transverse impact parameter allow about 40%
more secondaries than in the Monte Carlo. This is consistent with a secondary track
fraction of 0.0228 4+ 0.0056 in the signal |dy| < 1.5 mm range. For the lower prbins,
the template was splitted further into an electron and a non-electron template.

To study the systematic error on the fit method the scale factor was fitted in
different side-band regions. The choice of the fit window is arbitrary and a variation
of 72 mm leads to a change of 4.5% w.r.t. the default value in the 100 MeV < pr <
150 MeV bin. The window choice was verified to be in a reasonable interval based on
ensuring that the side-band region is well dominated by secondaries. For estimating
the effects of different material assumptions, varied samples were used.

Variations as large as 6.8% in the 100MeV < pr < 150 MeV bin using the
different material samples were observed and taken as a systematics, not dividing
by a factor of two. The secondaries fraction could be different in data and Monte
Carlo because most of the secondary tracks are produced in the material of the
detector, depending on 7. The variation in the scale factor is small and leads to a
systematic error of 2.1% on the scale factor, in the 100 MeV < pr < 150 MeV bin.
Much larger uncertainties are expected from the interpolation of the fitted value
in the side-band into the core region. Here the generator dependence was studied.
The transfer function, defined as the ratio of secondaries fraction in the analysis
phase-space of |dy] < 1.5mm and the side-band region of |dy| > 4mm. The full
difference between EPOS and PYTHIA8 was used as systematic uncertainty which
leads to an uncertainty of 5.2% in the 100 MeV < pp < 150 MeV bin.

154



Next, the dependence of the transfer-function on the slope in the transverse
impact-parameter distribution between data and Monte Carlo was used. The method
is expecting a flat ratio between data and Monte Carlo. The slope can be interpo-
lated with a straight line to the core and it was estimated that integrated over the
transverse impact parameter range in the signal region up to 13.7% more secondaries
could be filled in. All systematic errors added in quadrature lead to a total error of
17% on the secondary estimate in the 100 MeV < pr < 150 MeV bin.
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B Studies for resolved dijet resonances

B.1  Monte Carlo samples for the dijet search
The simulated 7’ signals are in Tables [19] and [20]

Generator DSID Mass [GeV]  gsm o [pb] Efilter

MADGRAPH-+PYTHIA 305161 300 0.3 1.381300e+01 6.537400e-02
MADGRAPH+PYTHIA 305162 400 0.3 6.405000e+00 8.757300e-02
MADGRAPH+PYTHIA 305163 500 0.3  3.292000e+00 1.055600e-01
MADGRAPH-+PYTHIA 305465 250 0.3 2.146000e+01 5.373200e-02
MADGRAPH+PYTHIA 305466 250 0.2  9.563800e400 5.312200e-02
MADGRAPH-+PYTHIA 305467 250 0.1 2.389000e+400 5.425300e-02
MADGRAPH+PYTHIA 305468 350 0.3 9.329000e+00 7.718300e-02
MADGRAPH+PYTHIA 305469 350 0.2 4.154500e4-00 7.701000e-02
MADGRAPH-+PYTHIA 305470 350 0.1 1.039500e+400 7.658100e-02
MADGRAPH-+PYTHIA 305471 450 0.3 4.527500e400 9.710500e-02
MADGRAPH+PYTHIA 305472 450 0.2  2.013800e400 9.784300e-02
MADGRAPH+PYTHIA 305473 450 0.1  5.032000e-01  9.874600e-02
MADGRAPH+PYTHIA 305474 550 0.3 2.454000e400 1.143400e-01
MADGRAPH-+PYTHIA 305475 550 0.2 1.089800e+00 1.144700e-01
MADGRAPH+PYTHIA 305476 550 0.1 2.725300e-01  1.144000e-01
MADGRAPH4PYTHIA 305477 750 0.4 1.608300e400 1.418700e-01
MADGRAPH+PYTHIA 305478 750 0.3  9.062000e-01  1.408600e-01
MADGRAPH+PYTHIA 305479 750 0.2 4.016500e-01  1.428800e-01
MADGRAPH-+PYTHIA 305481 950 0.3 4.018800e-01 1.656600e-01
MADGRAPH-+PYTHIA 305482 1050 0.4 1.238500e-01 1.996100e-01
MADGRAPH+PYTHIA 305483 1050 0.3  6.846500e-02  2.040100e-01

Table 19: Signal samples with a photon filter cut at pr = 100 GeV. All samples
are FullSim.

Generator DSID Mass [GeV]  gsm o [pb] Efilter

MADGRAPH-+PYTHIA 308967 250 0.2 9.5670e4+00 1.8690e-01
MADGRAPH+PYTHIA 308968 350 0.2 4.1526e+00 2.2809e-01
MADGRAPH+PYTHIA 308969 450 0.2 2.0142e+00 2.5954e-01
MADGRAPH+PYTHIA 308970 550 0.2 1.0913e4+00 2.8470e-01
MADGRAPH+PYTHIA 308971 750 0.2  4.0150e-01  3.2058e-01
MADGRAPH+PYTHIA 308972 950 0.2 1.7771e-01  3.4522¢-01
MADGRAPH+PYTHIA 308973 1050 0.2  3.0000e-01 3.9196e-01

Table 20: Signal samples with a photon filter cut at pr = 50 GeV. All samples are
FullSim.
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B.2 Cutflow tables for MC

Cutflow for mcl6a (Table and mc16d (Table with samples weighted and
normalised to 1 pb~.

Single photon trigger Compound trigger

Cut Events remaining % remaining ‘ Events remaining % remaining
Total 38056.414 - 38056.414

Trigger 233.465 0.6% 341.779 0.9%
Cleaning 233.242 99.9% 341.394 99.9%
Djets > 2 171.403 73.5% 327.592 96.0%
n, >1 133.912 78.1% 283.683 86.6%
Lead 7 pr cut 98.513 73.6% 174.196 61.4%
Lead jet prcut 98.513 100% 164.344 94.3%
Sublead jet prcut 98.513 100% 103.115 62.7%
ly*| < 0.75 60.377 61.3% 60.742 58.9%

Table 21: Cutflow for mcl6a with samples weighted and normalised to 1 pb~1.
Percentages remaining are relative to the previous cut, and all values are relative to
the objects remaining in the ntuple: thus all jets pass the leading and subleading
jet cut, since only jets above 25 GeV are kept in the ntuple.

Cutflow for data 2015+2016 in Tabld22] and for data 2017 in Tabld24]

Single photon trigger Compound trigger

Cut Events remaining % remaining ‘ Events remaining % remaining
Total 6443085312 - 5227867136 -
GRL 111929303 1.7% 103846024 2.0%
Trigger 93589345 83.6% 34203232 32.9%
Cleaning 93424536 99.8% 34149788 99.8%
Njets > 2 89115138 95.4% 33409444 97.8%
n, >1 19199687 21.5% 16350066 48.9%
Lead v pr cut 5249652 27.3% 9174245 56.1%
Lead jet prcut 5249652 100% 8712658 95.0%
Sublead jet prcut 5249652 100% 5633026 64.7%
ly*| <0.75 3093280 58.9% 3478528 61.8%

Table 22: Cutflow for data 201542016. Percentages remaining are relative to the
previous cut, and all values are relative to the objects remaining in the ntuple: thus
all jets pass the leading and subleading jet cut, since only jets above 25 GeV are
kept in the ntuple. Please note that there was not compound trigger used in 2015,
so all events there originate in the 2016 dataset.
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Single photon trigger Compound trigger

Cut Events remaining % remaining ‘ Events remaining % remaining
Total 38578.586 38578.586

Trigger 232.885 0.6% 286.231 0.7%
Cleaning 232.695 99.9% 285.971 99.9%
Njets > 2 176.678 75.9% 274.149 95.9%
n, >1 135.919 76.9% 233.471 85.2%
Lead « pr cut 97.943 72.1% 178.433 76.4%
Lead jet prcut 97.943 100% 167.308 93.8%
Sublead jet prcut 97.943 100% 101.788 60.8%
ly*| < 0.75 59.605 60.9% 59.960 58.9%

Table 23: Cutflow for mcl6d with samples weighted and normalised to 1 pb~!.
Percentages remaining are relative to the previous cut, and all values are relative to
the objects remaining in the ntuple: thus all jets pass the leading and subleading
jet cut, since only jets above 25 GeV are kept in the ntuple.

Single photon trigger Compound trigger

Cut Events remaining % remaining ‘ Events remaining % remaining
Total 5002680320 - 5002680320 -
GRL 139551621 2.8% 139551621 2.8%
Trigger 109049835 78.1% 42646980 30.6%
Cleaning 108878354 99.8% 42593952 99.9%
Djets > 2 104090372 95.6% 41596064 97.7%
n,>1 24898568 23.9% 20861906 50.2%
Lead « pr cut 6325551 25.4% 12916492 61.9%
Lead jet prcut 6325551 100% 12125213 93.9%
Sublead jet prcut 6325551 100% 7380192 60.9%
ly*| < 0.75 4014393 63.5% 4552562 61.7%

Table 24: Cutflow for data 2017. Percentages remaining are relative to the previous
cut, and all values are relative to the objects remaining in the ntuple: thus all jets
pass the leading and subleading jet cut, since only jets above 25 GeV are kept in
the ntuple.

B.3 MC-Data comparison

Various kinematic quantities were examined to ensure that the data was well un-
derstood. Comparisons for the most important quantities of both 2016 and 2017
datasets are given here.

Comparing data to simulation, analysis selection
Inclusive channel

The following figures compare data taken in 2016 (and 2015, for the single photon
trigger) to mcl6a. Data taken in 2017 is compared to mcl6d. Appropriate pileup
reweighting is applied to MC in all cases. All MC samples are generated using
Sherpa.

No significant discrepancies are observed between the data and MC distributions.
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Figure 112: Comparison of photon kinematic quantities in data 2017 to mc16d for
the inclusive channel with the compound trigger. The analysis selection is used.

The largest differences are observed in the photon pr spectrum for the compound
trigger and in the subleading jet pr spectrum for the single photon trigger. Since
the photon does not enter the final analysis observable, differences of the magnitude
observed in its pr are not overly concerning. For the subleading jet prwith the single
photon trigger, the data/MC difference is smooth and changes slowly, indicating
that it will not be able to introduce an M;; -dependent feature into the final result.
Distributions of the vector sum prof the two relevant jets also show very good
agreement. For these reasons the team is satisfied that the analysis kinematics in
the inclusive channel are sufficiently well understood in both the 2015-2016 and
2017 datasets. Similar tests were performed for the b-tag channel: these can be
found in the next section.
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Figure 113: Comparison of jet kinematic quantities in data 201542016 to mc16a for
the inclusive channel with the single photon trigger. The analysis selection is used.
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Figure 114: Comparison of jet kinematic quantities in data 201542016 to mc16a for
the inclusive channel with the dijet+photon trigger. The analysis selection is used.
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Figure 115: Comparison of jet kinematic quantities in data 2017 to mc16d for the
inclusive channel with the single photon trigger. The analysis selection is used.
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Figure 116: Comparison of jet kinematic quantities in data 2017 to mc16d for the
inclusive channel with the compound trigger. The analysis selection is used.

163



B-tagged channel Data to Monte Carlo plots comparing key kinematic quantities
for events passing the 2-b-tag selection are shown for 2017 data in Figures [117} [118§]
(19 and 1201
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Figure 117: Comparison of photon kinematic quantities in data 2017 to mcl6d for
the b-tagged channel with the single-photon trigger. The analysis selection is used.

Insofar as the low statistics in the 2-tagged channel allow meaningful compar-
isons, no problems are seen in these comparison plots.
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Figure 118: Comparison of photon kinematic quantities in data 2017 to mc16d for
the b-tagged channel with the compound trigger. The analysis selection is used.
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Figure 119: Comparison of jet kinematic quantities in data 2017 to mc16d for the
2-b-tag channel with the single photon trigger. The analysis selection is used.
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Figure 120: Comparison of jet kinematic quantities in data 2017 to mc16d for the
2-b-tag channel with the compound trigger. The analysis selection is used.

167



B.3.1 Checks for tagging performance inconsistency or alignment issues

The di-b analysis encountered complications in the 2016 dataset in Release 20.7 due
to mis-alignment of the detector. These issues manifested as unexpected features
in the jet ¢ distributions during several run periods, and caused localised issues in
the spectrum which in turn posed challenges to background fitting. Figures and
122 show the pt, eta, and phi of the leading and subleading jets in the event, for the
inclusive selection with both triggers, divided by 2017 data period.
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Figure 121: Distributions of leading and subleading jet pr, 1, and ¢ divided by 2017
data-taking period. The full analysis selection and single photon trigger are used to
obtain these datasets.

Small discrepancies around 1 1.2 — 1.4 can be attributed to changes in pileup
conditions between periods. There are no significantly worrisome discrepancies in
the full dataset.

Equivalent distributions for only events which pass the 2-b-tag requirements are
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Figure 122: Distributions of leading and subleading jet prt, 1, and ¢ divided by 2017
data-taking period. The full analysis selection and compound trigger are used to
obtain these datasets.

shown in Figures and 2017 data is shown. The observed distributions
agree well within the large statistical uncertainties.

No significant discrepancies are observable in the phi distributions. Recall that
this is one of the distributions in which 2016 detector alignment issues manifested
for the di-b analysis. This agreement therefore gives tentative confidence in the 2017
dataset to not introduce similar problems. To increase this confidence, another key
plot was made: the difference in phi between the two signal jets. If this quantity
changed from one data period to another, it could be a similar indicator of de-
tector problems which could ultimately impact the analysis. That plot showed no
discrepancies and is displayed in Figure [125]
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Figure 123: Distributions of signal jet n and ¢ divided by 2017 data-taking period.
The analysis selection with single photon trigger is used to obtain these datasets
and both jets are required to pass a b-tag requirement based on the DL1 tagger and
fixed 77% working point.

170



o) T T 7] T T
€ =
4 r ATLAS  Internal 7 Q r ATLAS  Internal 7
o ) e o — datat? perioas
10° == —y — datat7 periodC — —e—=#= — auw7periosc
E == — datat7 periodD 4 10° — e ey — datat? periodd —
E datat? periodE E £ - —4  datan7 periode 3
C gé — data17 periodF ! = 1 — datat7 periodF -
= datat7 periocH - datat period =
- ] - == pridoton ]
L 3 — datat? periodk }— B = — datat? periodK. -
f— —— - -
102 _W'F —— L — = g; i
F ] =
1
L ] 10° — -
o < £ o < £
ERRTIS 3 T sE 3
E b —— —+— 3 E == o 3
E — =§: e a— B S e o =l 3 E = —— — ¥ 3
S =~ i = E| osE 3
05 2 B 0 7 A 3 E3 & A
leading jet n subleading jetn
@ 5 T T o) 10° T T
= — — = - -
§ 100 ATLAS  Intemal a1 3 L ATLAS  Internal ]
w ~ — data17 periodB A w L — data17 period B
= — datat? periodC B L — data17 periodC B
L — data?7 periodD 4 — datat? periodd
1 datat7 periodE | datat? periodk _ 4
Ey ,l == | — data7 periodF | —— g— — datat7 periodF |
—— —t _ _J
——— | =1 | "~ datat7 periodH — datat? periodH 7
B e===c 7;%—E = .{ o =
— 2 N = 7—“' — datat7 periodk _0_ “ — datat? penodK—
T Ing + —T— i T I—T— =
’ T
2 “E 3 2 “E
8 sk ! 3 T sk
s E~—iik_%,—:*: R e = TS el = ==
05 B T == —t R R osE e ST, S A =
0 05 75 2 25 05 75 2 25
leading jet @ subleading jet @

Figure 124: Distributions of signal jet n and ¢ divided by 2017 data-taking period.
The analysis selection with single photon trigger is used to obtain these datasets
and both jets are required to pass a b-tag requirement based on the DL1 tagger and
fixed 77% working point.
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Figure 125: A¢ between the two signal jets for each data period in 2017 data. The
full analysis selection is shown, with the single photon trigger and compound trigger.
Both jets are required to pass a b-tag requirement based on the DL1 tagger and fixed
77% working point.
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B.3.2 Checks of kinematic agreement between years

Additional checks compared kinematic distributions between the full 2016 and 2017
datasets and can be found in Figures to[129] These checks were used to ensure
that unblinding tests done in portions of 2016 data would be consistent with expected
results in 2017 data.

While some differences were found at very low prin for the jets and photons,
there are few other differences and those which exist are understood. Slight discrep-
ancies in jets around £n1.4 are due to changing pileup conditions between the years.
Differences in the jet ¢ distributions are due to different dead tiles in the two years;
these are accounted for properly in the signal MC samples. The distributions of
di-jet quantities shown in Figures and show very good agreement. Overall,
these kinematic checks are therefore taken as confirmation that a subset of the 2016
data is sufficiently consistent with the 2017 data as to provide adequate unblinding
checks.
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Figure 126: Comparison of photon kinematic quantities in data 2016 to data 2017
for the inclusive channel with the single photon trigger. The analysis selection is
used.
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Figure 127: Comparison of photon kinematic quantities in data 2015+2016 to mc16a
for the inclusive channel with the compound trigger. The analysis selection is used.
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Figure 128: Comparison of jet kinematic quantities
the inclusive channel with the single photon trigger.
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Figure 129: Comparison of jet kinematic quantities in data 2016 to data 2017 for
the inclusive channel with the compound trigger. The analysis selection is used.
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Various dijet kinematic quantities for the inclusive selection and the
single photon trigger. The figures show An between the two leading jets , Aphi
between the two leading jets , the rapidity difference y* between the two leading jets
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Figure 132: Comparison of photon kinematic quantities in data 2016 to data 2017
for the inclusive channel with the single photon trigger.
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Figure 133: Comparison of photon kinematic quantities in data 2015+2016 to mc16a
for the inclusive channel with the compound trigger.
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Figure 134: Comparison of jet kinematic quantities in data 2016 to data 2017 for
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Figure 136: Various dijet kinematic quantities for the inclusive selection and the
single photon trigger.
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Figure 137: Various dijet kinematic quantities for the inclusive selection and the
compound trigger.
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B.4 Trigger studies

As it was mention before two kind of triggers were analized in detail: single-
object and multi-object triggers. For the last one, two HLT triggers was used:
HLT g75_tight_3j50noL1_L1EM22VHI, running unprescaled in 2016, and HLT_g85_tight L1EM22VHI_3
running unprescaled in 2017. Both are seeded by the L1 trigger L1_EM22VHI, which
ran unprescaled in both years.

These triggers require the presence of at least three jets with pr > 50 GeV
and at least one photon with pr > 75 or 85 GeV, respectively, passing the tight
identification criteria.

The efficiency of the trigger with respect to the offline reconstruction is studied
by bootstrapping from the HLT_g60_loose trigger, which is fully efficient for the full
set of events passing the multi-object (“compound”) trigger.

Left side of Figure[13§shows the efficiency of HLT_g75_tight_3j50noL1_L1EM22VHI
in 2016 data with no kinematic selection. The trigger reaches a plateau for sublead-
ing jets with pr > 65 GeV, and the right side shows the efficiency after requiring that
the subleading jet has flat efficiency. It demonstrates that full efficiency is reached
by additionally requiring photon pr > 85 GeV. The same conclusion can be reached
by reversing the selection. The result of first applying a photon pr > 85 GeV cut
without a selection on the subleading jet p cut is shown in figure [139] There the
trigger becomes fully efficient for subleading jet with pr > 65 GeV. This demon-
strates that the multi-object dijet+ trigger for 2016 is fully efficient for events with
an offline isolated photon of pr > 85 GeV passing tight identification and two jets
of pr > 65 GeV. Additionally, no issues are seen with the HLT approximation of
the photon-jet overlap removal where every photon is assumed to fake a jet.
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Figure 138: The efficiency of the dijet+~ trigger as a function of leading isolated
photon passing tight identification criteria without any kinematic selection (left).
Same, but after requaring that the subleading jet pr >65 GeV.

A similar behaviour is observed with the HLT g85_tight L1EM22VHI _3j50noL1
trigger in the 2017 dataset. Figure [140] shows the efficiency of this trigger without
(left) and with (right) kinematic selection. Once again, the efficiency of the trig-
ger with respect to the offline reconstruction is studied by bootstrapping from the
HLT g60_loose trigger. Figure shows the efficiency vs. subleading jet pr when
photon pr > 95 GeV (full efficiency for the photon term).
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Figure 139: The efficiency of the dijet+ trigger as a function of subleading jet pr
after overlap removal. The leading photon pr is required to be above 95 GeV. The
efficiencies in 2016 data and mcl6a are shown.
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for the right plot but after requiring the subleading jet pr >65 GeV.
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Figure 141: The efficiency of the dijet+~ trigger as a function of subleading jet pr
after overlap removal. The leading photon pr is required to be above 95 GeV. The
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B.5 Optimization cuts studies
A brief description of the discriminant variables studied.

_ (pral=lpr.2])

Asymmetry : The asymmetry in pr between the two signal jets: A = IprilFloral

Asymmetryl SR : The asymmetry in py between the ISR object and the recon-
structed Z.

AR : The difference in 7,¢ location between the ISR object and the nearest signal
jet. In a signal event with a reasonably boosted resonance these are expected
to be roughly back-to-back.

ARM .

;¢ Same as before but with respect to the invariant jet mass.

y* : A key discriminating variable for dijet analyses, y* is a measure of rapidity

difference between the two signal jets.
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Figure 142: Signal (s) and background (b) distributions of the significant variables
, along with the function s/ v/b. Photon ISR channel with HLT_g140_loose trigger,
mass range 200GeV to 300GeV.
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Figure 143: Signal (s) and background (b) distributions of the significant variables
, along with the function s/ v/b. Photon ISR channel with HLT_g140_loose trigger,
mass range 300GeV to 400GeV.

189



0.025

;2: 007: ATLAS Internal % L ATLAS Internal
G s Simulation, 5=13TeV g F ¥ bkg Simulation, 5=13TeV
- E 400GeV < M, < 500GeV MY . + 2 sig 400GeV < M, < 500GeV
005 Optimal cut: 0.95 L + %—sﬂ'ﬁ Optimal cut: 0.50
£ Max s//b: 0.0134 ‘Wé + + Max s/{b: 0.0102
" ool A T §
2 v o
A
003}4%:‘54434 A‘ﬁ : ;Ig@ 001
E LN T —
0.02/— 4:3% "v‘
C A
om:f " 0.005
Ol 4o, . [
= - \\I\l\l\%fvh\“"ﬁl\ll\\ 1(I\‘\||\‘I\HllHI‘\\II‘IIH‘IAI\Il\\ﬂ&d‘«h“l}\l\‘\ll\
0 05 1 1.5 2 25 . o 01 02 03 0.4 0.5 06 07 08 09
% (L 2P IP2D)
(a) y* (b) Asymmetry between two resolved jets

% 00 E ATLAS Internal ‘g ATLAS Internal
4 o007 Simulation, ¥s=13TeV i Simulation, {s=13TeV
. = 4D0GeV < M, < 500GeV T 400GeV < M, < 500GeV
006 Optimal cut: 0.98 Optimal cut: 2.62
F Max s/Yb: 0.0198 Max s/fb: 0.0219
0.05
0.04 ; ¥ bkg ¥ bkg
E 2 sig & sig
0.03— o .
E 1 siB siB
0.02/- f\ %
oorE- : - Ty T
E — E ) L S . )
Rk -0.8 o 02 04 06 08 ™ 95 F] 25 3 35 4 48
S S P i | AR e
(¢) Asymmetry between ISR and recon- (d) AR distance between the ISR and the clos-
structed jet est jet
w 009
£ ATLAS Internal
& 008 % Simulation, §=13TeV
T oor é 400GeV < M, < 500GeV
i Optimal cut: 4.88
0.06 1 Max s/{b: 0.0198
%
0.05 4 g v brg
0.04 4 y

Rk 2 25 3 35 4 @5

(e) AR distance between the ISR and the re-
constructed jet

Figure 144: Signal (s) and background (b) distributions of the significant variables
, along with the function s/ v/b. Photon ISR channel with HLT_g140_loose trigger,
mass range 400GeV to 500GeV.
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Figure 145: Signal (s) and background (b) distributions of the significant variables
, along with the function s/ v/b. Photon ISR channel with HLT_g140_loose trigger,
mass range 500GeV to 600GeV.
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Figure 146: Signal (s) and background (b) distributions of the significant variables
, along with the function s/ v/b. Photon ISR channel with HLT_g140_loose trigger,
mass range 500GeV to 600GeV.
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Figure 147: Signal (s) and background (b) distributions of the signifi-
cant variables, along with the function s/vb.  Photon ISR channel with
HLT g75_tight_3j50noL.1_ L1EM22VHI trigger, mass range 200GeV to 300GeV.
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Figure 148: Signal (s) and background (b) distributions of the signifi-
cant variables, along with the function s/vb.  Photon ISR channel with
HLT g75_tight_3j50noL.1_ L1EM22VHI trigger, mass range 300GeV to 400GeV.
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Figure 149: Signal (s) and background (b) distributions of the signifi-
cant variables , along with the function s/vb. Photon ISR channel with
HLT g75_tight_3j50noL.1_ L1EM22VHI trigger, mass range 400GeV to 500GeV.
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Figure 150:

cant variables | along with the function s/v/b.
HLT g75_tight_3j50noL.1_ L1EM22VHI trigger, mass range 500GeV to 600GeV.
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B.6 Composition of kinematic distributions after tagging
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Figure 151: Flavour composition breakdown of M;; spectrum in Sherpa mcl6d
for the inclusive selection on the left and for the 2-tagged selection on the right .
The fraction represented by each flavour pairing is shown in the ratio plot. The
compound signal region is used.
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Figure 152: Composition of the leading and subleading jet distributions for the
single photon trigger, before and after the application of b-tag . The plots use
Sherpa mc16d.
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Figure 153: Composition of the leading and subleading jet distributions for the
compound trigger, before and after the application of b-tag . The plots use Sherpa
mcl6d.

B.7 Significance plots for different tagger and working point
selections

The following figures compare all working points for a specific tagger, and all taggers
at a specific working point. Wherever possible, results are shown across values of
gq ranging from 0.1 to 0.4. Since smaller values of g, are of more interest to the
analysis, with larger values already being effectively probed by earlier results, the
optimal choices for smaller couplings are given preference in cases where different
choices dominate for different coupling values.

Figures and compare signal efficiencies for various taggers at the 77%
hybrid efficiency working point and 77% fixed efficiency working points respectively.
DL1 is seen to out-perform MV2c10 across the relevant mass range for small values
of g, in the photon ISR channel and for all values of g, in the jet ISR channel. It is
thus concluded that DL1 should be the preferred tagging algorithm.

Selection of a hybrid working point for the DL1 tagger uses the information shown
in Figures[156, while selection of a fixed efficiency working point uses the information
in Figures and For the hybrid working points, both photon ISR and jet
ISR results are shown, and it can be seen that tagging offers an advantage over the
inclusive selection in the photon ISR channel with no further combination, but that
in the jet ISR channel the inclusive selection performs best. This preference for
an inclusive result in the jet ISR channel then leads to improved performance from
more inclusive taggers. Since the photon ISR channel benefits most from tagging and
shows differences between WPs which correspond not only to degree of inclusiveness,
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Figure 154: Comparison of taggers at the 77% hybrid efficiency working point for
signal samples of different couplings. The photon ISR channel is shown with the
single photon trigger and corresponding analysis selection.

it is the photon ISR channel which is used to determine the optimal selection. The
photon ISR channel plots then show that the optimal hybrid efficiency WP and
fixed efficiency WP are both 77%, and that those two options give quite comparable
performance to one another. The choice between them is therefore left to other
analysis factors, in particular the expected smoothness of the spectrum.
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B.8 Smoothness of the 2 b-tagged Mj; spectrum

The di-jet analyses are based on the assumption that the QCD background distri-
bution is a smoothly falling spectrum. Any process, (such as selection) that leads to
structures in the background spectrum, may cause spurious signals. Previous stud-
ies [9] showed that if the b-tag efficiency as a function of the transverse momentum
causes some structures in the Mj; spectrum, the fitting M;; spectrum may fail. This
analysis showed the existence of some features in the b-tag efficiency distributions
(Figure in Section. , such as the features in the low jet prregion for b-jet
and c-jet tagging efficiencies using hybrid working points and for light-jet tagging ef-
ficiency using fixed working points. In this section, we will study how these features
sculpt the 2 b-tag M;; spectra.

The reweighting method is used to obtain the 2 b-tag M;; spectra. The strategy
is as follows: First, the 3D histograms for leading jet pr, subleading jet pr, and
M;; are made. Each jet could have a different truth flavor type, b-jet, c-jet or light-
jet, there are 9 different flavor categories for the 3D histograms. Then, the b-tag
efficiency is set as a function of each jet pr( b-jet, c-jet and light-jet) Finally, the 2
b-tag M;; spectrum is obtained by reweighting these histograms using Equation .
In Eqution 50, N (mj;) is the number of events in each bin of 2 b-tag M;; spectrum.
Ny (Pr,j1, P1,j2, Mj;) is bin content of the 3D histogram in which the truth flavors
of the 2 selected jets are m and n respectively. €,, and €, are the b-tag efficiency of
corresponding truth flavor we set before, and they are both functions of jet pr.

N(myj;) = Z /Nmn(pT,jpr,anmjj) X €m(prj1) X €n(prs2) dprjidprje  (50)

m=b,c,l
n=b,c,l

To visualize the possible structures in the 2 b-tag M;; spectra obtained by
reweighting, rough fit is done for these spectra. As the statistic of data goes higher
and higher, it is hard to fit the M;; spectrum globally. Instead, SWIFT will be
used to fit the M;; spectra formally in di-jet ISR analysis. In this study, the 2 b-tag
M;; spetra are fitted in three different region (160 GeV,300 GeV), (300 GeV,700 GeV)
and (700 GeV,1200 GeV) seperately. The fit function shows in Equation , where
z=mj;/\/s.

f(z) = cr(1 — z)epotesins (51)

Figureshow the 2 b-tag M;; spectrum obtained by reweighting 3D histograms
according to flat b-tag efficiencies and the fit result. This provides a baseline for this
study. Some reasonable features are set on these flat b-tag efficiency distributions,
as showed in Figure [I60], [I61], [I62] and [163] Reasonable features mean these features
have comparable shape and size with the realistic features in b-tag efficiency of DL1
hybrid 77% and fixed 77% working point. Comparing the fit results of the 2 b-tag
spectra obtained by reweighting 3D histograms according to these b-tag efficiency
distribution we set with the fit result of flat efficiency case, no obvious structures
is observed. However, if the features are more extreme, the 2 b-tag spectra will be

sculpted, as showed in Figure [164]
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B.9 Fitting tests on MC spectra

Even when large datasets available in Run2 are unable to reach the expected statis-
tics available in data, all fits should be tested in MC spectra. Their success is not
guaranteed of success in data, but any failures could indicate a failure in data. In
fact, for the doubly b-tagged spectra, the MC provides a pre-unblinding look at
changes in spectrum shape and smoothness which can be expected as a result of the
tagging requirement. These tests can also indicate the widest sliding window widths
likely to succeed on the unblinded spectra.

Three fits are shown to the inclusive mcl6a+mc16d spectra for each of the single-
photon trigger (Figure and compound trigger (Figure [166). The MC samples
are normalized to the luminosities expected in the full 2015-2017 dataset (79.8
fb~or the single-photon trigger and 76.6 fb~'for the compound trigger). These
use the five-parameter dijet function as a global fit and with two different SWIFT
window half-widths. For the single-photon trigger, these are 20 and 16 bins; for
the compound trigger where the M;; spectrum turns on later the widest available
window is 18 bins across, so 18 and 16 are shown. The UA2 and four-parameter
functions were also tested. In the single-photon trigger case, the UA2 function does
not yield an acceptable x? p — valuewith a half-window width above 14 bins so if
data looked like MC it would have been discarded. These results are not considered
a problem, given that the tests of fitting on the more realistic data shape from a
dataset corresponding to 15fb~!show that all three functions chosen yield acceptable
x? p — valuefor window width above 14, and some even using the global fit. The
summary of the x? p—valuein MC for the two inclusive channels is shown in Table[25]

Functional form Channel (inclusive) Fit type x? p-value
ourdparam Single photon trigger global 0.0
ourdparam Single photon trigger SWiFt, whw=22 0.002
our4dparam Single photon trigger SWiFt, whw=18 < 0.012
ourdparam Single photon trigger SWiFt, whw=16 < 0.019
ourdparam Single photon trigger SWiFt, whw=14 < 0.061
ourbSparam Single photon trigger global 0.042
ourbparam Single photon trigger SWiFt, whw=22 0.132
ourbparam Single photon trigger SWiFt, whw=18 0.148
ourbparam Single photon trigger SWiFt, whw=16 0.171

UA2 Single photon trigger global < 0.01
UA2 Single photon trigger SWiFt, whw=18 < 0.01
UA2 Single photon trigger SWiFt, whw=16 < 0.01
UA2 Single photon trigger SWiFt, whw=9 0.48
our4dparam Compound trigger global 0.852
ourbparam Single photon trigger global 0.856
UA2 Single photon trigger global 0.079

Table 25: Summary of the MC-based fitting tests, showing the x? p-value for differ-
ent fitting configurations.
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Figure 165: Fits to the inclusive selection with the single photon trigger in Sherpa
Monte Carlo. Samples are normalised to the full analysis luminosity. A fit using the

five-parameter dijet function is shown for global (165(a)), SWIFT whw 20 (165(b))),
and SWIFT whw 16 (165(c)|) settings.

A similar test was done for the doubly b-tagged channel. In this case the equiva-
lent MC statistics are even worse than in the inclusive case. Only limited conclusions
can be drawn from the plots, which are challenging to fit or evaluate due to the pres-
ence of sporadic high-weight MC events. Figure shows two fits to the b-tagged
spectrum in the single photon trigger selection (167(a)i167(b)) and two fits to the

b-tagged spectrum in the compound trigger selection (167(c)j167(d)). A global fit
and a SWIFT fit with window half-width 16 are shown in each case. All fits are

acceptable given the MC statistics.
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(166(b)), and SWIFT whw 16 (166(c)) settings.
B.10 Systematic uncertainties plots

B.10.1 Uncertainties applied to the signal
Jet energy scale and resolution

JES

following the JetEtMiss group recommendations, the number of uncertanties is
the strongly-reduced 4 nuisance parameters
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Figure 167: Fits to the doubly b-tag selection with the single photon trigger
(167(a)y167(b)) and the compound trigger (167(c)i167(d)) in Sherpa Monte Carlo.
Samples are normalised to the full analysis luminosity. A fit using the five-
parameter dijet function is shown for global (167(a)i167(c))) and SWIFT whw 16

(IGTOJICT(D) settings.

A variation due to each nuisance parameter is given in Figures and for
the inclusive and the 2 b-tag cases. All the uncertainties act not on the acceptance
but rather on the peak location, moving it to higher or lower M;; as events move

between bins.
JER
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Figure 168: Impact of +3¢ variation in each of the four strongly reduced JES
systematics. The Z’ point with mass 450 GeVand coupling g, = 0.2 is used as an
illustrative example. The compound trigger and inclusive selection are applied.

Photon ID resolution
B.10.1.1 Trigger efficiency
B.10.1.2 b-tagging

Figure shows the impact of the two largest scale factor uncertainties (FT_EFF_Eigen B_0
and FT_EFF Eigen B_1) on a representative signal sample with mass 450 GeVand
gq = 0.2. The single photon trigger is used and the 2 b-tag selection applied.
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B.10.1.
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B.10.1.4 JES for model independent
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g 147 (Rt s s e e S Sl A e R A g 14— - r T 1 ~Tr
§ E ATLAS Internal ~'§§88§¥:_§g§‘315 33822&3;::815" b zo E ATLAS Internal 350 GeV, g_ =0.2 450 GeV, g_ =0.2 E
S T 2. B0GOUGI0E . 350GeY = S . i ™ ° Al =
Uu>;, E Sys.:.JER o0 sz‘g E (% E Sys.: JER | s50Gev, 9,202 N %50 GeV, g =02 E
1.2 790 Gl .02 — 1.2 .. ° . . -
F oegs E 950 GeV, g =02 . 1500 GeV, g Z0.2 ]
1.1 R 1.1 . B
e ] 1 ]
0.9 — 0.9 —
08:w T ST -‘""L.‘:f‘ L e 0 08:‘ R S RIS R

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
M; [GeV] M; [GeV]

(a) Single photon trigger (b) Compound trigger

Figure 171: Impact of JER variation on all signal samples for the single photon

trigger (171(a))) and compound trigger (171(b)|). Statistical fluctuations in this fine
binning make patterns hard to distinguish.
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Figure 172: Impact of JER variation on the bin-by-bin average of all signal samples

for the single photon trigger (172(a)]) and compound trigger (172(b)|). By rebinning

to 50 GeVbins, statistical fluctuations are suppressed, and the resulting points show

a simple linear dependence on M;; .

support the use of a 3% flat uncertainty on JER in both channels.
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Figure 173: Impact on a representative Z’signal MC sample of +10 variations in
the the photon energy scale (173(a))) and photon energy resolution uncer-
tainties. The selected sample has mass 450 GeVand g, = 0.2 and the single photon
trigger inclusive selection is applied. The uncertainties are not found to have a
meaningful effect on signal shape or peak location, but instead change the signal
normalisation (equivalent to the acceptance).
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Figure 176: The total photon energy uncertainty is obtained by summing the energy
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samples using the single photon trigger and inclusive selection. A weighted average
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separately in This demonstrates that a 2% uncertainty, flat as a function of
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Figure 177: The total photon energy uncertainty is obtained by summing the energy
scale, energy resolution, and ID scale factor uncertainties in quadrature, for all signal
samples using the compound trigger and inclusive selection. A weighted average of
the results in each bin across the various signal samples is then fitted and shown
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Figure 181: Sum in quadrature of the 25 b-tag scale factor uncertainties for every
signal sample using the single photon trigger and 2 b-tag selection. The total uncer-
tainty is relatively flat as a function of M;; until roughly 300 GeV, then increases
to a maximum size of approximately 15%.
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Figure 182: Weighted average of the total b-tag scale factor uncertainty across all
signal samples in each M;; bin. A linear fit is made to the total uncertainty for
300 GeV < M;; < 1200 GeV. The lower edge of the fit is fixed to 5% to match the
flat uncertainty which will be used below 300 GeV. The fit is performed in the single
photon trigger 2 b-tag channel (182(a)|) and is compared to the compound trigger 2
b-tag channel to validate its use in both cases .
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Figure 183: The fit result calculated from the weighted average across all signal
samples is overlaid on the total uncertainty separated by signal sample. The single

photon trigger result is given in and the compound trigger result is in [183(b)l
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Figure 184: The mass distribution after the analysis selection as a function of me-
diator mass for each PDF variation. Z’samples with coupling g, = 0.3 are shown.
The compound trigger selection is on the right and the single trigger selection is on
the left; in each case the inclusive selection is used for the sake of statistics.
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Figure 185: The relative acceptance for each PDF variation with respect to the
nominal PDF choices. Z’samples with coupling g, = 0.3 are shown. The compound
trigger selection is on the right and the single trigger selection is on the left; in each
case the inclusive selection is used for the sake of statistics.
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used as an illustrative example. The compound trigger and inclusive selection are
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Figure 187: Impact of =10 in the total JES on the mean location of a Z’signal peak.

The inclusive selection is used.
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Figure 188: Impact of £1¢ in the total JES on the mean location of a Z’signal peak.
The 2 b-tag selection is used. The fits, particularly to the upward variations, suffer
from low statistics and therefore the inclusive channel provides a better measure of

the JES impact.
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B.11 Background estimation by ABCD method

Since the statistics in the 2 b-tag MC spectra is low compared with Run II data, the
ABCD method is applied to provide the background only for the 2 b-tag samples,
for fitting tests. It is created by reweighting the inclusive events using tagging
efficiencies of the two selected jets from the candidate resonance. The four regions
are defined below:

e Region A: The two selected jets with |y*| < 0.75, both are b-tag
e Region B: The two selected jets with |y*| > 0.75,

— B1: The jet with higher pris b-tag
— B2: Both are b-tag

e Region C: The two selected jets with |y*| < 0.75
e Region D: The two selected jets with |y*| > 0.75

Region A is our signal region, and the tagging efficiencies can be derived from
Regions B and D. By inverting the |y*| cut in Regions B and D, the signal con-
tamination can be ignored. Since the b-tag performance depends on the prand 7
of the jets, the b-tag efficiencies are parametrized by these two kinematic variables.
To avoid the correlation of the jets flavors in the di-jet process, the independent
efficiency of the jet with higher pr(j1) and conditional efficiency of another jet (j2)
are calculated. Independent efficiency means we just require j1 is b-tag , thus the
efficiency €1 independent 18:

_ Ni(pe(G1), 1)
No(pr(j1), (1)

where Np1(pr(51),n(j1)) and Np(pr(51),7(j1)) are number of events in Region B
and D binned in j1 prand j1 n respectively. Conditional efficiency is calculated by
requiring j1 and j2 are both b-tag with the condition that j1 is b-tag :

e (pr(i2),172)) = 2SI (53)

the complete b-tag efficiency is as Equation Each of the components are shown
in Figure [189]

€j1,independent (pT (]1)7 77(]1)) <52)

6(pT (]1)7 77(]1) » PT (]2)7 77(]2)) = €51, independent (pT (]1)7 77(]1)) X €92, conditional (PT (]2)6 77(}72))
54
Actually, |y*| and b-tag are not perfectly uncorrelated, which will influnce the
ABCD method significantly. Thus, some correction factors are necessary to be
introduced in ABCD method. As the b-tag performance depends on prand 7 of the
two selected jets, four corresponding correction factors can be introduced. However,
studies show the most useful factor is the one to correct the distribution of j1 pr.
Therefore, only the factor derived from the j1 prshape is used to correct the b-tag
efficiency. The different shapes of the j1 prbias the b-tag efficiency in |y*| > 0.75
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Figure 189: Independent b-tag efficiency map (left) for jet with higher prand condi-
tional b-tag efficiency map (right) for another jet. The efficiencies are parametrized
in pr-n space.

compared with the b-tag efficiency in |y*| < 0.75. The correction factor is defined

as follows:

f2btag (PT (]1))
fina(pr(j1))
where fiq(pr(j1)) is obtained by taking the ratio of normalized distributions of j1
pr in Region C and D (Figure [190). As fina(pr(71)) is a function of pr of j1, this
factor should be calculated in each bin:

flpr(j1)) = (55)

Ninet |y*|<0.75(p1(j1))
Nincl,|y*|>0.75 (pT (ﬂ))

fina(pr(51)) = (56)

where Niper jy<|<0.75 and Niper jy=|>0.75 are the number of events in the corresponding

bins of j1 pr distributions in Region C and D respectively. Likewise,

N2btag ly*|<0. 75(PT(j1))
Novtag,jy+>0.75(Pr(51))

f2btag(pT(j1>> (57)

Noptag,|y*|<0.75 and Nopiag y+>0.75 correspond to the number of events in each bin of
j1 pr distribution in Region A and B. The ultimate b-tag efficiency just need to by
multiply the factor f(pr(j1)) to get the correction.

Figure shows the closure test of the ABCD method using Monte Carlo sam-
ples.
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