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Abstract

A search for dark matter produced in association with a SM Higgs boson which decays to a pair
of bottom quarks using p — p collisions at a center-of-mass energy of 8 TeV is presented. The
dataset collected by the ATLAS detector at the LHC corresponds to an integrated luminosity
of 20.3 fb~!. The observed data are found to be consistent with the expected Standard Model
backgrounds. Exclusion limits are presented for the mass scales of various effective field
theory operators that describe the interaction between dark matter particles and the Higgs
boson. Model-independent upper limits are also placed on the visible cross-sections for
H(— bb) + EI'sS events with E'S above 300 GeV and 400 GeV.
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Chapter 1

Introduction

The discovery of Higgs at the Large Hadron Collider (LHC) completed the particles predicted in
the Standard Model (SM) of elementary particle physics. The SM describes almost everything
we see in the laboratory. It is both remarkably simple and very powerful, but it is not an entirely
satisfactory theory. The SM is certainly not the end of the story, no one thinks it is.

So what is wrong with the SM? There are fundamental physical phenomena in nature that
the SM does not adequately explain. For example, among the open questions one could ask
are the following: What causes the difference between matter and antimatter, and is it related
to the origin of the matter in the Universe? Why is there a huge difference in the strength of
fundamental forces? How does one quantise gravity and how does one unify the fundamental
interactions? What is the nature of dark energy and dark matter (DM)?

While all of the questions mentioned above are equally important, this thesis will be
focusing on the last, i.e the search for DM - a hypothetical type of matter that is non-luminous
and cannot be seen directly in our present observations, but influencing the evolution of the
universe only through its gravitational effect. In fact, the latest result from an analysis of
Planck’s full data [1] indicates that the total mass-energy of the universe consists of 68.3% dark
energy and 4.9% ordinary matter. The remaining 26.8% which is about five times as much as
the ordinary matter is consisted of DM. Plenty of evidences for the existence of DM have been
accumulated from the last century to now. Some of these evidences will be described in more
detail in Section 1.1.

The existence of ubiquitous DM has been accepted for years but what constitutes DM is still
an open question. A myriad of CDM candidates have been suggested. In this thesis, we focus
on one particular candidate, that is the WIMP. More details will be considered in Section 1.2.
Various experiments searching for DM have established increasingly strong constraints on the
DM mass and interaction cross sections. Section 1.3 attempts to give an overview to some of
the recent DM searches and to summarise their status.

We formally state the purpose and the motivation of our works in Section 1.4. In order
to perform a mono-Higgs search, first we need know what a DM signal at the LHC will look
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like. In doing so, one needs to construct a DM model. For we are interested in conducting a
model independent search, we adopted the effective field theory (EFT) formalism, which is
discussed in Section 1.5. This is followed by Section 1.6 where we enumerate the possible EFT
operators for generating mono-Higgs signatures at the LHC. Next, Section 1.7 will summarised
the regions of valid parameter spaces for each of the EFT operator under consideration. Next,
Section 1.8 presents a quick overview of the analysis strategy. Finally a brief overview of the
thesis will be given in Section 1.9.

1.1 Evidences of the existence of dark matter

The existence of DM is indirectly inferred from its influence on the evolution of the universe
through its gravitation effect. Fritz Zwicky estimated the mass-to-light ratio! in the Coma
cluster to be ~ 400h,Y, [2], where A, is the dimensionless Hubble parameter. Compared to the
typical value of Y in the bright central part of galaxies (~ 10— 20k, Y [3]), the measured value
shows that the total mass of the Coma cluster is at least ten times larger than can be explained by
the starlight seen in all the member galaxies. Although initially met with skepticism, the similar
observations from the Local Group [4] and the Virgo cluster [5] provide further confirmation to
Zwicky’s results. That said, a more widely recognised observational evidence in favour of DM
in galaxies is the observations of the absence of the “Keplerian fall*” in the rotational curves of
spiral galaxies. Contrary to the expectation, Rubin et. al. [6-8] and Roberts et. al. [9] in the 80s
observed a rather flat rotation curve (see Figure 1.1, suggesting that either Newtonian gravity
does not apply universally or that galaxy masses grow approximately linearly with radius well
beyond the galactic bulge. The other observations (e.g. [10]) showed that the flat behaviour
continued beyond several optical radii. The pioneering theoretical studies such as [11, 12]
suggested the presence of a massive halo of DM around galaxies. This DM halo model was
further strengthen by the recent observations [13—15].

Another evidence of the existence of DM comes from the study of X-ray emission from
hot gas in large elliptical galaxies or intergalactic space in clusters. By comparing the X-ray
mass profile (obtained by measuring of the X-ray temperature of the hot gas) with the visible
mass profile estimated from the other methods (e.g measurement of the luminosity or optical
spectrum) we could obtain the constraints on the contribution of the non-visible mass. Also,
hot gas is held in the cluster by gravity. If the mass of the galaxy is not enough to explain the

mass-to-light ratio, Y, typically expressed in units of solar mass to solar luminosity (Y, = M, /L), is a good

indicator of the presence of DM in a given region. Value of mass-to-light ratio that is greater than unity indicates
that most of the matter in these objects does not reside within stars but is present in some form of non-luminous
matter.

2Under the so-called Keplerian approximation, a test particle is assumed to be so far away as to "feel’ the
galaxy as a point-mass. If a system is in virial equilibrium its circular velocity is given by V>(R) = AGM(R) /R,
where A is a function of the eccentricity and M is the mass inside the homogeneous spheroid with radius R. Since
M(R) =< pR®, we have V(R) o /pR for R < Ry and V(R) «< M(Ry)/R for R > Ry. The circular velocity has a
Keplerian fall exterior to the mass distribution.
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Fig. 1.1 (a) Rotation velocities of seven galaxies as a function of distance from the galaxy nucleus [7].
The general flatness of the curves are notable. The Keplerian fall is not observed.(b) M33 rotation curve
compared with the best-fitting model (continuous line). Also shown are the halo, the stellar disc and the
gas contribution (modified from [13]).

presence of this gas, that implies huge amounts of additional, invisible matter are needed for
gravity to balance the pressure of the gas. In fact the data from Einstein Observatory [16] have
shown that the mass of M87 elliptical galaxy is much larger than the visible mass. Recent
data from the NASA’s Chandra X-ray observatory [17, 18] has allowed astronomers to tightly
constrain the distribution of DM content, which increases smoothly all the way into the central
galaxy of the cluster.

Gravitational lensing - the bending of light-rays passing through a gravitational field, can
be used to determine the mass of a massive object (such as a cluster of galaxies) or characterise
its mean distribution. This technique has the advantage that it is a purely geometrical effect that
is free from the astrophysical assumption and can be applied to all matter regardless of their
composition and their dynamical states. In particular, the marriage of the X-ray observation and
the weak gravitational lensing' allows one to use cluster collisions to get important information
on the nature of DM. In most regions of the universe ordinary matter and DM are bound
together by gravitational attraction, as shown by the large-scale DM distribution survey [19].
Under certain circumstances, such as colliding cluster of galaxies, ordinary matter and DM
may be separated. This is exactly what has been observed by Clowe and his colleagues [20]
in the Bullet Cluster. The hot plasma cloud which represent most of the ordinary matter in
the cluster pair was shocked and decelerated due to electromagnetic interaction between gas

!Gravitational lensing can be divided in three regimes: strong lensing, weak lensing, and micro lensing. In
strong lensing, the observer sees multiple images or ring-liked structures of the source. Instead, in weak lensing
only minute distortion of the background sources are observed. Lastly if the mass is very small, one only observes
micro-lensing which involves a magnification of the brightness of the lensed object.
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particles. Its distribution from X-rays data are shown in Figure 1.2 as colour map with whiter
regions corresponding to higher matter concentration. Contours superimposed over both image
are the mass density contours reconstructed from the weak-lensing data. The inner 3 contours
(correspond to 68.3%, 95.5%, and 99.7% confidence levels) show the errors on the positions of
the mass density peaks. Two major peaks are clearly visible in the reconstruction. Both peaks
are offset from the centre of mass of their respective plasma clouds. If models without DM
(such as Modified Newtonian Dynamics) were right, the mass density peaks should be near
the centre of mass of their respective plasma cloud. Instead, Clowe’s team observed an 8 ¢
spatial offset of the centre of the total mass from the centre of the plasma mass peaks. This
result shows that most of the mass in the cluster pair is in the form of DM, which bypassed
the gas regions during the collision (since DM is only weakly interacting, other than via the
gravitational force). Their observation provides the best evidence to date for the existence of
DM and effectively rules out modifications of Newtonian gravity as the explanation of DM.

56

57"

—-55°58"

6"58M42° 36° 30° 24° 18° 128

Fig. 1.2 X-ray image from Chandra X-ray Observatory that traces hot plasma of two colliding clusters
of galaxies, called Bullet Cluster, are in the process of moving through each other. The spatial offset
between the observed mass density peaks and the plasma cloud mass density peaks suggest that most of
the mass in the cluster pair is in the form of dark matter. Figures taken from [20].

Another cosmological evidence in favour of DM is from the fluctuations in the Cosmic
Microwave Background (CMB) - afterglow radiation left over from the hot Big Bang. The
small scale fluctuations can be attributed to the so-called acoustic oscillations. Before the
recombination, the matter was distributed almost uniformly in space, with only small variations
due to quantum fluctuation. At denser regions, the force of gravity caused matter to fall inward
while at the same time outward pressure was exerted by photons due to Thomson scattering
with free charge particles. These competing forces caused matter to oscillate in-and-out of
the dense regions. In turn, this oscillation caused the matter to heat up when it fell in and
to cool off when it flowed out. This process repeats until the recombination and the photon

4
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decoupled from the matter. Depending on the location in the cycle, the photons in thermal
equilibrium with the matter emerged vary in temperature. So the temperature variations in
the CMB can give us information on the initial density perturbations and information on the
amount of different types of matter at the time of recombination.

The temperature fluctuation can be presented in the form of a power spectrum. Typical
information that can be obtained from this power spectrum of the CMB includes baryon density,
matter density, dark energy density and so on. These parameters are obtained by fitting the
observed data with a cosmological model (e.g. ACDM) model). The Wilkinson Microwave
Anisotropy Probe (WMAP) [21, 22] and the Planck spacecraft [1] provided the most detailed
measurements of CMB power spectrum and showed that the existence of DM is favoured. By
combining different techniques, such as the Baryonic Acoustic Oscillations [23], CMB, Big
Bang Nucleosynthesis(BBN) [24], supernovae [25], and the structure formation [26, 27], better
constraints to the dark energy density as well as the matter density, and thus to the DM content
of the universe can be obtained.

In conclusion, the evidence for dark matter is very compelling. Having established the need
for dark matter, in the next two sections we will discuss possible particle candidates for DM
and its properties.

1.2 WIMPs as dark matter

According to the Lambda-Cold Dark Matter (ACDM) model, a DM candidates must have the
following characteristics:

1. It must be non-relativistic (cold) at freeze-out or else the structure formation would fail.
As explained previously, CMB anisotropy is extremely smooth. Particles moving at
relativistic speed cannot effectively clump into gravitational wells needed for the initial
structure formation.

2. It should interact very weakly with electromagnetic radiation. If DM is not electrically
neutral, it will scatter light and thus would not qualify as dark matter.

3. It must be stable (at least with the lifetime exceeding the age of the universe) due to the
stability of the halo.

4. Its abundance must be compatible with the observations over a wide range of scales
(galactic, galaxy cluster, and cosmological) and experimental techniques.

There is in fact no shortage of candidates for explaining the nature of the DM described
previously. While some of these DM candidates are created specifically to account for the
missing DM, others emerge quite naturally from the solutions to the problems in the SM. A
few of the more popular candidates include axions, sterile neutrinos, and WIMPs. Out of all
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the possible DM candidates, we have chosen to focus on WIMPs. WIMPs are not a specific
elementary particle, but rather an entire class of possible new fundamental particles. There
exists no clear definition of a WIMP, but broadly a WIMP DM candidate must satisfy the
criteria mentioned in the previous paragraph. Their mass can lie in the range of a few GeV to
100 TeV.

WIMP looks particularly attractive from the point of view of particle physics and for this
analysis. This is because in some scenarios WIMP arises naturally as a by-product with no
extra restrictions on the theory to account for DM. Two examples of such scenario are the
Supersymmetry and Universal Extra Dimension (UED) models. The conservation of discrete
symmetry imposed in such models ensure that the corresponding lightest particle predicted in
each model is stable against decay and constitutes a candidate for DM. What is more, as we
shall see later, the interest in WIMPs as the most well-motivated DM candidates stems from the
fact that WIMPs in thermal equilibrium in the early universe naturally have the right abundance
to be DM. The self-annihilation cross section that gives the right WIMP relic density is of
the order of weak interaction. This makes the detection of WIMPs possible. The latter aspect
is important as it provides a means to test the WIMP hypothesis. Hence, we will restrict our
discussion of DM candidates to WIMP.

WIMP relic abundance

The standard well accepted scenario is that WIMP is thermally produced, or in other words,
WIMP was in thermal equilibrium with the primordial plasma before freezing out and leaving a
relic density. The relics produced this way will be called thermal relics and its final abundance
is set by the standard freeze-out mechanism for large annihilation rates, irrespective of the
initial conditions.

During the radiation-dominated epoch and before the big bang nucleosynthesis, the universe
was densely filled with WIMP, photons as well as free protons, neutrons and electrons. The
temperatures remain too high for the binding of electrons to nuclei. This cosmic soup was
in thermal equilibrium, i.e. the annihilation and production rate of each particle species is
equal to each other. The non-relativistic WIMP number density 7, as a function of time, 7, can
quite adequately be approximated by the Boltzmann equation'. Assuming a generic WIMP
scenario, where two WIMP particles, ¥ can annihilate to form two light particles (also in
thermal equilibrium) according to the process xJ <+ YY. The Boltzmann equation can be

written in the form of:
dny

dt
where (oV) is the thermal averaged cross section times the relative velocity of the interacting
particles and H is the Hubble constant. nfcq is the WIMP equilibrium number density and for

= —3Hny, — (oV)[(n}) — (n)’] (1.1)

I'The distinction between Bose, Fermi and Boltzmann statistics is negligible by the time the WIMP species
freezes out, i.e. the temperature of the plasma approaches the particle’s mass.
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the non-relativistic WIMP we are considering, n;q can be written as [28, 29]:

T (1.2)

ny =g 2 .
X ' g*ﬁ—; itmy, KT

where g, is the number of internal degrees of freedom of ¥ (e.g., spin or color). There is then
only one unknown, ny, the abundance of the WIMP.

Equation 1.1 simply states that the rate of change in the abundance of a WIMP is the
difference between the rates for producing and eliminating WIMP particle, taking into account
the dilution that comes from the Hubble expansion. In thermal equilibrium the number density
tracks the equilibrium number density as in Equation 1.2. The universe cools as it expands.
When the temperature dropped below WIMP mass its number density would be suppressed
by e "« /T In fact if the equilibrium were kept until today, there would be no WIMP left.
Fortunately, the density of WIMP decreases as the universe expands. However, at some
point known as the freeze-out point at the temperature, Ty,, the expansion rate outstrips the
annihilation rate and the Hubble term becomes dominant. At that point, the WIMP dropped out
of equilibrium and its abundance freeze out to a constant value that became the present-day
relic density.

Starting at an early time when all particles were in equilibrium, one can integrate Equa-
tion 1.1 and obtains the number density at t = O (present time). Once we obtained the current
number density, the relic abundance is simply Q, = p,/p., Where current mass density
p, = myny and the critical density of the Universe, p.r = 3H§ /8m. An approximate solution
of the Boltzmann equation provides the current WIMP relic density as [28]:

0.1pb-c

Q. h* ~
* (ov)

(1.3)
Now to get the current WIMP relic abundance of ~ 0.1, we need a cross section of order 1
pb, which is about what one would expect from a weakly interacting particle. This strong link
between the sizeable interactions between WIMP particles and SM states and the idea of thermal
freeze-out is sometimes referred to as the “WIMP miracle". It justifies the excitement for
WIMP searches at the LHC. Figure 1.3 illustrates how the freeze-out relic density changes with
increasing (ov). Particles with larger cross sections freeze out later, and this later freeze-out
carries along with it a lower relic abundance.

At this point, it is important to point out that starting from this point onward and throughout
this thesis, the term “DM” will always refers to WIMP as the candidates unless explicitly
specified otherwise.
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Fig. 1.3 Evolution of a WIMP number density in the early universe. Y is a dimensionless quantities
defined as Y = ny / T3. Y tracks its equilibrium value Y, until x ~ 10, and then levels off to a frozen-out
constant. WIMP with larger annihilation cross section end up with smaller densities. If ¥ continue

to track its equilibrium value without frozen out, there will be no such particles in our universe today.
Figure is taken from Reference [30].

1.3 Experimental searches for dark matter

In general the search for DM can be broadly divided into three classes depending on the
interaction of DM with SM particles, namely direct detection, indirect detection and collider
production. All three of them are related and complementary to each other as can be seen
from the diagrams in Figure 1.4. The direct detection experiments rely on the detection of
signal when DM scatters off an atomic nucleus, while the indirect detection experiments aim
to detect annihilation products of DM. On the other hand, the collider experiments look for
DM production in high energy particles collision through the telltale sign of missing energy
accompanied by a recoiling object. The latter approach has been adopted in this thesis. Below,
we will briefly discuss the detection principle and the current status of each approach.

1.3.1 Direct detection

In DM Standard Halo Model, it is speculated that our Milky Way Galaxy is embedded in
a much larger, roughly spherical halo of DM. Even though the DM are weakly interacting,
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X X X SM SM X
SM SM X SM SM X
(a) Direct detection (b) Indirect searches (c) Collider production

Fig. 1.4 Three types of generic DM search, (a) direct detection, (b) indirect detection and (c) collider
production. They are complementary to each other. The blob at the centre is the mediator that connect
DM to SM particles.

a small but potentially measurable fraction will elastically scatter off nuclei in a terrestrial
detector as they pass through the Earth. The expected interaction rate mainly depends on the
DM mass and the DM-nucleus interaction cross section. In general the interaction cross section
can be decomposed into spin-independent (SI) and spin-dependent (SD) parts, depending
fundamentally on the nature of the couplings in the Lagrangian which describes the DM
interaction with quarks. The contributions to the spin-independent part of the cross section
originates from scalar and vector couplings to quarks, whereas the contribution to the spin-
dependent cross section arises from axial-vector couplings. Typically SD cross sections are
smaller than SI cross sections by a factor approximately equal to the square of the mass of the
nucleus. As a result, the bounds on the latter are considerably better than those on the former.

Experimental signatures for direct DM detection are strong daily asymmetry of the nuclear
recoil direction and small annual modulation of the recoil rate. The expected recoil rates is
typically much smaller than background radiation, ranging from about one event [33] to less
than 1073 events per kilogram detector material per year. With the expected DM masses in
the range of 10 GeV to 10 TeV, the typical nuclear recoil energy is of order between 1 to
100 keV. Thus, to observe a DM-induced nuclear recoil spectrum, a low energy threshold, an
ultra-low background noise and a relatively large target mass are essential. To achieve necessary
sensitivity, usually direct detection experiments are located deep underground to shield against
cosmic ray backgrounds.

A variety of experiments have been employed to search for the tiny nuclear recoil signal
but none of them gave a conclusive confirmation of DM detection. Figure 1.5 illustrate the
exclusion limits on DM scattering cross sections, normalised to scattering on a single nucleon,
for spin independent couplings as functions of DM mass. The current best limit is set by the
Large Underground Xenon dark matter experiment, or LUX [34, 35]. The next generation
experiments such as SuperCDMS-SNOLAB, DARk matter WImp search with Nobel liquids
(DARWIN) [36], Large Underground Xenon-ZonEd Proportional scintillation in LIquid Noble
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Fig. 1.5 DM cross sections (normalised to a single nucleon) for spin-independent coupling versus mass.

Plot taken from [31]. In the orange region on the lower left corner, coherent neutrino scattering becomes
an important background [32].

gases (LUX-ZEPLIN) [37] are expected to push the sensitivity further down and towards lower
DM mass region.

1.3.2 Indirect searches

Indirect searches refers to the observation of annihilation or decay products of WIMPs which
includes neutrinos, gamma rays, positrons and antiprotons. Since the flux of annihilation
products scales with p%, the regions with large DM concentration, such as the core of stars
and the galactic centre are of highest interest. One of the potential signatures for indirect
detection is mono-energeticc photons from DM annihilation in the halo. Furthermore, excess
of antiparticles coming from DM annihilation over the expected antipaticle spectrum also can
provide a possible evidence for the presence of DM. Lastly, higher annihilation rate due to
trapped DM in the Sun core will give rise to excess of high energy neutrinos over the solar
neutrino background.

Several existing observational anomalies have caused some excitement. The previous
Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) mea-
surement of the positron fraction between 1.5 and 100 GeV showed the deviation from the
background models [38]. The recent measurements [39, 40] also show a rise of the positron
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fraction between 10 and 200 GeV. The first result of Alpha Magnetic Spectrometer (AMS) [41]
showed an unexplained excess of high-energy positrons in Earth-bound cosmic rays. The
further measurement of AMS [42] confirms the positron excess. These observations can in
principle be explained through the annihilation of DM particles in space, but not yet sufficiently
conclusive to rule out other explanation. More data at higher energy will be needed to confirm
a DM origin. Another observation from Fermi-Large Area Telescope (FERMI/LAT) showed
an excess of mono-energetic photons with energy of 133 GeV. However, with only a local
significance of 3.30 or a global significance of 1.50, this result is below the significance
required of an unambiguous signal.

1.3.3 Collider production

Another way to search for DM is to produce and detect the signature of DM at particle collider
such as the Tevatron and the LHC. One of the main advantages of collider searches is that they
do not suffer from astrophysical uncertainties. For example, the direct detection rate depends
on the local DM density whose current best estimate suffers from a systematic uncertainty up
to 40% [43]. On the other hand, the indirect detection rates rely critically on the distribution of
DM and on other astrophysical properties such as the galactic magnetic and radiation fields.

Other important strengths of the collider searches compared to the direct detection exper-
iments can best be illustrated in Figure 1.6, which show the effective collider constraints on
the parameter space of DM-nucleon interaction cross section (G?} / sp) and DM mass (my) for
the different operators that couple to SM particles. The most striking feature of the collider
constraints is the fact that they provide a strong bound for DM lighter than a few GeV (colliders
are able to copiously produce the light DM provided that the production cross section is not
very small). This is highly contrast to direct detection constraints which have limited sensitivity
to light DM due to their low energy threshold requirement (E,.coi; ~ ¢ (10 keV)). Furthermore
if the DM primarily couples to gluons (labeled as D11 in Figure 1.6a), the constraints from
colliders become especially strong comparing to any SI search. In addition, unlike the case for
direct detection, collider results are insensitive to the the spin content of nucleus (or Lorentz
structure of the interaction). This allows the collider searches to have complementary coverage
at intermediate masses, as evidenced in Figure 1.6.

Due to their extremely weak interaction with SM particles, DM will essentially pass through
the detector undetected, just like neutrinos. The resulting signature, the missing transverse
energy E%‘iss can be used to infer the presence of DM. One approach is to search for the E%‘iss
together with multi-parton or multi-lepton final states from a cascade decays of heavier states.
Such method is often used in the search for the lightest supersymmetry particles. An alternative
approach is to look for pair-produced DM with one recoiling object as trigger for the event.
Such event is dubbed mono-object or mono-X event. These searches are characterised by a
common strategy that require high E‘TniSS and a high quality recoiling object in final state to
constitute a clean and distinctive signature. The recoiling object can be a hadronic jet [45] or
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Fig. 1.6 Experimental limits comparison (as of 2011) for (a) SD DM direct detection from CRESST,
CDMS, Xenon 10, CoGeNT, Xenon 100 and SCDMS and (b) SI DM direct detection from Picasso,
DMTPC, KIMS and Xenon 10. Also shown are the collider constraints from Tevatron and the LHC.
Solid lines represent the current result for each experiment while dash lines show the future reach
estimates. Plots are taken from Reference [44]. For a complete list of operators coupling DM to SM
particles considered in these plots, see Reference [44].

heavy-flavor jet [46], a single photon [47], or a W or Z boson [48—50], mostly stemming from
initial state radiation (ISR). So far, there is no evidence for DM from all these LHC searches.
Most of them are limited by statistics and therefore promise gains in sensitivity with increased
luminosity.

1.4 Analysis statement and motivation

The discovery of Higgs boson in 2012 has opened up new possibilities in searches for new
physics. If DM is indeed associated with the scale of electroweak symmetry breaking, Higgs-
related signatures in the LHC are a natural place to search for it. This thesis described a search
for DM pair production in association with a Higgs boson, A ¥, which is dubbed “mono-Higgs"
search.

At ATLAS, the mono-Higgs search using Higgs to two photons decay channel has been
performed [51]. The result is consistent with the SM expectation. We believe that the mono-
Higgs channel involves a b-quark pair in the final state is more promising. This is because the
Higgs— bb decay channel gives the best statistics for the signal since it has the largest branching
ratio for a Higgs boson with mass my, = 125 GeV, Br(Higgs— bb) ~ 0.577. Nonetheless, since
it has more backgrounds to deal with compared to the two photon channel, a good background
rejection is of crucial importance. To achieve this, we capitalise on the event topology where
the Higgs boson is produced with sufficiently high transverse momentum that the two b-jets
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from its decay are very collimated. We can then draw from a number of newly developed novel
techniques to effectively identify such Higgs bosons with high transverse momentum.

On the issue of what theoretical framework should be used to model the the production of
mono-Higgs event at the LHC, our ignorance of the particle physics nature of DM compels
us to take the model independent approach. We want to make as few assumptions as possible.
This can be achieved via the effective field theory framework. This approach is desirable from
the practical perspective as only a minimal number of new parameters are introduced.

1.5 Effective field theory framework

In the effective field theory (EFT) framework, DM is assumed to be the only accessible new
degree of freedom. The coupling of DM to SM particles is parameterised with a set of non-
renormalizable (effective) higher-dimensional operators that are generated after integrating out
the heavy mediator. The process of integrating out the heavy mediator can be viewed in terms
of the expansion of the heavy particle propagator which result in a set of effective Lagrangian
with the form of:

f(d)
Losr =L+ Y, 7304 (1.4)

d>4

where Zs)y is the SM Lagrangian, f () is a dimensionless coefficient, A = M is the suppression
scale and & are operators or interaction terms of mass dimension d that describes contact
interactions between SM particles and particles of the extension. The effects of the heavy
field in the processes at low momentum transfer, Q2. < A2 ~ A? are encoded by a series of
interaction terms which scale as (Q;,/A)?~*. We see that the interaction terms will give smaller
contribution to the result when d is larger. The suppression scale A gives us an estimate of
the importance of the interaction terms. It sets the maximum energy at which the operator
expansion in the EFT can be trusted. In other words, as the suppression scale is approached the
observables computed within the EFT framework become less accurate as an approximation
of the true observables in the unknown UV theory. Generally speaking, the condition of the
validity of an EFT approach is that the momentum transfer in the relevant process one wants to
describe must be less than the suppression scale:

Oir SA (1.5)

1.6 Effective operators and LHC observables

Our current goal is to consider the production of Higgs boson at the LHC in association with
a pair of DM particles. We need to write down a set of effective operators (i.e expanding the
second term in Equation 1.4) that can possibly generate this experimental signature. We focus
on operators that give rise to a coupling of DM to h, Z, v or new mediator particles such as
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a Z' or scalar singlet S, allowing the production of DM through the process as illustrated in
Figure 1.7. Throughout this thesis, we label the DM field as . Before moving further, it is
best to lay out the grounding assumptions we used in constructing such model that may lead to
mono-Higgs signals at the LHC.

q,9 // h
————— X
h7 27’77

_ Z'S. ...

q,9 5, X

Fig. 1.7 Diagram illustrating an effective interaction (gray circle) that couples x to the Higgs boson
and gives rise to a mono-Higgs signature in a collider experiment. This process can be mediated by
electroweak bosons (%, Z, v) or new mediator particles such as a Z’ or scalar singlet, S.

We assume that the interactions between SM hadrons and the particles that constitute
cosmological DM exist. In order to describe the interaction between ) and the SM particles in
terms of EFT framework, we also assume that J is the only new degree of freedom beyond the
SM. One may argue that the DM sector may be more complex than a single particle given that
it constitutes five times as much as the normal matter. But one must not forget that quite often
in the discoveries of SM particles there is only one mediator or search channel that might play
the dominant role. Any new particle species in addition to y shall have a mass much larger
than y.

Next, we also assume that x is a gauge singlet under SU(3)c x SU(2), x U(1)y. If x
is a gauge singlet, then the gauge invariance implies the operator must also include other
electroweak doublets. As obvious as it is, we assume that ¥ does not interact with the detector
and is stable on collider timescales. Stability of this gauge singlet is guaranteed if a continuous
or discrete symmetry exists under which these gauge singlets are the lightest particles. In
all cases we consider below, we limit our discussion to scalar and fermion DM. Keeping
these assumptions in mind, we can now examine dimension by dimension the possible mono-
Higgs operators. A more thorough discussion of all the following operators can be found in
Reference [52].

Dimension-4 and dimension-5 operators (Higgs portal)
The absolute minimal modification of the SM (under our assumptions) consists of the
addition of a singlet scalar DM to those of the SM, using only renormalisable interactions.
This singlet scalar can interact with the SM sector through the triple and quartic scalar
interactions such as |H|?x and |[H|>y%. We focus on the latter. Or more formally, for
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scalar DM we have a renormalisable interaction at dimension-4:
Ly=AMHx? (1.6)

where J is a real scalar DM and A is the coupling of the scalar DM to the Higgs boson.
H represents the Higgs doublet field. Recall from the considerations that in the unitary
gauge there is only one physical Higgs after spontaneous symmetry breaking, H can be
conveniently written in the form:

He s ( +(2<x>) (47

where £ is the physical Higgs field and v ~ 246 GeV is the Higgs vacuum expectation
value.

By replacing the gauge singlet scalar with a gauge singlet Dirac fermion, the lowest
dimensional operator we may obtain is five. The singlet fermion interacts with the SM
sector only through non-renormalisable interactions among which the leading interaction
terms are given by the dimension five terms suppressed by a new physics scale, A. These
dimension-5 operators can be written as

D PPN I
L5 = AIH| xx+A|H! 2ivsX (1.8)

The interaction described by the first term in Equation 1.8 is essentially ruled out by
the XENON100 experiment [53]. Hence, for our study, the dimension-5 operator we
consider is the second term of Equation 1.8.

The operators in both Equation 1.6 and Equation 1.8 are usually grouped as the
“Higgs-portal” type operators. These operators describe direct couplings between DM
particles and the Higgs boson. More detailed studies can be found in References [54—60].
Mono-Higgs signal can arise via pp — h* — h)x through these operators. Depending
on the DM mass, the interactions are different. If DM is light enough, m, < my, /2, then
these interactions lead to invisible Higgs boson decays. The partial widths calculated
at tree level for scalar and fermionic DM can be obtained independently in analytic
form [59]:

szz 4m)26
I(h—xx)= Samm 1— m_% scalar y (1.92)
32
_ vzmh 4m725 .
C(h— xx) = A2 1— m_% fermion x (1.9b)
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The requirement that the invisible decay width of the Higgs to satisfy %, < 38%
obtained in Reference [61] sets a upper (lower) bound on the couplings A < 0.016
(A 2 10 TeV) for scalar (fermion) DM. Since the couplings are strongly suppressed, the
leading mono-Higgs signal is from di-Higgs production where one of the Higgs bosons
decay invisibly. On the other hand, for DM with the mass, m, > m;,/2 the DM-Higgs
couplings can be much larger as the invisible Higgs boson decay is kinematically blocked.

Dimension-6 operators
Next, at dimension-6 there are several operators that give rise to mono-Higgs signals
through an effective 4-Z-DM coupling. For scalar DM, we have

I .= }
L = p;ﬂza“ xH'iD,H (1.10)
while for fermionic DM we have
1 _ . 1 _ }
L = pxy”xHTzDuH—l—Exy”%xHTzDﬂH (1.11)

where we define a covariant derivative Dy, = —id* — (g/2)c“Wy — (g'/2)By. Note that
the Z coupling term arises in the unitary gauge from the covariant derivative. Using
Equation 1.7 and by taking 2myz = v+/g? + g’?, we can rewrite Equation 1.11 as [62]:

S ="Zhz, 77" % + hZuxy“m

AZ
+ 2 17, um“x+ 2 Wz av s x (1.12)

2 A2
Zum’“x + 2

2A2

+2 Zum"m

2A? 2A?

where Z,, = (g2 +¢'>)~"/ 2(gW3 g'By). Each line of Equation 1.12 involves various
interactions of DM with different particle species. The mono-Higgs signature comes
from the terms in the first line of Equation 1.12. The second line leads to a final state with
two Higgs bosons plus DM pairs or a Z boson, a Higgs boson plus DM pairs. Lastly the
third line gives an effective coupling of Z boson to the DM. These dimension-6 operators
generate mono-Higgs signals via the process gqg — Z* — h) .

For light enough DM, m,, < mz/2, invisible Z boson decay are kinematically open.
The bound from invisible Z boson decay can become very constraining. The partial
invisible Z width for scalar DM can be obtained analytically as

g% v4 my 4m%
7687cd, A m?2

NZ—xx) = scalar (1.13)
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while the partial invisible Z width for fermion DM is four times larger [52]. If these
invisible decays are kinematically open, it is required that A = 400 GeV (550 GeV) for
scalar (fermion) DM due to constraints on the Ay, [31]. For our study, the dimension-6
operator we consider is that of Equation 1.10.

Dimension-7 operators
At dimension 7, there are several operators that involve Higgs doublets and their deriva-
tives. Since they are just higher-order 1/A corrections to the Higgs portal type operators
discussed above, we therefore do not consider them in our studies.

Dimension-8 operators
Finally at dimension-8, many operators can be generated by combining a DM factor and
additional SM fields or their duals. Examples of SM field strength tensor include B*Y
and W,,, which are the SM U(1)y_and SU(2), field strength tensor respectively. For
scalar DM the factors can be iy id* y or xTidt y whereas for fermion DM, the factor
can be either )y y* x or the axial current ¥ v*y5x. We therefore restrict our attention to
just one such operator:

1 ,

This operator generates the mono-Higgs signal via the process gg — Z* /y* — hy x. It has
several advantages. First, this operator is not constrained by invisible decays. Secondly,
since it involves derivative coupling!, i.e dyZ,0"h, the EMSSspectrum is harder and
thus gives the best kinematic acceptance efficiency in comparison to the other operators.
Third, this operator is weakly constrained by the direct detection since the direct detection
signals, arising at one-loop order, are expected to be strongly suppressed.

Essential information of the operators that we are considering in this studies are summarised
in Table 1.1. For each operator we have assigned a short name, of which these operators will
be referred to throughout this thesis.

Table 1.1 The Lagrangian and free parameters for all operators under consideration. The MadGraph
parameters and other information are tabulated as well for reference (v is the vacuum expectation value
of the Higgs). The short naming convention is used to refer to the operators throughout the text.

Short Name Lagrangian Dim. Parameters Madgraph Parameters S, DM type

xxhh AMH|?xx 4 A gom=v-A 0  scalar

xxhhg5 LIH7ivsx 5 A gom =% 1/2  fermion
<~

xdxhDh Lxfiok xHTiDyH 6 A Yy = ? 0  scalar

xgxFhDh S xy*xBuH'D'H 8 A Yy = ar 1/2  fermion

!from Feynman rules, any dy in the interaction Lagrangian introduces factor of momenta for the corresponding
vertex in the momentum space.
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1.7 Valid Parameter Space

The valid parameter spaces of the EFT operators considered here are summarised in Table 1.2.
Perturbativity constraints require that the couplings of the operators be less than 47 [63] (albeit
relies on a somewhat arbitrary definition of “non-perturbativity”, there could be more stringent
constraints). For the xxhh operator, the unitless coupling is simply A, while for the xxhhg5
operator, it is v/A. In the xdxhDh operator, after spontaneous symmetry breaking, an effective
coupling between DM and the Z boson, gz .., can be constrained as discussed in Reference [52].
For the xgxFhDh operator, it is more difficult to define a coupling with concrete perturbativity
constraints. Instead, truncation methods [63] can be used to constrain the xgxFhDh operator.
This method is discussed in more details in Section 8.3.1.

In addition to perturbativity constraints, operators which predict the Higgs/Z boson decaying
to DM are constrained by the %y, limits on the Higgs/Z boson when m,, < my, z/2.

Table 1.2 The valid parameter spaces for the EFT operators.

Name Perturbativity Requirement %, Requirement

xxhh A<d4rm my <5 — A $0.016
xxhhg5  A> % my <5 — A2 10 TeV
xdxhDh gz, <47 (A 2 30 GeV) my < 3 — A 2 400 GeV
xgxFhDh Use Truncation N/A

1.8 Analysis overview

In this analysis, we are looking for the process pp — hy ¥ — bby X . The energetic DM particles
produced by the collider will escape detection because they cannot deposit any measurable
amount of energy in a calorimeter, but could be registered by means of large transverse
momentum or energy imbalance (see Section 4.10). This large missing transverse energy
can serve as a unique signature to trigger the event. One can observe the missing transverse
energy generated by the escaped DM pairs only if the DM pair is accompanied by a detectable
Higgs boson, produced almost back-to-back with the EITniSS. Such event topology is illustrated
in Figure 1.8 To reconstruct the Higgs boson, we search for events that contain a jet with
reconstructed mass consistent with the Higgs boson mass. Furthermore, the Higgs candidate
should have two associated b-tagged jets (see Section 4.9). Since no lepton is expected in the
final state, any event with a lepton is vetoed.

As we shall see in Section 5.2, the EFT mono-H signal in general have a broad E?iss
distribution, extending up to a very high E%liss value. The pr of the recoiling Higgs boson
exhibits similar trend. Thus, in order to ensure high signal acceptance, unlike similar mono-
Higgs searches [51, 64], this analysis focus on high momentum regime where the Higgs boson
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b-tagged
track jet

=0.3

A¢

Fig. 1.8 Schematic diagrams depicting the signal event topology.

is highly boosted. At very high boost, the hadronic showers from Higgs decays can become so
close such that the ability to resolve the individual hadronic decay products by using standard
jet reconstruction algorithms with small jet radii begins to degrade. Furthermore, under such
dense environment the performance of the b-tagging algorithm will also suffers. Under such
adverse circumstance, in order to recover or even enhance the signal selection efficiency and
background rejection power, we employed novel boosted object reconstruction techniques
(Section 4.7) and high-pt b-tagging algorithm (Section 4.9).

Figure 1.9-Figure 1.13 shows the typical Feynman diagrams of the backgrounds which can
mimic the E%‘iss + bb final state. These backgrounds include:

* QCD multi-jet production may have missing transverse energy if one or more of the
jets are mis-measured by the calorimeter although there is no E%’iss in principle. QCD
multi-jet events with large E%‘iss (i.e. > 300 GeV) do not occur very often due to the fact
that substantial fluctuations in calorimeter jet energy measurements are rare.

b

b 2

Fig. 1.9 Typical Feynman diagrams for the QCD multi-jet induced E™** + bb background.
Diagrams with external quark lines instead of gluons are not shown.

* Z(— £0)+jets and single top backgrounds may contaminate the SR when one or more
leptons from the vector boson decay are not identified. However, due to the high
identification efficiency of electrons and muons, these two backgrounds are expected to
be negligible.
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(b)
Fig. 1.10 Representative Feynman diagrams for (a) Z(— ¢¢)-+jetsand (b) single top s-channel and
t-channel processes, with leptonic W boson decays.

* Diboson and SM VH backgrounds may contaminate the SR when one or more leptons
from vector boson decay are not identified. In addition, the Z boson in these backgrounds
may also decays invisibly. This makes it harder to remove completely the diboson and

SM VH backgrounds.

Z:F/I/g

(b)
Fig. 1.11 Representative Feynman diagrams for (a) diboson and (b) SM VH productions.

* The t7 and W (— ¢v)+jets production can mimic the E%‘iss + bb signal when the lepton
from W boson decay is not detected.

Fig. 1.12 Representative Feynman diagrams for (a) W(— ¢v)+jets and (b) ¢ background pro-
cesses, which has a small contribution to the E%liss + bb final state.
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» The Z(— vVv)-+jets events are the dominant background in this analysis. It has exactly
the same final state as the targeted signature of E%liss + bb, making it impossible to
entirely eliminate its contribution from the total event count. Thus, accurate estimation
of this background is crucial.

Fig. 1.13 Feynman diagram for the dominant Z(— vv)+jets backgrounds.

Event selection proceeds via a robust cut-based method which has the advantage of being
readily grasped and easily described. To avoid any subtle biases stemming from the analyser
preconceptions, we perform a blind analysis by masking the data in the signal region. Selection
criteria are determined and optimised by using only the simulated events without looking at the
data in the signal region. After applying the complete event selection, the DM signal (if exist)
is expected to manifest as an anomalous excess in the E%ﬁss spectrum.

1.9 Thesis overview

The remainder of our work is outlined as follows. Section 2 provides the description of the
experimental setup at the Large Hadron Collider and the ATLAS experiment. It is followed by
Section 3 in which signal and background Monte Carlo processes as well as the dataset used in
this analysis are discussed. Section 4 defines the different physics objects under investigation.
In this section, the details of each object reconstruction are discussed together with the imposed
selection criteria. The exact event selection and optimisation is the topic of Section 5. Section 6
then bring the focus to the background estimation methods, followed by Section 7 in which the
systematic uncertainties associated with both simulated background and signal processes are
evaluated. The results of the search and the statistical interpretation are presented in Section 8.
Section 9 then demonstrate possible improvement that can be done and the outlook of for future
mono-Higgs search. Lastly, the thesis is concluded in Section 10.

21






Chapter 2

The Large Hadron Collider and The
ATLAS Experiment

About one hundred meters beneath the border between France and Switzerland, there is a
circular particle accelerator that might reveal to us the secrets of the universe by colliding
protons or heavy ions at a velocity approaching the speed of light. Along the circumference of
the LHC there are four major detectors, each conducting different or sometimes overlapping
experiments that aim to uncover important new information about how our universe works.
One of them is known as A Toroidal LHC ApparatuS (ATLAS) experiment on which the work
of this thesis is based.

This chapter will attempt to give a brief introduction to the LHC as well as the ATLAS
detector. The first section of this chapter will give an overview of the LHC. Section 2.2 and its
subsections are devoted for the discussion of the ATLAS detector as a whole and its sub-detector
systems. In Section 2.6 we will see how the trigger and the data acquisition system work. The
principal references on the design of the LHC main ring, the infrastructure and the injector
chain are [65—69]. On the other hand, more comprehensive information on the design and the
performance of ATLAS detector can be found in References [70-75].

2.1 The Large Hadron Collider (LHC)

LHC lies in a tunnel 26.7 kilometres in circumference that was originally built for Large
Electron Positron (LEP) collider. One of the main goals of the LHC is to allow physicists
to reveal the physics beyond the SM by producing yet to be discovered rare events through
proton-proton (p — p) collisions. In order to produce these rare events (whose probability
varies with collision energy, among others) in the first place, high beam energy is required. To
produce enough of them requires high luminosity. Therefore the LHC is designed to collide
proton beams with a centre-of-mass energy of 14 TeV and an unprecedented luminosity of
103*em =251,
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The existing accelerator complexes at CERN, including the LHC is illustrated in Figure 2.1.
Before being injected into the LHC, proton beams will pass through a succession of machines
which bring the beam to increasingly higher energies. These steps are shown on the left of
Figure 2.1. The protons begin their journey in the LINear ACcelerator (LINAC) 2 with 50 MeV
of energy. They are then injected into Proton Synchrotron Booster (PSB) which takes over
to accelerate the protons to an energy of 1.4 GeV before being fed to the PS where they are
accelerated to 25 GeV. Finally, having accumulated an energy of 450 GeV in the Super Proton
Synchrotron (SPS), the protons are then injected into the LHC, where they acquire nominal
energy of 7 TeV.

1) LINAC 2 LHC .
(50 MeV) Nojn Avea

LHCDb

\
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(1 4 GeV) 110 ATLAS CNOS
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I
e & % R
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(450 GeV) o 1 T “
v < e
LHC
B (7 TeV) » ion b neutrons b p(antiproton]  —-H— /andprotoniconversion  spsneliings; b Glectron

LHC Large Hadron Collider SPS  Super Proton Synchrotron  PS  Proton Synchrotron

AD Antiproton Decelerator T T CNGS Cern Neutrinos to Gran Sasso )
LEIR LowEnergylonRing LINAC LINear ACcelerator n-ToF Neutrons Time Of Flig

Fig. 2.1 CERN accelerator complexes and experiments. On the left is a schematic representation of
the different steps necessary to inject protons into the LHC ring. For each succession of machines,
the beam’s energy is increased by many fold. Figure adapted from CERN-DI-0606052 [76] ©CERN
Geneva.

Unlike particle-antiparticle colliders (e.g Tevatron) that can have both circulating beams
sharing the common magnet structure and vacuum chamber, being a particle-particle collider
LHC’s counter-rotating beams need opposite magnetic fields. However, due to limited space in
the tunnel and partly as a cost saving measure, the LHC adopted the twin-bore magnet design
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2.1 The Large Hadron Collider (LHC)

Table 2.1 An overview of performance-related parameters during LHC operations in 2012. In comparison,
the design values are also shown. [77]

Parameters Value in 2012 | Design value
Beam energy [TeV] 4 7

B* at interaction point 1 (ATLAS) 0.6 0.55
Bunch spacing [ns] 50 25
Number of bunches 1374 2808
Average bunch intensity [protons per bunch] 1.6—1.7x 10" | 1.15x 10
Normalised emittance at start of fill [mm.mrad] 2.5 3.75
Peak luminosity [em 25~ 7.7 x 1033 1 x 103

which consist of two sets of coils and beam channels within the same mechanical structure and
cryostat.

The maximum beam energy (momentum) attainable depends on the bending radius of the
magnet and the strength of the dipole magnetic field that keeps particles in their orbits. The
bending radius of the LHC main dipoles at 1.9K is 2803.98 m. The maximum beam energy that
can be reached in the LHC is therefore limited by the peak dipole magnet field in the storage
ring that bends the trajectory of the protons. A nominal operating dipole magnetic field of 8.33
T thus gives a maximum 7 TeV proton beam. To keep the protons on their circular path and in
focus, the LHC is fitted out with 1232 main dipole bending magnets and 392 main quadrupole
focusing magnets that are immersed in a bath of superfluid helium at 1.9 K. Driven by the
requirements for a long beam life time and to minimise the backgrounds to the experiments,
beam vacuum system must maintained a stringent vacuum as low as 109 H,m ™3 (equivalent
hydrogen gas densities at cryogenic temperature).

For physicists, besides the beam energy, the other most important parameter is the number
of interesting events per second that can be generated in LHC collisions. It depends on the
machine luminosity [68]:

_ N}%nbfrev'yrF

4dme, B*
where N, is the number of particles in each bunch, n;, is the number of bunches per beam, 7; is
the relativistic gamma factor, f,., is the number of revolution per second, &, is the normalised

2.1)

transverse beam emittance (a measure of the spread of the beam in transverse phase space),
B* is the beta or amplitude function at the interaction point, and F is the geometric luminosity
reduction factor due to the crossing angle at the interaction point. This relation assumes round
beams and equal values of the beta function for both beams in both planes. The corresponding
operating value (in 2012) and design value for these parameters are listed in Table 2.1.

At the LHC, each proton beam at full intensity will consist of 2808 bunches per beam with
a nominal bunch spacing of ~ 7.5m or 25 ns. Each bunch will contain 1.15 x 10!! protons
per bunch at the start of nominal fill. At near light-speed, a proton in the LHC will make 11
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Fig. 2.2 Cumulative luminosity versus time delivered to (green), recorded by ATLAS (yellow), and
certified to be good quality data (blue) during stable beams and for p — p collisions at 8 TeV centre-of-
mass energy in 2012. Plot taken from [78].

245 revolution per second. With this huge number of particles, what is left for LHC to do in
order to achieve a peak design luminosity of 103*cm 257! is to squeeze those particles into
the smallest amount of space around the interaction region. This can be done by making the
emittance and beta function as small as possible.

The LHC is first started up with first beams circulated successfully on 10 September 2008.
Unfortunately a magnet quench incident seriously delayed the commissioning of the machine.
The LHC beam did not see beam again before November 2009. On 30th March 2010 first
collisions at a centre of mass energy of 7 TeV took place. Then the rest of year 2010 mainly
devoted to commissioning. 2011 marked the first production year with integrated luminosity of
more than 5 fb~!delivered by the LHC. In 2012, the beam energy was increased to 4 TeV per
beam at a 50 ns bunch spacing with around 1380 bunches. At the end of 2012 p — p collision
run, the LHC managed to delivered a total integrated luminosity of 22.8 fb—!. In total, ATLAS
recorded 21.3 fb~!where 20.3 fb~!of data is certified to be good quality data. This is the
dataset which this analysis is based on. Cumulative integrated luminosity versus day in 2012
are plotted in Figure 2.2.

The high instantaneous luminosity of the LHC leads to the overlap of several p — p in-
teractions in a single collision event. Depending on the length of the read-out window of a
sub-detector, signals from neighbouring bunch crossings can also be present simultaneously
when the detector is reading out. This kind of additional proton-proton collisions is called
“pile-up” events. The impact of interactions from the previous or next bunches is referred to
as out-of-time pile-up, whereas in-time pile-up results from the presence of multiple p — p
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interactions in the same bunch crossing. A common measure for the amount of pile-up in a
collision event is the number of interactions per bunch crossing, u. It is calculated as

o Lpunch X Oinel

frev

where Ly, 1s the per bunch instantaneous luminosity, 0j,,; is the inelastic cross section which
is taken to be 73 mb and f., is the LHC revolution frequency. The number of p — p inelastic
interactions per bunch crossing follows a Poisson distribution with mean value < u >. This
value changes during data-taking as a function of time. It decreases with decreasing beam
intensity and increasing emittance. The highest value is at the start of the stable beam period of
the fill. The < u > was found to be around 20 in 2012, as shown in Figure 2.3.

(2.2)
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Fig. 2.3 The luminosity-weighted distribution of the mean number of interactions per crossing for 2012

full p — p collisions dataset. The average number of interactions per crossing corresponds to the mean of
the poisson distribution of the number of interactions per crossing for each bunch. Plot taken from [78].

2.2 The ATLAS detector

The ATLAS experiment is one of the two general purpose experiments located at the LHC. The
ATLAS detector is forward-backward symmetric with respect to the interaction point (IP). It
is a hermetic detector designed to cover as large as possible the area around the interaction
point (IP). ATLAS incorporates multiple types of sub-detectors. It has a cylindrical shape with
concentric layers stacked onto each other. Each of the layers detects different properties of
particles. When particles from the p — p collisions are produced in the centre of ATLAS, they
move through the detector and are detected by its successive layers.
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Closest to the IP is the Inner Detector (ID). It measures the trajectories of charged particles.
Surrounding the ID is the calorimeter systems which are designed to measure the energy of
electrons, photons, and hadrons. Most particles except muons and neutrinos are stopped by
the calorimeter system. The Muon Spectrometer (MS) surrounds the calorimeters. The MS
is designed to measure the trajectories of highly penetrating muons leaving the calorimeters.
These sub-detectors are arranged around a unique magnet system that bends charged particles
in the ID and the MS, allowing their momenta to be measured. Each of this sub detector system
will be discussed in more detail in the following subsections.

Figure 2.4 shows the overall layout of the ATLAS detector. Its main performance goals are
listed in Table 2.2.

Tile calorimeters

\ : : LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Fig. 2.4 Overview of the ATLAS detector [CERN-GE-0803012 ©CERN Geneva].

2.3 Inner detector

The main function of the ID [79, 80] is to reconstruct tracks and vertices as well as to measure
the momentum of charged particles. It also provides particle identification. A solenoidal
magnetic field of 2 T, parallel with the beam line, surround the ID. The ID comprise of
three independent but complementary sub-detectors, namely the pixel detector [81], the semi-
conductor tracker (SCT) [82] and the transition radiation tracker (TRT) [83]. The ID layout is
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2.3 Inner detector

Table 2.2 Designed momentum and energy resolution and pseudorapidity coverage of the ATLAS

detector.

Detector component

Required resolution [GeV]

1M coverage

for measurement for trigger
Inner detector % =0.05%pTr® 1% +2.5 -
EM calorimetry E = % ®0.7% +3.2 +2.5
Hadronic calorimetry (jets) :
ebarrel and end-cap E=2203% +£3.2 +£3.2
eforward %:%”0@10% 3.1<|n|<49 |31<|n| <49
Muon spectrometer %L — 10% at pr= 1000 +2.7 +2.4

PT

shown in Figure 2.5 and Figure 2.6. The expected performance of each component, which is
required even at the highest luminosities expected from LHC collisions, is listed in Table 9.1b.

' End-cap semiconductor tracker

T nupannn
11 pangand

Fig. 2.5 Cut-away view of the ATLAS inner detector. [CERN-GE-0803013 ©CERN Geneva].

The innermost part of the ID, immediately outside the LHC beam pipe, is the pixel detector.
It provides the highest granularity with the minimum pixel size on a sensor is 50 x 400 um?. All
of the 1744 pixel sensors have approximately 80 million readout channels and are distributed
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Fig. 2.6 Plan view of a quarter-section of the ATLAS inner detector showing each of the pixel, SCT and
TRT elements and their coverage. Figure taken from Reference [70].

in three cylindrical layers and three disk layers on each side. It is designed to provide uniform
coverage within the pseudorapidity! range |n| < 2.5. The intrinsic position resolution of
individual pixel detector module in r-¢ (z) direction is expected to be around 10 pum (115 um).
The intense radiation environment of the LHC, especially at small radii, mandates all pixel
detectors elements to have a high radiation hardness requirement. Hence they are designed to
withstand a lifetime dose of 500 kGy or a total particle fluence (normalized to the equivalent of
the damage of 1 MeV neutrons per non-ionising energy loss) of about 10'° neqcm’z.

Similar to the pixel detector, the SCT detectors use semiconductor sensor to provide
precision space-point coordinates. The SCT system consists of four barrel layers and two

end-caps each of nine disks. In total there are 8448 barrel and 7104 end-cap microstrip sensors,

'The ATLAS coordinate system is a right-handed system with the x-axis pointing to the center of the LHC ring
and the y-axis pointing upwards. The polar angle is measured with respect to the LHC beam-line. The azimuthal
angle is measured with respect to the x-axis. The rapidity is defined as y = 0.5 x In[(E + p;) = (E — p;)], where
E denotes the energy and p; is the component of the momentum along the beam direction. The pseudorapidity is
an approximation for rapidity y in the high energy limit, and it is related to the polar angle, 6 as ) = —ln(tan%).
Transverse momentum and energy are defined as pt = p X sin0 and Er = E X sin0, respectively.
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giving approximately 6.3 million readout channels. The sensor is 285 pm thick. For the barrel
layers, each microstrip sensor has 768 readout strips at a constant pitch of 80 pum. They are
assemble pairwise, glued back-to-back with a relative rotation of 40 mrad with respect to each
other, with one set of strips in each layer parallel to the beam direction. For the end-cap layers,
the pair of microstrip sensors are arranged such that a set of strips running radially and the
other at an angle of 40 mrad. Because of the wedge-shaped geometry of these end-cap sensor,
the pitch is not constant but the mean is still approximately 80 tm. Similar to the pixel detector,
the SCT provides coverage within the pseudorapidity range |1| < 2.5. The intrinsic position
resolution of the microstrip sensor is around 17 pum in R¢ and 580 um in z. All the SCT sensors
components are designed to be able to operate up to ~ 2 x 104 neqcm_2

Finally, the TRT with 73 barrel layers and 160 end-cap layers constitutes the outermost part
of the ID. The detecting elements are made out of 4 mm inner diameter thin-walled proportional
drift tubes with 30 um diameter gold-plated tungsten wire. The barrel parts contain 52 544
straws 144 cm in length oriented parallel to the beam while two end-caps has 122 880 straws
37 cm in length oriented perpendicular to the beam axis. Each straw is filled with gas mixture
Xe(70%) + CO»(27%) + 02(3%) that was chosen to provide advantages such as efficient
transition radiation absorption, high electron drift velocities and a wide operating plateau,
among others. The TRT provide in average 35-40 space points on a track for pseudorapidity
rage |n| < 2.0. The intrinsic drift-time accuracy of TRT is around 130 pm per straw.

2.4 Calorimeters

The ATLAS calorimeters consist of an inner electromagnetic (EM) calorimeter and an outer
hadronic (HAD) calorimeter. Both of the calorimeters are classified as sampling calorimeters
that consist of alternating dense absorber material (e.g. lead, copper or iron) to induce either
EM or hadronic showers and active material (e.g. liquid argon or scintillating tiles) to sample
the output signal by the particle shower, which is proportional to the incident particle’s energy.
When a particle travel through the calorimeter only some fraction of the shower energy is
sampled by the active material. The full energy of the original particle is reconstructed offline
through layer weighting technique. To achieve excellent missing energy determination, the
ATLAS calorimeters have an almost 47 acceptance. An overview of the ATLAS calorimeters
is illustrated in Figure 2.7.

The ATLAS EM calorimeter is a liquid argon (LAr) sampling detector with lead absorbers.
Between the absorbers are the readout electrodes which consist of three conductive copper
layers separated by insulating polyimide sheets. The calorimeter is divided into a barrel part and
two end-caps at each side. The barrel calorimeter cover the pseudorapidity range |n| < 1.475,
with a total thickness of varying from 22 to 33 radiation length, Xy. On the other hand, the
end-cap parts cover the region 1.375 < |n| < 3.2 with active depth ranging from 24 to 38
Xo. Both the barrel and the end-cap EM calorimeter have accordion shaped absorbers and
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Fig. 2.7 Overview of the ATLAS calorimetry. Near the beam-pipe the tracker is visible, surrounding
it is the EM calorimeter and beyond the hadronic calorimeter. Both barrel and end-caps elements are
displayed. [CERN-GE-0803015 © CERN Geneva].

electrodes. Such a geometry was chosen because it provides a full coverage in ¢ without any
cracks. These calorimeter parts are further divided into several active layers in depth. For
region 0 < |n| < 2.5 there are three longitudinal segments while for region 2.5 < |n| < 3.2
there are two. The sketch of the barrel module with three longitudinal segments and with
different 1 — ¢ granularities is shown in Figure 2.8. The first layer is finely segmented with
strips along 1 to allow accurate position measurement. The second layer collects the largest
fraction of energy of the electromagnetic shower. Together, the first and the second layer enable
the measurement of the electromagnetic shower in 1 direction. The third layer collects only
the tail of the electromagnetic shower. It is therefore less segmented in 17. The active depth of
the three samplings are 4.3 X, 16 Xy, and 2 X respectively, at 7 = 0. In the region 1| < 1.8,
the EM calorimeter is preceded by a pre-sampler (a separate thin instrumented LAr layer)
to correct for the energy lost in the upstream material (inner detector, supporting structure,
cryostat, superconducting coil etc.). Finally in the forward region (3.1 < |n| < 4.9), the LAr
EM calorimeter has longitudinal samplings with copper rods and matrix.

Surrounding the EM calorimeter and in the region 0 < |n| < 1.6, the hadronic calorimeter
consists of scintillator tiles as the active medium and steel as the passive absorber medium.
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Fig. 2.8 Schematic view of a section of the EM barrel detector, displaying the granularity of the three
sampling and the accordion structure. Figure taken from Reference [84]

The tile calorimeter is approximately 7.4 interaction length (A1) thick and the scintillator tiles
are oriented radially and normal to the beam line. It is composed of one central barrel and
two extended barrels. Both sides of the scintillator tile are read by wavelength-shifting fibres
into two separate photomultiplier tubes. The readout cells are projective (pointing) in ¢ and
only pseudo-projective (semi-pointing) in 1. For region 1.5 < |n| < 3.2, the hadronic end-cap
calorimeter (HEC) is an LAr sampling calorimeter with copper as the absorber medium. The
parallel copper plate is orthogonal to the beam axis. The HEC consists of two consecutive
wheels with absorber thickness of 25 and 50 mm respectively. Finally the hadronic calorimeter is
extended to 3.1 < |n| < 4.9 by hadronic forward calorimeter. This hadronic forward calorimeter
has longitudinal samplings with tungsten rods and matrix.

2.5 Muon spectrometers

Muon is one of the only few detectable particles that can penetrate through the calorimeters and
reach the outermost part of ATLAS, known as the muon spectrometer (MS) [85]. Apart from
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serving the functions of simply identifying and independently triggering on muon, the MS is
also design for stand-alone (independent of the inner detector) high performance transverse
momentum measurement as required by the physics programs of ATLAS. More specifically,
the MS is expected to be able to measure the transverse momentum of 10-200 GeV muons with
2-4% accuracy and 1 TeV muons with 10% accuracy. The MS is a tremendously large tracking
system. It is composed of the large superconducting air-core toroids to bend muon trajectory in
the r — z plane, the precision tracking chambers for accurate momentum resolution and a set of
triggering chambers with fast response. An illustration of the muon chambers and magnets is
shown in Figure 2.9.

Thin-gap chambers (T&GC)

Cathode strip chambers (CSC)

?Resisﬁve—plcfe
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Fig. 2.9 Overview of the ATLAS muon spectrometer [CERN-GE-0803017 © CERN Geneva].

The precision tracking chambers in the barrel region are arranged in three concentric
cylindrical shells (or stations) around the beam axis. Two types of precision tracking chamber
are used. They are the Monitored Drift Tube (MDT) and Cathode-Strip Chamber (CSC). The
MDTs cover the pseudorapidity range || < 2.7. These chambers consist of three to eight
layers of pressurised aluminium drift tubes with tungsten-rhenium wires. When a muon passes
through the volume it knocks electrons off the atoms of the gas which then drift to the wire
under the influence of the applied electric field. By registering the drift times of these electron,
one can determine the coordinates of a track in the plane of the layer and in the direction across
the tubes. The average resolution is 80 pwm per tube, or about 35 um per chamber. The CSCs
are multi wire proportional chambers with the wires oriented in the radial direction. Each
chamber has four cathode strip planes at right angles to the wire direction, resulting in four
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independent measurements in 1) and ¢ along each track. The position of the track is obtained by
interpolation between the charges induced on neighbouring cathode strips. The CSCs provide a
resolution of 60 um per CSC plane along the bending direction.

The trigger chambers of the MS are designed to provide functions such as discrimination
on muon transverse momentum, bunch-crossing identification, and measurement of the muon
coordinate in the direction orthogonal to that determined by the precision-tracking chambers.
The trigger system covers the pseudorapidity range || < 2.4. For the barrel regions (|n| <
1.05), the Resistive Plate Chamber (RPC) is used while for the end-cap regions (1.05 < |n| <
2.4) the Thin Gap Chamber (TGC) is used. Each RPC consist of two parallel plates with
opposite charges, both made of a very high resistivity plastic material and separated by a gas
volume. Each plate measures coordinate in 1 and ¢. A track going through all three RPC layers
thus delivers typically six measurements in 1] and ¢. These measurement can be then used in a
coincidence scheme of the trigger logic to reject fake tracks from noise hits. The TGC operates
on the same principle as multi-wire proportional chambers, providing good time resolution to
tag the beam-crossing with high efficiency and high rate capability. The TGCs are arranged in
four layers orthogonal to the beam axis. The trigger information is generated by a system of
fast coincidences between the three last layers along the trajectory of the muon particle.

2.6 Trigger and data acquisition system

When operating at the design luminosity of 10**¢m=2s~! the LHC will have a 40 MHz bunch
crossing rate, with an average of 25 p — p collision per bunch crossing. It is both technologically
impossible and cost prohibitive to transfer and record all the collision information given an
event rate of about 1 GHz and an event size of approximately 1.5 MB. Moreover, the collision
rate is dominated by non-interesting physics (as a comparison, Higgs boson production rate
is only ~0.6 Hz at the design luminosity) and most of them can be rejected. Still, all of the
interesting data needs to be stored. To achieve this, ATLAS has developed a highly efficient,
flexible and robust trigger system to make the online selection of particle collisions potentially
containing interesting physics. The purpose of the trigger system is to constrain the an output
rate of recording to be less than 200 Hz (limited by the computing resources for offline storage
and processing of the data).

A schematic diagram of the ATLAS trigger is shown in Figure 2.10. The ATLAS trigger
system [86] consists of three triggers, namely the Level-1 (L1) trigger [87], the Level-2 (L2)
trigger and the Event Filter (EF). Together, L2 and EF are called the High Level Trigger (HLT).
At each step, more refined and complex decisions (longer latencies) are made to successively
lower data rates. As long as the buffers do not fill up (overflow), no additional dead-time is
introduced.

The L1 trigger is a hardware-based, pipelined system designed to reduce the rate to a
maximum of 75 kHz. It uses signals coming primarily from the dedicated trigger hardware in
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Fig. 2.10 Schematic diagram of the ATLAS trigger system. Figure adapted from Reference [86]

the calorimeter and the muon sub-detectors. It is not practical to make a trigger decision in
the time between bunch crossings because of the very short (25 ns) bunch-crossing interval.
Hence the information for all detector channels has to be retained in the pipeline memories on
the detector electronics while the trigger decision is being formed. The L1 latency, which is the
time from the collision until an event is accepted by the L1 trigger is set at 2.5 s (with a target
latency of 2.0 us and 0.5 us as contingency). In order to achieve a latency of less than 2.5 us,
the L1 trigger system is implemented in the fast custom electronics.

Most of the rate reductions must be accomplished by the trigger system identifying events
of interest. For this, the L1 trigger is supplied with a trigger menu, which is a list of up to 256
criteria upon which to determine if an event is accepted or not. These trigger criteria or items in-
clude combinations of candidate physics objects (signatures) such as muons, electrons, photons,
jets, and 7-leptons decaying into hadrons (with specific transverse momentum threshold), as
well as large missing and total transverse energy. Events from the pipelines that passed the L1
trigger selection are then transferred off the detector to the next stages of the detector-specific
functional elements of the front-end systems called the Readout Drivers (ROD).

The L2 trigger is software-based system designed to reduce the L1 output rate to below
3.5 kHz with an average processing time of 40 ms/event. After the L1 trigger selection, the
data rates are reduced but can still be massive (~100 GB/s). To cope with this high data rates,
the L2 trigger selection is seeded by the Region of Interest (Rol) information provided by the
L1 trigger. Rol is the region in the detector where the L1 trigger has identified interesting
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features within the event. Thus L2 trigger can use the full granularity and precision of all the
available detector data within the Rol. The resulting total amount of Rol data is minimal (a
few percent of the L1 trigger throughput). L2 uses specialised fast reconstruction algorithms
(for example the pt of the L2 stand-alone-muon is reconstructed base on simple parameterised
functions) to compute event feature quantities associated with the Rol. It is optimised for timing
performance. Events passing the L2 trigger are then transferred to the event-builder system and
subsequently to the EF for final selection.

The final stage of the event selection is carried out by the EF. The EF is designed to reduce
the rate to 200 Hz with an an event processing time of 4 s/event, averaged overall events. It
gets full event information from the event builder which assembles all event fragments from
the readout buffer. The EF is mostly based on the same offline reconstruction algorithms that
analyse data on large computing farms. It reconstructs the event with greater precision than at
the L2 trigger stage. Finally events selected by the EF are formatted as raw data prior to being
moved to permanent storage at the CERN computer centre.
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Chapter 3

Data and Monte Carlo samples

In Section 3.1, we will provide details about the datasets that are used in this analysis. To make
predictions for signal and backgrounds processes in a p — p collision, Monte Carlo (MC) event
generators are used. The process in which these signal and background events are simulated
as well as the generators that are used for the event generation will be clarified in Section 3.3
and 3.4 respectively.

3.1 Collision data

The data used in this analysis were recorded by the ATLAS experiment during the 2012 LHC
Run I with a centre-of-mass energy of 8 TeV. It corresponds to an integrated luminosity of
20.3 fb~! [88]. The data were recorded by the ATLAS detector between April and December
of 2012. Datasets are labeled as A, B, C, D, E, G, H, I, J, and L for different data taking
periods'. These datasets are summarised in Table 3.1 with details of the data taking periods,
their corresponding run numbers?, integrated luminosities and total number of events for each
data taking period. For the datasets to be deemed good for physics analysis, they must pass
ATLAS Data Quality (DQ) requirements. There are more than 100 such DQ criteria, which can
be roughly categorised in several groups:

* Global monitoring — This criterion confirm that DQ information has been evaluated and
reviewed by experts. It also acts as an indication that no anomalous behaviour of the
magnets and luminosity detectors are observed.

IData taking periods are designed such that they represent data with a coherent configuration of the detector
and the trigger. Any significant changes to either the detector configuration/calibration or to the trigger should
usually cause the definition of a new period.

2The data recorded by the ATLAS detector in each data taking period is further organised into runs. Each run
usually corresponding to a fill of the LHC. The runs are subdivided into luminosity blocks which typically has a
time interval of one minute length during which the beam and detector conditions is approximately constant. This
allows quantities such as the number of interactions per bunch crossing, (i), averaged over a luminosity block, to
be calculated. Luminosity blocks are also used in the evaluation of data quality criteria.
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Table 3.1 List of data samples used in the analysis.

’ Period \ Dates Run Numbers \ L [pb—1] \ Number of Events ‘
A Apr-04 : Apr-20 | 200804 : 201556 | 794.80 187,250,442
B May-01 : Jun-18 | 202660 : 205113 | 5104.55 652,495,436
C Jul-01 : Jul-24 | 206248 : 207397 | 1408.33 278,991,901
D Jul-24 : Aug-23 | 207447 : 209025 | 3296.18 455,776,019
E Aug-23: Sep-17 | 209074 : 210308 | 2531.50 372,901,528
G Sep-26 : Oct-08 | 211522 : 212272 | 1276.43 190,494,845
H Oct-13: Oct-26 | 212619 : 213359 | 1447.39 272,481,044
I Oct-27 : Nov-02 | 213431 : 213819 | 1019.28 155,753,940
J Nov-02 : Nov-26 | 213900 : 215091 | 2603.29 415,159,353
L Nov-30: Dec-06 | 215414 : 215643 | 824.12 133,748,710

A-L | Apr-04: Dec-06 | 200804 : 215643 | 20323.9 3,115,053,218

* Detectors status — Data are required to satisfy conditions ensuring all essential elements
of the ATLAS detector were operational while the data were collected. The monitoring
are based on detector control conditions such as nominal voltages, temperature, humidity,
etc. The dataset will be flagged if there is any possible hardware and data-taking problem
in any of the detector sub-systems.

* Trigger status — Mainly for assessing if the L1-triggers were working at a reasonable
efficiency. It also monitors any timing, consistency, synchronisation or data problems.

* Objects reconstruction performance — Quality criteria are imposed to ensure that elec-
trons, photons, muons, taus, jets, and missing transverse energy reconstruction algorithms
as well as b-tagging algorithms behaved as expected. Checks are performed on the rele-
vant variables to ensure that they show sensible distributions.

The physics events collected by the detector are subdivided into streams according to the
classes of trigger signatures, e.g. minimum bias (physics_MinBias stream), jets/taus/missing
energy (physics_JetTauEtmiss stream), electron/photon (physics_Egamma stream), muons
(physics_Muons stream). An event can have more than one trigger signature. Hence it can
flow in several streams. In this analysis, three different data streams selected by using the lowest
unprescaled' triggers are used. To select the signal physics_JetTauEtmiss stream is used.
For backgrounds estimation, physics_Egamma stream, and physics_Muons stream are used.
The details of the trigger used in each data stream will be further explained in Section 4.11.

! An artificial random data drop at the trigger decision level to reduce the total trigger rate so that it stays
below the acceptable level.
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3.2 Event simulation

3.2 Event simulation

To simulate a complete event that may happen in a p — p collision, MC generators are used.
The simulation procedures can be roughly grouped into three steps (as illustrated in Figure 3.1),
that is event generation, followed by detector and physics interaction simulation and finally
digitisation of the energy deposited in the detector into voltages and currents for comparison to
the readout of the ATLAS detector. In this section we will briefly discuss what happens in each
of these steps. For a more complete discussion of the ATLAS simulation infrastructure, see
Reference [89].

converts the hits
produced

physics and by the simulation into
detector response; detector responses
production of a hit collections; (voltage, currents,
set of particles full/fast simulation signal shape, etc.)

Event Detector e Object
Generation ;, simulation Digitisation reconstruction

]
ATLAS MC simulation

Fig. 3.1 A flow chart depicting the ALTAS MC samples production steps.

Event generation

Event generation consists of simulating p — p collisions to produce hypothetical particles
with the distribution predicted by the theory. This includes the simulation of the hard
scatter process, initial state radiation (ISR), parton showers, multiple interactions, the
hadronization processes, underlying events, and unstable particle decays. The MC
generators that are used to simulate signals and backgrounds processes considered in
this work include PYTHIAS.175 [90], SHERPA [91], ACERMC [92], POWHEG [93],
MC@NLO [94-96], and MADGRAPH [97].

Detector simulation
The generated particle-level events are fed into the ATLAS simulation software packages
through interfaces in the ATLAS software framework [98, 99]. Different simulation
strategies with varying degrees of accuracy and simulation speed are used to perform
the simulation of the physics processes and detector response. Two such strategies
relevant for generating the MC samples used in this analysis are the standard ATLAS full
simulation (FULLSIM) [100, 101] and the ATLAS fast simulation (ALTFAST-II) [102].
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FULLSIM uses full description (geometry, disabled parts, temperatures, high-voltage
settings, and etc.) of ATLAS detector. It gives a complete description of the decays
and the interactions of all the generated particles with all the active and passive detector
material. The energy, position, and time associated with each hit are recorded. FULLSIM
is accurate but very resource intensive. The approach adopted by the ATLFAST-II
simulation is to use the full simulation only for the inner detector, muon system, and the
other detector subsystems, while using a simplified modelling of the calorimeter geometry
and replacing the simulation of the development of particle showers (energy deposition
and shower properties, including fluctuations and correlation) in the calorimeter by
parametrisations. This approach is intrinsically less accurate, but the simulation time
is considerably reduced. The result of ALTFAST-II simulation has been validated
against the Geant4 based full simulation for electrons, jets, and missing transverse
energy [89, 103, 104]. The difference is found to be tolerable especially when the details
of the ATLAS detector performance (shower energy profiles, cracks in the calorimeters,
etc...) are not of crucial importance.

Digitisation

The ATLAS digitisation converts the hits produced by the simulation into signal that
represent the detector responses. The signal may include records that the voltage or
current on a particular readout channel has exceeded a preconfigured threshold within
a particular time-window, or in some cases, the detailed signal shape over the time-
window. Within a digitisation job, hits from the underlying and pile-up interaction are
incorporated on top of that from the hard scatter. The distinct properties associated with
each sub-detector (charge collection efficiencies, cross-talk, noise, and channel dependent
variations in detector response) are modelled in sub-detector specific digitisation software.
They are tuned to reproduce the detector response seen in test beam and cosmic ray data.
The signal from the detector is converted to the same raw data format as that is written
out from the detector’s readout drivers. Finally these raw data is passed through the same
trigger chain and is subjected to the same reconstruction algorithms that are applied to
the real ATLAS data.

3.3 Simulated signal samples

MC signal samples are generated with MADGRAPH, interfaced to PYTHIA v8.175 using the
AU?2 parameter settings (tune) [105] for parton showering, hadronization, and underlying event
simulation. The simulated samples are processed with a full ATLAS detector simulation. For
all signal samples, the Higgs boson mass is fixed to 125 GeV. The CTEQ6L1 PDF set [106]
is used for all the EFT samples. Furthermore, samples are produced for scalar and fermionic
DM particle masses ranging from 1 to 1000 GeV. The couplings (A or A) for each sample are
chosen such that the kinematics of the EFT samples become only a function of the DM mass.
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Table 3.2 List of signal samples used in the analysis. All signals were generated with MADGRAPH.

‘ Operators ‘ Masses [GeV] ‘ Generator ‘ oy [pb] ‘ Parameters ‘
my =1 MADGRAPHV1.5.1+PYTHIA v8.175 | 1.52E-007 | A =0.0001
my =65 MADGRAPHV1.5.1+PYTHIA v8.175 | 8.31E-012 | A =0.0001

xxhh my =100 MADGRAPHV1.5.1+PYTHIA v8.175 | 3.05E-013 | A =0.0001
my =500 MADGRAPHV1.5.14PYTHIA v8.175 | 3.59E-017 | A =0.0001
my =1000 | MADGRAPHV1.5.1+PYTHIA v8.175 | 5.88E-020 | A =0.0001
my =1 MADGRAPHVL.5.1+PYTHIA v8.175 | 1.09E-003 | A=10TeV
my = 65 MADGRAPHV1.5.1+PYTHIA v8.175 | 2.00E-007 | A=10TeV
xxhhg5 my =100 MADGRAPHV1.5.1+4PYTHIA v8.175 | 2.44E-008 | A=10TeV
my =500 MADGRAPHV1.5.1+PYTHIA v8.175 | 5.32E-011 | A=10TeV
my = 1000 MADGRAPHV1.5.1+4PYTHIA v8.175 | 3.02E-013 | A=10TeV
my =1 MADGRAPHV1.5.1+4PYTHIA v8.175 | 1.08E-001 | A =100 GeV
my = 65 MADGRAPHV1.5.1+PYTHIA v8.175 | 1.55E-002 | A =100 GeV
xdxhDh my =100 MADGRAPHV1.5.1+4PYTHIA v8.175 | 9.33E-003 | A =100 GeV
my =500 MADGRAPHV1.5.1+4PYTHIA v8.175 | 1.71E-004 | A =100 GeV
my = 1000 MADGRAPHV1.5.1+4PYTHIA v8.175 | 2.86E-006 | A =100 GeV
my =1 MADGRAPHV1.5.1+4PYTHIA v8.175 | 1.44E+001 | A =100 GeV
my =65 MADGRAPHV1.5.1+PYTHIA v8.175 | 1.34E+001 | A =100 GeV
xgxFhDh my =100 MADGRAPHV1.5.1+4PYTHIA v8.175 | 1.23E+001 | A =100 GeV
my =500 MADGRAPHVIL.5.1+PYTHIA v8.175 | 2.34E+000 | A =100 GeV
my = 1000 MADGRAPHV1.5.1+PYTHIA v8.175 | 1.46E-001 | A =100 GeV

Table 3.2 lists the MC signal samples used in this study, along with their mass parameter values
and cross sections.

3.4 Simulated background samples

Table 3.3 summarises the various event generators and parton distribution function (PDF) sets,
as well as parton shower and hadronization software used to simulate various background
processes. Sometimes a filter is applied during event generation such that the generator will
only generate events that pass some selection to increase statistics in a particular region of phase
space. In this case, a single multiplicative factor called filter efficiency (that takes into account
the fact we are not generating the full cross-section of that process) need to be applied during
the analysis to get the correct normalisation. Some MC generators described above generate
cross sections for the requested hard process that are correct at LO. However, for processes
(e.g. W+jets and SM Higgs) where the cross-section at a higher order is non-negligible, this
approximation is insufficient. Hence, cross sections are normalised or scaled by using a higher-
order correction factor, called k-factor. It is defined as the higher-order cross section calculation
divided by the lower-order cross section calculation for a related inclusive cross section. Further
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details (i.e. filter, cross section, k-factor, filter efficiency, and number of weighted events) for
each background MC sample are presented in Table A.1-Table A.7 in Appendix A.

The W /Z / y+jet events are divided into non-overlapping “B filter”, “C-jet filter & B veto”,
and “B & C-jet veto” samples, where the B filter requires the existence of B-hadrons within
In| < 4 and the C-jet filter demands the presence of C-hadron flavoured jets with pt > 15
GeV and |n| < 3. This allowed the statistics of the critical W /Z/y+heavy-flavor samples to be
increased using less computational resources. In addition, these sample are produced in slices
of vector boson transverse momentum: p¥ >0GeV, 70 < p¥ < 140 GeV, 140 < p¥ < 280
GeV, 280 < p¥ < 500 GeV, and p¥ > 500 GeV. This is to ensure that the statistics in the
most sensitive high p¥ bins could be increased. To avoid overlap between the p¥ >0 GeV
with higher pt extension samples, high pt events in p¥ > 0 GeV sample are veto. For tf
events, a filter which requires at least one W boson from top decays into charged leptons
(e,u,7) is used. Similarly, the W boson produced in the single top events via the s- and
the z-channel are required to decay leptonically, while the events of the Wt production are
simulated inclusively. Higgs boson mass of 125 GeV is used consistently to generate all the
SM Higgs backgrounds in ZH — vvbb , WH — {vbb , and ZH — ("¢~ bb channels, where
¢ =e,iu,7. The H — bb decay branching ratios come from Reference [107, 108]. Furthermore,
the samples are normalised using the central values of the cross sections calculated at next-to-
next-to-leading-order (NNLO) in QCD corrections [109] and next-to-leading-order (NLO) in
electroweak (EW) corrections [110]. No filter is used for the WW sample. For the ZZ sample,
lepton, and missing transverse energy filters are used to increase the statistic of the ZZ samples.

Table 3.3 Summary of MC event generators, PDF sets, and parton shower and hadronization models
utilized in the analyses for both the signal and background processes.

Model / Process Generator PDF Parton Shower / Hadronization

W /Z ] y+jets SHERPA v1.4.3 CT10 SHERPA v1.4.3

tr POWHEG r2129 CT10 PYTHIA v6.427 with P2011C tune
Single top (s-ch., Wt) MC@NLOv3.31 CT10 JIMMY v4.31 with AUET?2 tune
Single top (¢-ch.) ACERMCv3.8 CTEQ6L1 PYTHIA v6.426 with AUET2B tune
WW /WZ/ZZ POWHEG r2330.3 CTEQ6L1 PYTHIA v8.175 with AU2 tune

qqg — Vh PYTHIA v8.175 CTEQ6L1 PYTHIA v8.175 with AU2 tune

gg —Zh POWHEG r2330.3 CTI10 PYTHIA v8.175 with AU2 tune
QCD multi-jet PYTHIA v8.160 CT10 PYTHIA v8.160 with AU2 tune
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Chapter 4

Physics objects reconstruction and
identification

Before selecting the E%‘iss + h(— bb) event it is essential to reconstruct, identify, and select the
basic objects such as track, leptons, jets and so on. In each of the following section, we first
examine how each object is reconstructed and identified. This is followed by a brief discussion
of the role each object plays in this analysis as well as the requirements used to select them.

4.1 Track and vertex

The default track reconstruction employ an “inside-out”! strategy [111, 112]. The first step
of the track reconstruction is the creation of space-point objects—three-dimensional repre-
sentations of the pixel and SCT sub-detectors measurements. Three or more space-points are
combined to form a track candidate. As the track candidate is propagated outwards from the
innermost layer of the pixel detector, successive silicon hits are added to the candidate. Outlier
hits that contribute to the large x2 of the track fit are removed. The candidate track is scored in
a reward-penalty scheme with respect to one another. Each additional hit leads to a better score
value. Hit from less precise detector parts is scored less. The x? of the track fit is also used
to penalise poor-quality candidate. After the reconstruction of track in the pixel and the SCT
detectors, the successful candidate is extrapolated into the TRT volume and associated with
its drift circles. The full track is refitted by combining the full information of all three ID sub
detectors. Finally the newly fitted track is kept if it has a quality score which is higher than that
of the original track candidate.

After the successful reconstruction, the track candidates passing the criteria listed in
Table 4.1 are used as the input to the vertex reconstruction algorithms. The track reconstruction

'There is also a complementary “outside-in” track finding strategy. It searches for unused track segments
in the TRT. Such segments are extended into the SCT and pixel detectors to improve the tracking efficiency for
secondary tracks from conversions or decays of long-lived particles
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efficiency with this selection is between 75% and 85% for tracks with pt above 500 MeV and
In| < 1.5.

Table 4.1 Tracks selection criteria [113]. Tracks that pass these requirements are used as inputs to
reconstruct primary vertices.

Observable Cut value
pT MeV) > 400
The number of SCT hits >4
The number of silicon detectors (pixel or SCT) hits >9
The number of missing hits in the pixel detector ==
Transverse impact parameter with respect to the primary vertex, |do| [mm] <15
Transverse impact parameter resolution, o (dy) [mm] <5
Longitudinal impact parameters resolution, ¢ (z9) [mm] <10

To reconstruct the primary vertices, a seed is first formed around the beam spot using the
reconstructed tracks at their respective points of closest approach to the centre of the beam
spot. The optimal position of the primary vertices (PV) is found by performing an iterative
x? minimisation algorithm with the seed position as the starting point and parameters of
reconstructed tracks as input. A weight (as a function of the fitted x2) is associated to each
track to assess its compatibility with the vertex candidate. The vertex position is recalculated
using the weighted tracks, and then the procedure is repeated, recalculating track weights with
respect to the new vertex position. Tracks which are incompatible with the vertex by more than
approximately seven standard deviations are removed from the vertex candidate. Finally all
vertices with at least two associated tracks are retained as valid PV candidates.

In this analysis, the PV is required to have at least 5 associated tracks. Of all the recon-
structed vertices, the one with the highest )’ p% of the associated tracks is selected as the
hard-scatter vertex. The rest are categorised as the pile-up vertices.

4.2 Isolation

For prompt electrons, photons, and muons produced in the hard process, typically there is no
energy deposited around them apart from low-energy activities coming from the underlying
event, multiple interactions, and pile-up collisions. On the other hand, fake or non-prompt
electrons, photons, and muons are typically accompanied by some additional energy coming
from the jet. In order to select prompt objects, we define the “isolation” variables below, which
are required to be smaller than a certain threshold.

1. Etcone_XX (TopoEtcone_XX)— This variable is defined as the sum of calorimeter cell
energies (topological cluster transverse energies at EM scale!) inside a cone with radius

ISee Appendix B.1 for more description.
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4.3 Electron

AR = 0.XX around the cluster barycenter (from which the electron, photon or muon
candidate is reconstructed). To remove the energy of the prompt electron, photon or
muon, a An X A¢ =5 x 7 grid of cells (in the middle layer of EM calorimeter) cantered
on the electron, photon or muon axis are excluded. All layers from the electromagnetic
and hadronic calorimeters are used, except the crack scintillators.

ii. Ptcone_XX — The track track isolation variable, computed by summing the pr of all ID
tracks within a cone of AR = 0.XX, centred around the lepton track direction. Electron
or muon track are removed. All the tracks are required to pass the selection in Table 4.2.
This variable is robust against pile-up for electrons and muons because of the impact
parameter cuts which constrain the tracks to come from the same vertex associated to
them.

Table 4.2 Tracks selection criteria. Tracks that pass these requirements are used as inputs to compute
track isolation.

Observable Cut value
pr (MeV) > 400
| <25
The number of pixel detector hits >1
The number of SCT hits >9
The number of missing hits in the pixel detector =0
Transverse impact parameter with respect to the primary vertex, |dp| [mm] <15
Longitudinal impact parameters with respect to the primary vertex, |zo *sin6| < 1.0
[mm] '

4.3 Electron

The reconstruction of electrons in the central detector region, || < 2.47, consists of three
steps:

1. seed-cluster reconstruction — Seed cluster with a local maximum transverse energy,
Er > 2.5 GeV is searched for by a sliding-window with a size of 3 X 5 (in unit of
0.025 x 0.025, corresponding to the EM calorimeter middle layer granularity) in the

n — ¢ space.

2. track-cluster matching — Selected tracks are extrapolated to the EM cluster barycentre.
Tracks associated to the clusters are refitted using the Gaussian Sum Filter (GSF) [114]
by taking into account the non-linear bremsstrahlung effect.
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3. electron candidate reconstruction — An electron is reconstructed if at least one track
is matched to the seed closest to the seed cluster is chosen. The four-momentum of the
electrons is computed by taking the final corrected EM cluster energy [115, 70] as its
energy and the 1) — ¢ direction of the best track matched to the original seed cluster as
its direction.

The electron identification used in this analysis is based on sequential cuts on a total of 13
discriminating variables as detailed in Table B.1 of Appendix B. Those variables include the
energy leakage into hadronic calorimeter, longitudinal and transverse shapes of the EM showers
in the EM calorimeters, the properties of the tracks in the ID, the matching between tracks and
energy clusters, and various other. Electrons (or photons) deposit their energy primarily in the
EM calorimeter. Therefore the energy leakage to the hadron calorimeter is required to be small.
Besides, hadrons tend to produce a broader transverse energy deposit in the calorimeter than
electrons. Hence, the shower shape in the calorimeter can be used to discriminate electrons
from jets. Further rejection of hadronic backgrounds can be achieved by imposing tighter
requirements on the quality of the electron track, track-cluster matching, transverse impact
parameter, and transition radiation in the TRT. To reject electrons from Dalitz decay and photon
conversions, we require electron candidates to have tracks with a hit in the innermost layer of
the pixel detector as well as the other layers of the silicon detectors.

The tag-and-probe method is used to measure the combine electron identification and
reconstruction efficiency. Z — e€ and J/y — eé events are selected using the strict selection
criteria on one of the two electrons candidates (called “tag electron”). The second electron
candidate (called “probe electron) can then be used for the efficiency measurements as the
electron ID is not applied. The efficiency is defined as the fraction of probe electrons passing
the tested criteria, which may include the reconstruction, the identification, and the additional
components (e.g. trigger and isolation). The combined efficiency, which is the product of all
components, is around 76% for electron with 7 < E7 < 20 GeV and range from 76-90% for
electron with E7 > 20 GeV, respectively [116-118].

The electron energy scale is calibrated using Z — eé invariant mass peak while the resolution
is calibrated by using the Z invariant mass width [119]. The energy scale determination is
accurate to within 0.3 x 1073 for || < 1.37,2 x 1073 for 1.37 < |n| < 1.82,and 0.5 x 1073
for |n| > 1.82. The resolution are about 0.8% on average in the barrel EM calorimeter, and
about 1% in the endcap. The resolution determination is accurate to within 0.3% and 0.5% on
average in the barrel and endcap EM calorimeter, respectively.

In this analysis, two categories of electrons, “baseline” and “isolated” are defined. Their
definitions are summarised in Table 4.3. The baseline electrons are used in the object removal
procedure and as an event veto during the signal event selection as well as during the construc-
tion of 17, W (— wv)+jets, y+jets, and Z(— ppt)+jets control regions. The isolated electrons
are used in the overlap removal procedure to remove fake jets from electrons candidates.
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Table 4.3 Selection used to define the baseline and the isolated electrons.

Cut Baseline Isolated electron
electron (e) (€is0)

|n| range <2.47 <2.47

pr range [GeV] >7 > 20

Transverse impact parameter significance, |dy/o (do)| - <5

Longitudinal impact parameter with respect to the primary i <04

vertex, |zo X sin@| [mm] '

Ptcone_30/pr electron - <0.16

Etcone_30/pt electron - <0.18

4.4 Photon

Photons are classified into two main categories: converted and unconverted photons. The
converted photons are those which convert in or upstream of the TRT tracker, while the
unconverted photons are those which arrive at the EM calorimeter without creating an electron-
positron pair. Both types of photons are reconstructed using essentially the same algorithm for
electron reconstruction as described in Section 4.3. EM clusters without matching tracks are
classified as the unconverted photon. On the other hand, the converted photons are characterised
by the presence of at least one tracks which match to the EM clusters originating from a
conversion vertex candidates inside the tracker volume.

To distinguish real prompt photons from background photons, a series of cuts on several
discriminating variables as listed in Table B.2 in Appendix B are applied. One of the variables
exploit the lateral and longitudinal shower shape of prompt photons in the EM calorimeter,
which is typically narrower compared to the background. In addition, photons also have smaller
leakage to the hadronic calorimeter compared to fake photons from jets, due to the presence
of additional hadrons near the photon candidate in the latter case. Photons from isolated 7°
decays can be distinguished from the isolated prompt photons by identifying two separate local
energy maxima in the finely segmented strips of the first layer of the EM calorimeter.

The photon identification efficiency is measured using a sample of photon candidates
passing the isolation requirement, Efcone_04 < 4 GeV. The identification efficiency is thus
defined as the ratio of the number of photons passing the identification selection to the total
number of isolated photons. The efficiency is shown to increases steeply from 50-65% (45-
55%) for unconverted (converted) photons before reaching a plateau of about 94-100% for
Er 2 40 GeV [120-123]. The results from each method are consistent with each other within
the uncertainties for the E7 regions in which the different measurements overlap.

The photon energy scale and energy resolution are calibrated by exploiting the Z resonance
mass peak and width from large angle radiative Z decays (Z — ¢¢7y) [119]. The energy scale on
average is of the order of 1%. Its determination is accurate to within 0.3% across the whole Er
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range. The energy resolution decreases from about 3% at Er ~ 10 GeV to less than 1.5% for
E1 > 40 GeV. The uncertainty for the energy resolution determination is about 10% at Er ~ 40
GeV and increases steadily for higher E7.

In this analysis, reconstructed photon are divided into “baseline” and “isolated” categories
using the definition in Table 4.4. The baseline photon are only used in the overlap removal pro-
cedure whereas isolated photons are also only used to estimate the Z(— vv)+jets background.

Table 4.4 Selection used to define sets of baseline and isolated photons.

Cut Baseline photon () | Isolated photon (%;s,)
|| range <2.37 <2.37

pr range [GeV] > 10 > 125
TopoEtcone_40 [GeV] - <5

4.5 Muon

The muon reconstruction starts by forming standalone tracks using the MS information. Once
the standalone muon track is formed, it is extrapolated back to the vertex and match to the
nearby ID tracks. The matched ID and MS tracks are combined to form the so called “combined
muons” and are removed from the list. This process is repeated until no acceptable combination
is obtained anymore. In order to recover the acceptance in the un-instrumented regions of the
MS and for low pt muons, the ID tracks that are not used as combined muon are extrapolated
and matched to the track segment in the first station of the MS. The matching is derived by the
xz test. If an ID track is associated with at least one local track segment in the MS, the ID track
is classified as a “segment-tagged muon” candidate. The segment-tagged muon kinematics is
determined from the ID track.

The ID track associated with the CB and ST muon is required to pass a series of quality
requirements in order to suppress fake tracks and discriminate against muons from 7 /K decays.
These requirements include

« the number of pixel hits + the number of known dead pixel sensors crossed by the track!
>0

« the number of SCT hits + the number of known dead SCT sensors crossed by the track!
>4

* the number of missing hits in the pixel detector + the number of missing hits in the SCT
<3

ITo reduce inefficiencies due to known inoperative sensors.
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* the number of TRT hits on the muon track > 5 (for muons with 0.1 < |n| < 1.9)

« the number of TRT hits nearby the muon track but not included in the track fit' <
0.9*Number of TRT hits on the muon track (for muons with 0.1 < |n| < 1.9)

The muon momentum scale and resolution has been studied in detail using Z — uu
and J/y — pp decays [124], similar to the electron energy scale and energy resolution
measurement. The momentum scale is known within an uncertainty of +0.05% for muon with
In| < 1. Tt increases to < 0.2% for muon with || > 2.3. The momentum resolution ranges
from ~ 1.7% in the central region and at low pt to ~ 4% at large 1 and pt = 100 GeV.

Similarly, “baseline” and ““isolated” muons are defined. Their definition are listed in
Table 4.5. Baseline muons are used in the overlap removal procedures and for rejecting events
during signal event selection. Isolated muons are used in the construction of t7, W (— uv)+jets,
and Z(— pu)+jets control regions.

Table 4.5 Selection used to define sets of baseline and isolated muons.

Cut baseline muon (¢) | Isolated muon (L;s,)
In| range <24 <24

pt range [GeV] > 6 > 20

|zo X sin@| [mm] - <04

|do/ o (do)] - <3
Ptcone_30/pt muon - <0.12
Etcone_30/pt muon - <0.12

4.6 Jet

Jets are the experimental signatures of quarks and gluons. They are “spray” of roughly collinear
colourless hadrons that are formed when colored partons from the p — p collision evolve via
fragmentation and hadronization process. Hence, jets manifest themselves as localised clusters
of energy. Jets are the primary objects used for reconstructing the Higgs boson in this analysis.
Hence high quality and highly efficient jet reconstruction is desired.

The input to the jet reconstruction algorithm can be any object with valid four-momentum
representation, i.e. MC simulated objects such as partons and particles or reconstructed detector
objects such as tracks and calorimeter clusters. All the jets that are used in this analysis,

! Also referred as TRT outliers. They can appear in two forms in the track reconstruction. First, as straw tubes
with a signal from tracks other than the one in consideration. Second, as a set of TRT measurements which fail to
form a smooth trajectory with the extrapolated track (formed from the pixel and SCT measurements). The latter
case is typically attributed to a hadron decay-in-flight. It can be rejected by requiring that the outlier fraction (the
ratio of outliers to total TRT hits) is less than 90%.
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unless specified otherwise, are reconstructed from topological cell clusters (or topo-cluster).
The topo-clusters are initially reconstructed at the EM scale, which correctly measures the
energy deposited in the calorimeter by particles produced in EM showers. To correct this EM
energy scale of the topo-clusters to the hadronic scale, we apply the so called “local hadronic
cell weighting” (LCW) correction scheme. Henceforth, these corrected topo-clusters will be
referred as “LCW topo-cluster”. A detailed description on the topological cell cluster and the
LCW correction scheme is given in Appendix B.1. The hadronic jet energy scale correction is a
cluster-by-cluster correction, i.e. it does not make any assumption about the origin of the jet. To
make sure that the final reconstructed jet closely represents the energy-momentum content of
its original particles, some corrections are made by using both the data and MC. More detailed
descriptions of these corrections are given in Appendix B.2. Following these corrections, the
reconstructed jets are said to have been corrected to “LCW+JES” scale.

We use the anti-k; algorithm [125] to reconstruct jets. It successively recombines pairs of
input objects in an iterative procedure in order of decreasing or increasing relative transverse
momentum. The clustering or combination procedure is terminated based upon a condition
defined by a “distance” variable between two objects, d;;, which is defined as

2
dij = min (il 7 ) AII:” @.1)
where Rizj = Anizj +A¢i2j is the distance between the two objects in 7 — ¢ space. The radius
parameter, R which determines the final size of the jet, is the only free parameter of the
algorithm. The parameter p governs the relative power of the energy versus geometrical AR%j
scales. Three variation of jet algorithms are possible depending on the value of variable p in
the exponent of p;; in Equation 4.1 and in d;g. For the anti-k; algorithm we use p = -1.

First the algorithm finds the minimum of the entire set {d;;,d;p}. Here dip = ptzl.p is the
distance between the i-th object and the beam (thus the subscript B). If d;; is the minimum
then object i and j are combined into one new object k by using summation of four-momentum.
Then object i and j are removed from the list of objects while object & is added. On the other
hand, if d;p 1s the minimum, object i is considered as a jet by itself. It is then removed from the
list. This process is repeated for a new set of {d;;,d;p} until either all objects are either jets by
themselves or part of a jet.

Because of the p = —1 factor, the anti-k; algorithm prefers to start the recombination from
hardest objects. Furthermore, d;; between similarly separated soft objects will generally be
much larger than that between a similarly separated hard and soft objects pair. Therefore softer
objects tend to cluster with harder ones long before they cluster among themselves, without
modifying much either the shape or the momentum of the final jet. The regularity of the jets
produced with such a method are illustrated in Figure 4.1.

The jet energy scale (JES) of all the reconstructed jets are validated using several in-situ
(data-driven) methods. A combination of y+jet and Z(— £¢)+jet events [126, 127] as well as
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anti-k,, R=1 |

Fig. 4.1 Figure illustrates the regularity of the active catchment areas of the resulting hard jets obtained
with the anti-k; algorithm (R = 1.0). The jets are resulting from the clustering of a sample parton-level
event made with a few hard particles and a large number of very soft particles that are randomly
distributed. The hard jets are all circular, only the softer jets have more complex shapes. Figure taken
from Reference [125].

multi-jet events [128] is used to cover the full momentum range, 20 < pt < 2000 GeV. While
the exact ways involved in each method may differ, they all rely on the same basic principle, i.e.
exploiting transverse momentum balance between a jet and a well-measured reference object
(7, Z bosons or other jets) that recoils against the jet under study. More precisely, the average
pt response of the jet being studied and the reference object is compared in both the data and
the MC to obtain the ratio of the jet pt responses

%data _ <pj7‘et/p;?f>data (4 2)
Auc (py o e

where Z is the jet pr response, pi" is the pr of the jet and p;ff is the pt of the well-known

reference object. This quantity defines the final JES of the jet as well as the residual correction
which is applied simply as a multiplicative factor to the p%et in MC.

Figure 4.2 summarises the result of the Z+jet, y+jet, and multi-jet balance analyses for jet
in the central region. The plot shows the ratio of jet response in data and MC. It can be seen
that the agreement between the data and MC is at 1% level across the whole pt range. There is
in general a good agreement between the three different in-situ methods in the regions of phase
space where they overlap. A systematic uncertainty is assigned for these residual corrections.

Similar to the determination of the JES, the jet energy resolution (JER) is determined by
studying the momentum balance between the jet and a well-measured photon or Z boson [127]
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Fig. 4.2 Ratio of the response measured in data to the response measured in MC for each of the in-situ
methods. Also shown are the uncertainties. Figure taken from Reference [129].

or another jet [128]. The JER can be estimated by using the width of the pt response distribution
between the jet and the reference object, $o(pr) = o ( p%ez / p%/ Z& “). The JER is determined
to range from 25% at 20 GeV to 5% near 1 TeV. The uncertainty on the JER is less than 3% at
20 GeV and below 1% above 100 GeV.

To reject fake jets, a series of cuts on several discriminating variables as listed in Table B.3
in Appendix B.4 are applied. Calorimeter instrumental noise can lead to fake energy deposits
in calorimeter cells, which can sometimes be reconstructed as fake jets. As energy deposits
arising from real particles showering in the calorimeters produce a characteristic pulse shape,
it can be used to separate ionisation signals from noise. To reject fake jets originating from
beam-induced, and cosmic muons background, the jet energy deposits in the direction of the
shower development can be employed. Furthermore, since real jets containing charged hadrons
are usually also reconstructed by the tracking system while fake jets typically have no associated
tracks, the jet charged particle fraction, defined as the ratio of the scalar sum of the pt of the
tracks associated with the jet divided by jet pr, is another powerful variable to discriminate
collision jets from fake jets. The jet quality selection efficiency is better than 99.8% for real jet
with pt > 20 GeV while at the same time rejects most of the fake jets [130, 131].

Throughout the remaining of this thesis, jets, labelled as lower-case j, are defined as those
jet that are reconstructed using the anti-k; algorithm with a radius parameter R = 0.4 and LCW
topo-clusters as the input. Jet with pr > 25 GeV and |n| < 4.5 are used in the analysis. In
order to select jet that comes from the primary hard-scatter vertex but not a pile-up vertex, the
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Jet Vertex Fraction (JVF) [132], defined as

trk;;

ZiPTr "
trkijk ’

—_ 4.3)
Yk ZiPT

JVFE(jet;,vtx) =

where trk; j is the i"* track matched to the j*”* jet and associated to the k™" vertex, is required to
to be greater than 0.5 for jets with pt <50 GeV and |n| < 2.4.

4.7 Large-R jet

For a particle with a significant Lorentz boost, its decay products can be very collimated,
resulting in a single jet if they are reconstructed by using the standard jet reconstruction
algorithms with the radius parameter of 0.4. In order to accurately interpret the hadronic final
state, it is essential to be able to resolve smaller angular distance. In principle, this can be
done by pursuing smaller jet radius parameter but this approach is ultimately limited by the
granularity of the calorimeter cell. Hence we opt to to reconstruct the parent particles with
a larger jet radius parameter (R = 1.0). A larger jet radius is important as it allows the jet to
capture enough of the hadronised particles for the accurate calculation of the jets mass and
energy. Furthermore, compared to narrower jets, large-R jet has the advantage that it can be
decomposed into subjets of varying sizes. Subsequently the information from the large-R jet
properties and the substructure observables can be utilised to distinguish which parent particle
the jet originates from. LCW topo-clusters are used as the input to reconstruct the large-R
jets. Jet trimming is applied to remove the contribution from soft radioation. The trimming
procedure first forms subjets of size Ry,;, = 0.3 from the constituents of a large-R jet by using
the kt-algorithm'. Any subjet with pr fraction relative to the parent jet less than 0.05 are
removed. This allows us to remove the contributions from pile-up and the underlying events
are preferentially removed. The remaining constituents form the trimmed jet. This procedure is
illustrated in Figure 4.3. Similarly to the small radius jets, the reconstructed large-R jets need to
go through a series of corrections. The details are provided as a supplement in Appendix B.3.

The JES and jet mass scale (JMS) of the large-R jets are measured using the y+jets and
dijet events similar to the in-situ techniques used for the small radius jet [133, 129]. Figure 4.4
shows the large-R jet average pt response distribution as a function of pfre ! (which is the pr
of ) for the data and the MC simulation. A small differences of less than 1% for p7} f> 65
GeV and in the central region (n < 0.8) 1s observed between the data and MC. The difference
increases to about 2% for 0.8 < 11 < 1.2. This difference is used as a correction factor to restore
the agreement between the data and MC.

'p =1 in Equation 4.1. Jet constituents with the smallest py tend to be clustered first, so that the highest pr
constituents are combined last.
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Fig. 4.3 A schematic diagram depicting the jet trimming procedure. The parameters f.,; = 0.05, and
Ry, = 0.3. Figure taken from Reference [133].
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Fig. 4.4 The average jet energy response of large-R jets as a function of the reference object’s (7 in this
case) transverse momentum, pr. ! for (a) In| < 0.8 and (b) 0.8 < |n| < 1.2. Only statistical uncertainties
are shown. Figure taken from Reference [127].

The preliminary measurement using MC shows that the relative JER ranges between 5%
for large-R jets with pt around 300 GeV and around 3.5% for pt > 900 GeV for central jets
within |n| < 0.8 [134]. The jet mass resolution (JMR) is also determined to be around 7-8%
over the whole pr and || range [135] using MC study.

Throughout this thesis, the large-R jet is labelled as upper-case J. Large-R jets must have
pr > 300 GeV and |n| < 2.0. The latter requirement is to ensure that the entire jet cone falls
within the ID volume. A large-R jet must also pass the overlap removal rules specified in
Section 4.12. On top of that, the leading large-R jet must have at least two track jets associated
to its ungroomed parent jet. Track jet and its association technique will be explained in the next
section.
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4.8 Track Jets

Track jets, labelled as j/’%, are also reconstructed by using the anti—k; algorithm with the radius
parameter, R=0.3. The input to the jets clustering algorithm is the inner detector tracks which
satisfy the criteria listed in Table 4.6.

Table 4.6 Tracks selection criteria. Tracks that pass these requirements are used as input to track jet
reconstruction.

Observable Cut
pt (MeV) > 500
N <25
Pixel detector hits > 1
SCT hits >6
Transverse impact parameter with respect to the primary vertex, |dy| [mm] <15
Longitudinal impact parameters with respect to the primary vertex, |zpsin8| [mm] | < 1.5

The impact parameter requirements ensure that only tracks matched to the primary vertex
in the event are used for jet clustering. In this way the track jets are robust against the pile-up.
Finally, only track jets with at least two tracks, pr >7 GeV and |n| < 2.5 are considered for
this analysis.

We need to know which track jet belongs to which large-R jet. For this purpose, we adopt
a technique called “ghost-association” [136, 137] to associate track jets to a large-R jet. A
track jet is treated as infinitesimally soft by artificially setting its 4-vector to a very small value
(hence the name “ghost”). The calorimeter clusters and “ghost” are then reclustered using
the anti—k; algorithm with the radius parameter, R=1.0. The low energy “ghosts” does not
change the energy and the direction of the large-R jet even after the reclustering. If the track jet,
treated as a “ghost” in the reclustering, is clustered into a given large-R jet, it is considered to
be matched with the large-R jet.

4.9 b-tagged track jets

b-tagging—the identification of jets containing b hadrons is of paramount importance in this
analysis. In this analysis, a neural network-based b-tagging algorithm called “MV1” is used.
The inputs to this neural network is discussed below.

A b-hadron has a relatively long lifetime, of the order of 1.5 ps. With a moderate boost
in the transverse direction, the average traveling distance before it decays can reach a few
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millimetres. This leads to topologies with displaced secondary vertex! from the primary vertex.
Several discriminant variables can be derived based on the following characteristics.

1. The signed impact parameter significance, S = (do/0y,; z0/0z,) Where the dj (z9) is the
transverse (longitudinal) impact parameter, while oy, and o, is the uncertainty on the dj
and zo, respectively. The charged-particle tracks from b-hadron decay products tend to
have large impact parameters with respect to the primary vertex. The impact parameters
are given a sign, defined as

sign(do) = (P jor % P o)+ (P x (X = X)) (4.4)

sign(z0) = (Mjer — Nerk) X 24° (4.5)

where ? jer 18 the jet direction, ?trk and erk are the direction and the position of the
track at the point of closet approach to the primary vertex, and X ,, is the position of the
primary vertex. The track get a positive sign if its direction intersects the jet axis in front
of the primary vertex and vice versa.

2. The number of secondary vertices with at least two tracks.

3. The secondary vertex mass, defined as the invariant mass of all charged particle tracks
used to reconstruct the vertex.

4. The energy fraction, defined as the sum of energy of all tracks associated to the secondary
vertex divided by the sum of the energies of all charged particles associated to the jet.

5. The number of tracks associated with the secondary vertices.
6. The number of additional single track vertices on the b-hadron flight axis.

7. The flight length significance, L3p/0y,,, > 2, where L3p is the three dimensional distance
between the primary vertex and the point of closest approach of the track associated to
the secondary vertex and oy, is its resolution.

Base on the log-likelihood ratio (LLR) method, the measured value of a discriminating variable
described above is compared to pre-defined probability density functions, b(x;) and ¢(x;)
obtained from simulation for both the b- and light-flavour jet hypotheses. Each track or
vertex can be assigned a weight which is defined as the ratio of the probabilities, for example,

IThe secondary vertex is reconstructed from vertex with at least two tracks which are associated to the jet
and far enough from the primary vertex (Lsp/0r,, > 2). All tracks from the remaining two-track vertices are
combined into a single inclusive vertex, using an iterative procedure to remove the worst track until the x> of the
vertex fit is less than a predefined threshold.
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b(x;)/l(x;). By taking the sum of weight of the tracks or vertices associated to a jet, the jet
weight, aj,; can be calculated

- b(xi)
Qjer l; In7 ) (4.6)
where N is the number of tracks or vertices. This jet weight gives a better discriminating power
between b- and light-flavour jets. The MV 1 neural network takes a ., constructed from the
first four discriminant as inputs. In addition a neural network is trained by using the jet weight,
aje constructed from the first discriminant, plus the last three discriminants as inputs. The
outputs of this neural net constitute the other inputs to the MV 1 neural network. The MV1
neural network is trained with b-jets as signal and light-flavour jets as background. A weight,
wyy1 for each jet is computed by the neural network.

The MV algorithm can be used to tag either the calorimeter jet or track jet. The latter case
is used in this analysis. One of the main advantages of using track jets for b-tagging is due its
inherently better angular resolution than the calorimeter jets. This better angular resolution can
greatly improve the b-tagging performance in dense regime. Since track jets are chosen to be
originating from the primary vertex, this may reduce the dependence of H-tagging performance
on pile-up. Other than that, we can also avoid introducing additional jet energy scale and jet
energy resolution systematic uncertainties in b-tagging correction as track jets can be corrected
independently from the calorimeter jets. In addition, track jets can recover low-pt b-hadrons
which otherwise will be removed as a result of a higher pr-threshold imposed on the large-R
calorimeter jets in the grooming procedures.

We require the MV 1 b-tagging weight, wysy1 > 0.7, which gives on average an inclusive
efficiency of 73.8% to tag a track jet that comes from b-hadron decays. The measurement of the
b-tagging efficiency for track jets with radius R=0.3 has been performed using dilepton #7 events
selected from the complete 2012 ATLAS p — p collision dataset [138]. The b-tagging efficiency
is extracted based on the tag-and-probe method [139]. Events with with an opposite-sign ey
pair in the final state and exactly two jets are selected. One jet in the event is required to be
b-tagged, allowing the second jet to be used as the “probe” jet, without biasing the b-tagging
weight. These probe jets are used to measure the b-tagging efficiency as a function of jet pr
and 1. The b-tagging efficiencies in data, MC, and the data/MC ratio as a function of track jet
pt and 1 are shown in Figure 4.5 and Figure 4.6.

By taking the ratio of the measured efficiency, €, in data to that in MC, a per-jet scale factor
is calculated as

data
SFf1avour(PT, M) = M, flavour = b, c,or light 4.7)
gflavor(pT’ n)

To correct for the b-tagging rate in MC to that in data, for each selected track jet in this analysis
a jet weight, w ., 1s applied, depending on its flavour, pr, and 1. If the track jet passes the
wyy1 > 0.7 requiremnt, the jet weight is simply the SFy4,,,-(pT, 1), Whereas if the track jet is
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Fig. 4.5 (a) MV1 b-tagging efficiency as a function of the jet pr (for cut wyy; > 0.7) measured in data
and simulation (3 MC ¢ samples are compared) extracted with the tag-and-probe method. (b) The
ratio, or scale factors, for R = 0.3 track jets. Error bars are statistical, shaded regions are statistical and
systematics uncertainties added in quadrature. Figure taken from Reference [138].

not tagged [140]

MC, i
- gjtgla;‘?”r<pT’ n) 1 _SFflavor(PT, n>8flavnlr<pT> 71)
Wiet = MC, i = | _ gMC (4.8)
- gflaljor(pT’ n) - gflavgr(pT7 n)

where S%SV oir( pr,1) corresponds to the tagging rate for the specific MC sample under con-
sideration. While the ratio of efficiencies defining SFy;4,,-(pT, M) is less dependent on MC
MC, i . . o )
sample, the eﬂaw)r( pr, M) is more dependent on possible variation in event topology (e.g jet
multiplicity, effect of nearby jets) or differences between implementations of parton showering,
hadronisation, and decays. The latter form in Equation 4.8 ensures any sample-dependence of
the tagging efficiency is taken into account. Finally an event weight is computed as the product
of all jet weights for all selected track jets

Wevent = H Wjet 4.9)

trackjets

and applied to each event.
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Fig. 4.6 (a) MV 1 b-tagging efficiency as a function of the jet |n| (for cut wyy; > 0.7) measured in
data and simulation (3 MC #f samples are compared) extracted with the tag-and-probe method. (b) The
ratio, or scale factors, for R = 0.3 track jets. Error bars are statistical, shaded regions are statistical and
systematics uncertainties added in quadrature. Figure taken from Reference [138].

4 10 El’IllSS and meSS

The E%ﬁss is reconstructed based on energy deposits in the calorimeter. Its components along
the x and y axes is calculated as:

Emzss ZErtiyis&e + ZE’Zlyz’ss }/+ ZEmlss T + Z Emlss Jjets + ZEmtss7u + Z E’Zt;ss,SOftTerm
Y jets SoftTerm
(4.10)

The symbol E%‘iss is used to denote its magnitude. In the object reconstruction, calorimeter
cells may be shared between different objects. To avoid energy double-counting, calorimeter
cells are associated preferentially with a parent physics object in a specific order: electrons
(e), photons (7), the visible parts of hadronically decaying t-leptons, jets, and finally muons
(u). If a calorimeter cell is already assigned to one object, it is not reassigned or counted a
second time. All energy deposits in the calorimeter that are not associated to the objects that
are already used in the E%‘iss calculation, are assigned as the calorimeter soft term (CST) in
Equation 4.10.

The resolution of the E%‘iss has been evaluated by using Z(— [l)+jets events [141, 142]
where no genuine E%liss is expected. The E%liss resolution is estimated from the width of the
combined distribution of the E** and E;”iss components. At the average pile-up condition of
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2012 run period, the resolution for Ex’fyiss is about 20 GeV for total transverse energy in the
detector, ) E7 > 50 GeV. The agreement between the data and MC is within 5% for the whole
Y Er range. In addition, the balance of E%niss against the transverse momentum vector of the Z
boson, ﬁ%, is used to evaluate the ET"*° response, R, defined as

(4.11)

where Z = E%ﬁss + ﬁ%l and iz is the unit vector of ﬁ% A bias in the E%liss response thus
implies a systematic under- or over-estimation of the terms used in the E‘TIliSS calculation. The
E%‘issresponse measured in the Z — /] inclusive jet sample shows an overall value of around
0.9 for p% > 50 GeV. The agreement between data and MC is within 5%.

While E%‘iss is measured based on the calorimeters information, p?i“ is calculated by using

the isolated track momenta measured with the Inner Detector. Since p?iss is reconstructed
from isolated tracks that are associated to the primary vertex where the hard interaction has
occurred, this quantity provides a less pile-up dependent description of the physics in the event
and more correlated to the true E'T‘niss of the event. This is in contrast to the calorimeter-based
E%‘iss which includes calorimeter deposits originating from all interaction vertices (therefore
dependent on the number of vertices in the event). However, there are some disadvantages.

p%“ss has a smaller geometrical coverage and does not contain the information of neutral

particles. To ensure a good association to a primary vertex, tracks that are considered in p?iss
calculation are required to satisfy the criteria listed in Table 4.7. With this collection of tracks,
the transverse momentum imbalance of one collision event is calculated as the negative sum of
all selected tracks:
= ¥ @12)
tracks
where the p7sS and ﬁ;"iss is the x and y components of the nominal ﬁ?i“ repectively.

Table 4.7 Track selection for p$i55 calculation.

Observable Requirement
pt MeV) > 500
N <25
Pixel detector hits >1
SCT hits >6
Transverse impact parameter with respect to the primary vertex, |dp| [mm] <15
Longitudinal impact parameters with respect to the primary vertex, |z sin 0| <15
[mm] '

ISince the E}“issincludes a negative vector sum over the lepton momenta from Z, the addition of 5% removes
its contribution.
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4.11 Triggers

The sequence of triggers (L1 —L2—EF) that is used to select events with a specific detector
signature, for example events with a single high-pt muon, is referred to as a trigger chain. The
trigger chains that are used to select muons, photons, and E%‘iss in this analysis are described in
the following paragraphs.

In this analysis, events containing single muon are used for the estimation and validation
of Z(— ¢0)+jets, tf, single top, and W (— ¢v)+jets backgrounds (as explained in Section 6).
Events with muons are primarily selected using logical OR between two lowest un-prescaled
single lepton triggers chain, namely the mu24i and mu36 trigger chain. The requirements for
each trigger chain are listed in Table 4.8. The mu24i trigger chain is designed to select isolated
muons with pt > 25 GeV while the mu36 trigger chain is designed to collect muons with large
pt without making an isolation requirement.

Table 4.8 Single muon trigger chain for selecting events containing muon(s).

Trigger Chain Name | Trigger Selection criteria
L1 Muon pt > 15 GeV and coincidence of hits across 3 layers of the RPCs or TGCs
mu24i L2 One or more combined-muon with pt > 22 GeV

EF One or more combined-muon with pt > 24 GeV and Ptcone_20/muon pr < 0.12
L1 Muon pt > 15 GeV and coincidence of hits across 3 layers of the RPCs or TGCs
mu36 L2 One or more combined-muon with pt > 22 GeV
EF One or more combined-muon with pt > 36 GeV

In this analysis, y+jets events are used to estimate the Z — vv + jets background as
discussed in Section 6.3. The high pt photon are selected using the un-prescale g120 trigger
chain. This trigger has almost full efficiency for photons with pt greater than 125 GeV. The
requirements for g120 trigger chain [143] are listed in Table 4.9. L1 photon trigger utilises
the third sampling layer (trigger towers) of the EM calorimeter (see Figure 2.8) to identify the
position of the region of interests. EM clusters are formed by identifying local maxima using
a sliding a window with size 1 X ¢ =4 x 4. If any pair of towers of the central 2 x 2 trigger
towers has a combined energy that passes the threshold of 30 GeV, the trigger is satisfied. At the
L2 and EF level, the reconstructed photons have to pass the photon identification requirements.

Table 4.9 Single photon trigger chain for selecting events containing photon.

Trigger Chain Name | Trigger Selection criteria
L1 Sum E7 of any pairs of trigger tower at the window’s core-region > 30 GeV
2120 L2 One or more photon with pt > 120 GeV and pass photon ID
EF One or more photon with pt > 120 GeV and pass photon ID (tighter than L.2)

To select our signal events, a un-prescale E%‘iss trigger is used. The trigger chain is labelled
as xe80_tclecw. The requirements for this trigger chain [144—-146] are listed in Table 4.10. At
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L1 E%liss is calculated from calorimeter cell information. However, at L2 and EF trigger level,
topo-clusters corrected to LCW scale are used instead. In all cases, muon information are not
included in the calculation of EM*Sduring 2012 data taking. That means muons will thus show
up as a source of E%’issin the trigger.

Table 4.10 E%“SS trigger chain for selecting events containing large E%li“.

Trigger Chain Name | Trigger | Selection criteria
L1 ET" > 50 GeV
xe80_tclcw L2 EF" > 55 GeV
EF ET" > 80 GeV

As E‘TIliSS is the main signature of our signal events, it is crucial to make sure that the E‘T“iSSEF
trigger efficiency in data is reproduced in the MC. Hence, a study to estimate the offline EF
trigger efficiency is performed. The goals are:

* to ensure the trigger is fully efficient at EITniSS above 200 GeV.
* to derive correction factor if necessary.

* to treat correctly any systematic uncertainties related to the trigger inefficiencies

We select an uncorrelated sample with respect to the E%niss trigger from W (— [ v)+jets events
which are triggered by the muon triggers. To select W(— pv)+ jets events, the event must
pass the selection as listed in Table 4.11. The trigger efficiency, S(E%niss) is defined as the ratio

Table 4.11 Selection used to select a set of W(— 1 v)+ jets events for the study of E%‘iss trigger efficiency.

Object Selection
Muon triggers pass mu24i || mu36 trigger (see Section 4.11)
Number of isolated muon, Ny j50 ==
Muon’s pt [GeV] > 25
Baseline electron, ny =0
|A¢min(5¥nssa Jt)| > 1.0
[AG (BRI, piis) <n/2
Number of large-R jet, ny >1
Leading large-R jet pr, p# [GeV] > 100
Number of associated track jet, n jirk >2
Number of associated b-tagged track jet, M jirk ==0

of the events that are selected by the E%liss xe80_tclcw EF trigger to the total event passing
selection in Table 4.11:

_events that passed xe80_tclew EF trigger

4.13
total events ( )

e (ER™)
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Figure 4.7 shows the comparison of 2012 data and MC trigger efficiency as a function of the
E%‘iss for W+jets events and its backgrounds such as diboson, top quarks, and their combination
(all of which are selected using the same selection listed in Table 4.11). Note that while muons
are included in the offline E%‘iss reconstruction, they are not used in the determination of E‘TniSS
in both L2 and EF active triggers in 2012. Hence, to get a more accurate representation of the
E%‘issused in EF trigger, the muon contribution is removed from the offline E%liss reconstruction
(cf. Equation 4.10). For E%‘iss greater than 200 GeV, the trigger is fully efficient. Moreover,
the data and MC agree almost perfectly. Therefore we chose E%li“ > 200 GeV in the offline
analysis without the need to apply any correction factors. The efficiency curve has been fitted
using the error function:

1 EMISS _ threshold
=—(1+E T 4.14
) 2(+ rf( L )) (4.14)

The fit range for each level is 100-500 GeV. The threshold (50% efficiency point) and the
width of the turn on curve are estimated by the fit. The sample size before and after the
trigger selection, the E‘TniSS value where the turn on curve reaches its plateau, the EM* value
corresponds to an efficiency of 98%, as well as the fitted parameters for data and each MC
background sample are tabulated in Table 4.12.

Table 4.12 Event yield, EF_xe80_tclcw trigger efficiency values as well as the fitting results for data and
MC background samples.

Data W+jets Diboson top-quarks | Combination
Sample Size 6.05x10° 5.04x10° 4.22x10% 4.61x10° 5.54x10°
Before Trig. 5.55x10° 5.67x10° 4.70x103 1.75x10* 5.90x10°
After Trig. 2.94x10° 3.48x10° 3.16x10° 1.10x10* 3.62x10°
Max Eff. [%] 100.00 100.00 100.00 100.00 100.00
Etmiss @ 98% 153.62 146.30 146.64 164.90 147.25
chi® /dof 7.59 14.49 1.52 2.39 15.51
threshold | 96.95 +0.17 | 86.78 = 0.19 | 87.74 +0.92 | 92.97 + 0.84 | 86.50 + 0.20
width 27.60 £ 0.19 | 28.98 & 0.16 | 28.68 4= 0.78 | 35.02 4 0.80 | 29.58 + 0.17

Further studies on the properties of the xe80_tclcw EF trigger are performed in order to
understand the correlations between the trigger efficiency and kinematic or pile-up conditions.
The dependency of trigger efficiency on large-R jet multiplicity, leading large-R jet pt, and
number of primary vertices are shown in Figure 4.8. The efficiency shows a weak dependency
on all three variables at low E%liss region. For E%liss > 200 GeV, the agreement between the
data and MC is very good.
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Fig. 4.7 xe80_tclcw EF trigger efficiency comparison between data and (a) diboson, (b) top (¢f selection
in Table 4.11), (c) inclusive W (— [v)+jets and (d) combined MC.

4.12 Overlap Removal

The same calorimeter cell or track could be used in the reconstruction of multiple physics
objects since the reconstruction process for each object proceeds independently. In addition,
two separate but close-by objects also potentially introduce a bias in the reconstruction. To
address these problems, a sequential procedures called “overlap removal" is implemented. The
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Fig. 4.8 EF_xe80_tclcw trigger efficiency dependency on (a) the large-R jet multiplicity, (b) leading
large-R jet pr and (c) the number of primary vertices.

geometrical proximity, AR, is used as the figure of merit to quantify the compatibility of two
objects. Object pairs considered for the overlap removal include lepton-jet pairs, electron-muon
pairs, and electron-electron pairs.

The electron-jet overlap removal aims at to remove reconstructed jets that are actually
(isolated) electrons. To preserve heavy-flavour jets with semi-leptonic decays, the baseline
electrons or muons in the proximity of a jet is classified as non-isolated and removed. While
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electron-electron duplication is not frequent, the softer or equally energetic electron from the
electron pairs is removed. Furthermore, large-R jets are eliminated if an isolated photon is
found within AR < 1.0 of the large-R jet. Track-jets are discarded if an isolated electron or
an isolated muon is found within AR < 0.1 of the track-jet. A muon-electron duplication may
occur when the collinear final state radiation produces a photon very close to the muon track.
In this analysis, the event is discarded to protect against a bias in the reconstruction of the
muon momentum in presence of hard photon radiation. The hierarchical sequence in which the
ambiguities are resolved and the AR requirement is summarised in Table 4.13.

Table 4.13 Overlap hierarchy and the order in which the ambiguity is checked.

Order | Case Keepy Keeppu Keep e Keep jet Keep event
1 AR(jet, ej50) < 0.2 - - Yes No -
2 AR(jet, Yis0) < 0.2 Yes - - No -
3 AR(jet, e) < 0.4 - - No Yes -
4 AR(jet, u) < 0.4 - No - Yes -
5 AR(e, e) < 0.05 - - Yes (more energetic €) - -
6 AR(large-R jet, Vo)  Yes No -
7 AR(track jet, e;s) - - Yes No -
8 AR(track jet, Uiso) - Yes - No -
9 AR(u,e) < 0.01 - - - - No
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Chapter 5

Event selection

In this section, we will lay out the exact treatment and criteria to select the signal event. First, a
general quality requirements, referred to as preselection criteria, are applied (Section 5.1). We
take a short detour in Section 5.2 to investigate the unique signal event topology in the high-pr
(boosted) regime which motivates the use of large-R jets and track jets. The full selection
criteria specific to the E%“iss+2 b-jets final state are applied (Section 5.3). The optimisation
procedures are outlined in Section 5.4. We also consider two event level corrections that need
to be applied to all MC events so that it better describes the data (Section 5.5). Finally we show
the signal selection efficiency in Section 5.6.

5.1 Event Preselection

Recall that the dataset used in this analysis must have passed the data quality requirement
(Section 3.1). By design the data quality requirement does not identify issues which are sporadic
in nature or issues which are noticeable only after integrating over a longer data taking period.
This kind of problems are dealt with by imposing specific cleaning cuts, which include:

* In the luminosity block after a detector reset (to recover certain detector busy conditions),
some events might be incomplete (due to some missing detector information in the event).
Any events flagged with such error are rejected.

* Noise bursts events which show a substantial fraction of cells in the LAr calorimeter with
unexpected signal shapes and high signals are discarded.

* Problematic events recorded when there are functioning errors in the tile calorimeter and
events containing data corruption from one particular tile channel are vetoed

In addition, each event needs to be checked for badly reconstructed jets which may affect
the accuracy of the E7"** measurement. Event is rejected if:

* it contains any jet with pt above 20 GeV that does not pass the jet quality requirements.
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* it contains a jet (before the lepton-jet overlap removal) with pt > 40 GeV that has the rela-
tive energy of all non-operational calorimeter cells in a jet, BCH j,; = i-v””"“”s ZE L) Ejer >
0.05 and points roughly in a similar transverse direction with the reconstructed E;"** (i.e
Aq)(jet,E%‘iss) < 0.3) are removed [126].

To avoid using cosmic muons, events containing a muon that survives overlap removal and has
a transverse (longitudinal) impact parameter with respect to the primary vertex larger than 0.2
(1) mm are rejected. Finally, to ensure the event contains a hard collision, at least one primary
vertex with more than 4 associated tracks is required.

5.2 Event topology and boosted higgs selection

miss,truth

Figure 5.3 shows the comparison of the true missing transverse energy, E , distribution
for each sample and for five different DM masses, where E7 issiruth i defined as the magnitude

of the vector sum of pr of all non-interacting true particles with 1| < 4.5, which is the coverage
of the ATLAS calorimeter. As expected, the E%“iss increases as DM mass increases. The other
observation we can make is that the Ej**""" spectrums are very broad and generally larger
than 200 GeV. Figure 5.2 shows the A¢ (Ep™"""" Higgs) distribution. It is the separation
between the E7**"™" and Higgs boson in the transverse plane. These A (Ep ™" Higgs)
distributions illustrate that for every sample the DM (E;"**""") is produced back-to-back with
the Higgs boson. This also indicates that the pt distribution of the Higgs boson is similar to
that of the EITniSS, as shown in Figure 5.3.
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Fig. 5.1 E} isstruth gistributions for five different DM masses (1, 65, 100, 500 and 1000 GeV) for sample
(a) xxhh, (b) xxhhg5, (¢) xdxhDh and (d) xgxFhDh.
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Fig. 5.2 A¢(E} issiruth iges) distributions for five different DM masses (1, 65, 100, 500 and 1000 GeV)
for sample (a) xxhh, (b) xxhhg5, (c) xdxhDh and (d) xgxFhDh.
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Fig. 5.3 Higgs pr distributions for five different DM masses (1, 65, 100, 500 and 1000 GeV) for sample
(a) xxhh, (b) xxhhg5, (c) xdxhDh and (d) xgxFhDh. The recoiling Higgs boson pr distribution is very
similar to EM* distributions in Figure 5.3 as Higgs and EM** are mostly back-to-back.
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Based on these MC information, we can anticipate that the event topology with E%‘iss +h(—
bb) final state to be similar to that illustrated in Figure 1.8. Because of the highly boosted (large
pr) Higgs, its decay products is expected to be very collimated. Hence, in order to fully capture
these decay products we make use of the trimmed large-R jets with R = 1.0. Two b-quarks
from the decay of Higgs boson are identified by associating the leading large-R jet with two
small radius (R=0.3) b-tagged track jets.

As described in Section 4.7, large-R jet offers many advantages in boosted object recon-
struction. To further demonstrate and justify its usage in this analysis, let us consider the decay
of a highly boosted Higgs boson into a b-quark pair. The angular separation between two
decay products of a heavy particles, AR! defined as the distance in azimuthal angle ¢ and in
pseudorapidity 1, can be approximated by [147]:

AR =~ 2_m 5.1

P1

where pt and m are the transverse momentum and the mass of the parent particle, respectively.
Figure 5.4 shows the separation of the two b-hadrons as a function of Higgs pr at the parton
level in MC simulation. Clearly the majority of b-hadrons resulting from the decay of a boosted
Higgs boson with pt > 250 GeV would be contained within an R = 1.0 calorimeter jet. At
higher Higgs pr the separation between the two b-hadrons would be less than 0.8. This means
the jets reconstructed with the standard distance parameter (R=0.4) would begin to merge,
ultimately reduces the efficiency to identify two b-jets. This is where the track jet b-tagging
(see Section 4.9) plays a central role to recover the efficiency.

Figure 5.5 shows the number of b-tagged jets (reconstructed at MC particle level) that are
associated to the leading large-R calorimeter jet for xgxFhDh signal sample with m,=1000 GeV.
Events are selected after event preselection plus at least one large-R jet requirement. Three
different type of jets are shown. The black histogram belongs to the standard calorimeter jet
with R=0.4. Only about 50% of the events have two b-tagged calorimeter jets with R=0.4
associated to the large-R jet, indicating that the two b-hadrons ended up inside a single R =
0.4 jet for a majority of the events. The performance is roughly the same when R = 0.4 track
jets are used. However, by decreasing the track jet distance parameter from R = 0.4 to R =0.3
drastically increases the number of b-tagged jets to around 70%.

5.3 Signal Selection

The full signal selection is given in Table 5.1. After the preselection mentioned in the previous
section, events are required to pass the EJ"* trigger (refer to Section 4.11). The leptons veto is
applied since no leptons are expected in the signal events. Two anti QCD multi-jet cuts based

on the angular variables of E%‘iss and p%‘iss are applied (see Section 4.10 and Section 6.4 for

IAR(a,b) = \/(‘Pa = )%+ (Mo —Mp)?
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AR(B1, B2)
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Fig. 5.4 Separation between b-hadrons as a function of Higgs pr obtained using MC particle level
information.

Table 5.1 The DM+Higgs(— bb) event selection. Superscript index i of each jet collection means the
i-th jet in descending order of the transverse momentum. Whereas subscript b in each jet collection
means the jet is b-tagged.

Selection Requirement Note

Event quality preselection pass

ET"xe80_tclew EF trigger pass

Number of baseline leptons, ny ==

| AQyin (E2ISS 1) | > 1.0 : .
1A Er}niss?p$iss)‘ <72 Anti QCD multi-jet cut
Number of large-R jet, ny >1

Leading large-R jet pr, p? [GeV] > 350 Anti top cut
Number of associated track jet, n jirk >2

Number of associated b-tagged track jet, n jirk ==2 h —s b reconstruction
Large-R jet mass, mj1 [GeV] 90 <myu <150

ET"™ [GeV] > 300 Signal region 1
ET" [GeV] > 400 Signal region 2

more discussion). To reconstruct the Higgs boson later on, we require at least one trimmed
large-R jet. To ensure that the top quarks are more often fully-contained in the large-R jet, the
leading jet is required to have pt > 350 GeV. These boosted top quarks have a reconstructed
jet mass distribution that peaks at ~170 GeV (see Reference [148] for more information). Thus
they can be rejected more efficiently when combined with the leading jet mass cut. To identify
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Fig. 5.5 Number of b-tagged jets (reconstructed at MC particle level) associated to the leading large-R
jet calorimeter jets for xgxFhDh signal sample with m,=1000 GeV. The lower plot shows the difference
in the fraction of event selected with both types of track jet relative to the fraction of event selected by
the calorimeter jet with R=0.4.

the Higgs candidate, the leading large-R jet must have exactly two b-tagged track jets associated
to it. Furthermore, the invariant mass of the leading jet should fall within a Higgs mass window
between 90 and 150 GeV. Finally, two signal regions are defined, one with E%“iss > 300 GeV
and the other with E%‘iss > 400 GeV. Each signal region is optimised for different mono-Higgs
operators and different DM masses to achieve the best signal sensitivity.

5.4 Optimization

Figure 5.6 shows the distributions of several discriminant variables. All signal selections are
applied except the cut on the discriminant variable itself. Two representative signal samples
(the highest and the lowest m, ) for each mono-H operator are plotted against the total MC
background. The cut value on the kinematics variables: [A@yu, (ETSS, j)

, leading large-R
jet mass and E%liss should be chosen to yield the optimal compromise between the signal
efficiency and the background rejection. The optimal selection criteria for these three variables
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are determined by iteratively maximising the signal significance, S, defined as

g N
V/Ns + Ny + (0.2N, )2

5.2)

where Ny and N, are the expected number of signal and background events, respectively. The
systematic uncertainties on the total background prediction of about 20% is assumed. While
the value that is under optimisation is being varied, all the other cut values are held constant.
The value which gives the highest signal significance is chosen. All the backgrounds events
used in the optimisation process are MC samples (see Section 3.4). For each mono-H operator,
two representative MC signal samples (the highest and the lowest m,) are used to optimise the
selection values.

Figure 5.7 shows the significance distribution for |A@;, (E%ﬁss7 i), leading large-R jet mass
and EMs. From Figure 5.7a, we require [A@y,(ET'S, j*)| to be greater than 1. For the leading
large-R jet invariant mass the lower bound is fixed at ~ 20 (2 times the measured large-R jet
mass resolution [149, 150]) away (90 GeV) from the W boson mass peak. The upper edge of
the jet mass window is about 150 GeV as demonstrated in Figure 5.7b.

5.5 Event level corrections

5.5.1 Pileup rescaling

The absolute luminosity of a p — p collider can be expressed as:

@ pnp fr _ 1 np fr _ 1 np fr
Oinel EO0jnel o

(5.3)

where f; is the collider revolution frequency, n,, is the number of bunches, € is the efficiency for
one inelastic p — p collision to satisfy the event-selection criteria (inlcuding detector acceptance)
and p" is the average number of visible inelastic interactions per bunch crossing (i.e. the
mean number of p — pcollisions per bunch crossing that pass that event selection). The visible
inelastic cross section is related to the inelastic cross section by this relation Gl.‘}’j:l = ECjnel-
The absolute luminosity can be inferred from the measured accelerator parameters via the
van der Meer scans (vdM) [151, 152] without a priori knowledge of the inelastic p — p cross
section or of detector efficiencies. Similarly, u"” is also a directly measurable quantity. It
can be measured using a set of dedicated detectors (such as the Beam Conditions Monitor
(BCM) and LUminosity measurement using a Cherenkov Integrating Detector (LUCID) at
ATLAS) and algorithms which allow bunch-by-bunch measurements. By comparing the known
luminosity delivered in the vdM scan to the measured ,um , the visible inelastic cross section,
o isl can be determined from Equation 5.3. In order to test the reliability of MC simulation,

e
the visible cross sections obtained from the data has been compared to that predicted by the
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MC [88, 153]. Small discrepancy between the PYTHIAS event generator and the data has been
observed. To account for this difference, the tt in MC has to be rescale. The rescaling factor
is calculated by comparing the ratio of the visible cross section to the inelastic cross section,
€= G;zigl /Oiner for data with that for simulation. The cross sections in data, G;,,; and Gi‘;f:l are
computed from independent measurements performed at the TOTEM experiment [154] and
the ATLAS experiment [155]. The resulting scale factor, €944 /¢MC = 1/1.09 is applied as a
multiplicative factor to all MC events. A systematics uncertainty is assigned to this correction

as described in Section 7.3.1

5.5.2 Pileup reweighting

Each event in a MC sample is simulated with an assumption about what the average pile-up
value will be under a particular simulated detector condition. However, it is impossible to
predict exactly how much luminosity takes which pile-up value in reality.

Pile-up can affect things like reconstruction efficiency or the kinematics of the reconstructed
objects. Hence it is important to make sure that the pile-up value in MC for a given fractional
amount of luminosity matches the data. To derive this correction, the integrated luminosity
from the data are binned according to the discrete pile-up values used in the reference pile-up
distributions of the MC. Then correction factors for each pile-up bin, 7, for an MC event
simulated at a given detector condition, A is given by [156]

N
Wpile—up = 7~ 4 54
pile—up I NIA ( )
where L is the total integrated luminosity of the data, L‘i“ is the integrated luminosity of all data
assigned to the detector condition, A, in bin i as that found in the given MC event, N is the sum
of the generator weight! of the whole MC sample and NIA is the sum of the generator weight of
the events in the sample with the same detector condition, A, in the same bin, i. The correction
factor is applied as a multiplication factor to all MC events in the same way as the pile-up
rescaling factor mentioned above.

5.6 Signal selection efficiency

Figure 5.8 shows the selection efficiency (detector acceptance, A times reconstruction efficiency,
€) as a function of DM mass for each of the signal sample. More details on the absolute and
relative selection efficiency for all signal samples are given in Table C.6-Table C.9 in the
Appendix C.3. The selection efficiency after the full set of selection requirements varies from
approximately 1% to 14% depending on the mono-H operator and DM mass.

I'To avoid duplicating events, an event generator weight (whose value depends on generator) may be associated
to each event.
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Fig. 5.8 Acceptance times efficiency as a function of DM mass for EFT signal samples in the SRs.
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Chapter 6

Background estimation

The methods based on purely MC, the mixture of data and MC, and only data are used to
estimate these backgrounds. To facilitate the estimation of each background, statistically
independent control regions (CRs) are defined based on the number of leptons and the number
of b-tagged track jets. In principle, the number of background events in the SRs can be
extrapolated from the CRs based on the following relation:

A A bkg!
bkg' _ arbkg' CR,data
Nog dara = Nsgmc X bkg (6.1)
CR.MC

For this to works, each CR must be designed carefully such that each CR should contain a high
purity of the specific background under consideration. At the same time the CR should also
be free of signal contamination. This makes it possible that the dominant process in each CR
can be controlled and compare to the data. In addition to the CRs, a validation region (VR) is
constructed to verify the model used to predict the number of background events in the signal
region or SR. The definitions of CRs, VR, and SR are as shown in Figure 6.1.

In the following sections, the procedures to estimate the Z(— ¢¢)+jets (Section 6.1), the
W (— £v)+jets, tf, and single top (Section 6.2), QCD multi-jet (Section 6.4) and Z(— vV )-+jets
(Section 6.3) are presented. Since no suitable CR can be defined for the diboson and the SM
VH backgrounds, they are estimated directly from the MC simulations. The validation of the
overall background modelling is shown in Section 6.5.

6.1 Estimation of Z(— ¢/)+jets events

The estimation of Diboson, Z(— ¢¢)+jets, and SM VH backgrounds relies purely on the MC
simulations. These backgrounds are normalised according to their production cross sections
and the integrated luminosity. To check the modelling of Z(— ¢¢)+jets events, a 2-muon
control region is defined. The definition of this control region is shown in Table 6.1. The events
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Niep

N trk
0 1 2 Tb

Fig. 6.1 Definitions of CRs, VR and SR in term of the number of lepton and the number of b-tagged
track jet.

need to pass the single muon trigger requirement. There must be exactly 2 isolated muons
with opposite charge. Each muon should have pt greater than 25 GeV. Either of them need to
be trigger matched to the single muon trigger. Furthermore, the reconstructed invariant mass
of the dimuon system is required to be within 30 GeV of the Z boson mass (90 GeV). No
events should contain any baseline electron. Since the Z boson is not expected to decay to
neutrinos in these events, the Efrniss are expected to be small (mainly coming from fake E%liss
from the mis-reconstruction of jets). To increase the statistics, however, no EITniss cut is applied.
Similarly, to ensure that there are enough events, no |A@, (EMS, j))| cut is applied. Finally,
the selected events also need to pass the cuts on the large-R jet multiplicity, large-R jet pt, and
associated track jet multiplicity.
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6.1 Estimation of Z(— ¢/)-+jets events

Table 6.1 The definition of the 2-muon conrtol region to
ground.

check the modeling of Z(— ¢¢)+jets back-

2-muon control region

Cuts Values
Event quality preselection pass
Single muon trigger pass
Number of isolated muon, ny, ==
Trigger matching (either () ==true
Muons are oppositely charge == true
Both muon’s p1[GeV] >25
|Invariant mass of dimuons (my;) - 90| [GeV] | <30
Number of baseline electron, n, ==0
[AG(EF™, ™) <m/2
Number of large-R jet, ny >1
Leading large-R jet pr, pJT1 [GeV] > 300
Number of associated track jet, n jirk >2
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Fig. 6.2 Kinematic distributions for 2-muon CR. (a) trimmed AntiKt10 jet multiplicity, (b) the number
of associated track jets, (c) the number of associated b-tagged track jets, (d) leading large-R jet mass,
(e) E%‘iss and (f) p¥. The systematic uncertainties are shown as hatched band while the statistical
uncertainties are given as error bars.
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6.2 Estimation of /7, W (— (v)+jets and single top events

Several kinematic distributions of the 2-muon CR are shown in Figure 6.2. After all the cuts,
more than 94% of the selected events are Z(— ¢¢)-+jets events. The contribution from #7, single
top and VH backgrounds are basically negligible. Good agreement is achieved between data
and background. Most importantly, the modelling of the invariant mass of the reconstructed
large-R jet in the range between 50 < m; < 170 GeV is very satisfactory.

6.2 Estimation of 17, W (— (v)+jets and single top events

The estimation of W (— ¢v)-jets, tf and single top background in the SR proceed via a semi
data-driven approach. We trust the MC simulation to correctly reproduce the shape of the
kinematic distributions of these backgrounds. What we need to estimate is the total number of
events for each background in the SRs. To do this, the matrix method is used. A set of linear
equations with two unknowns, i.e. the scale factors of W(— ¢v)-+jets (SFy) and ¢7 +single
Top (SF7op), can be written as

SFy * N (W) + SFrop = NYg (Top) = NEg — N (Non-W/Top) (6.2)
SFw %Ny, (W) + SFrop* N, (Top) = Nogre — N, (Non-W/Top) — (6.3)

where NP#® (NMC) are the yield of the observation (prediction) from the different sources that
are present in the W(Top) CRs as indicated by the subscript CRy (CR7,p).

In order to solve this Equation 6.3, we first need to construct a Top CR (where ¢ and
single top backgrounds are combined) and a W(— ¢v)+jets CR. These two CRs are nearly
identical to the SRs, but the lepton veto is reversed by requiring exactly one isolated muon and
no electrons in the final state. The full selection of each CR is listed in Table 6.2. As shown
in the table, all the selections except the last are common between the two CRs. At the last
selection stage, the remaining events are separated into two categories by introducing a cut on
the number of b-tagged track jets, which are not associated to the leading large-R jet!, near the
selected isolated muon. The separation between the muon and the non-associated b-tagged
track jets, AR(I, non-associated b-tagged track jet) should be less than 1.5. The distributions
of this variable for 7 and W (— ¢v)+jets are shown in Figure 6.3. One can imagine that for
highly boosted leptonically decay top quarks, there should be a b-quark nearby the muon from
the W boson, whereas this is less common for W(— ¢v)-+jets events. The purity of #7 plus
single top MC events in the Top CR after these cuts is ~94%. The purity of W (— ¢v)-+jets
events in the W (— ¢v)-+jets CR is ~72%. The contamination from Top process (¢7 plus single
top) in this region is ~23%.

From the two CRs we constructed, we get the value for all the Nglgm/ Mc parameters. The
scale factor for W+jets and top background can then be derived by solving Equation 6.3

"Here, non-association simply means those b-tagged track jets and the leading large-R jet must have a
separation of AR(J;, j'*) > 1.0.
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Table 6.2 The event selection of the CRs for the scale factor calculation. Note that "non-associated
b-tagged track jet" means b-tagged track jets that have AR(Jy, j"%) > 1.0.

Selection Requirement
Top CR | W(— fv)+jets CR
Event quality preselection pass
Single muon trigger ==true
Number of isolated muon, Ny j50 ==]
Muon’s pt [GeV] > 25
Nmber of baseline electron, N, ==
ET" [GeV] > 200
Number of large-R jet, Ny >1
Leading large-R jet pr, J;T [GeV] > 350
Number of associated track jet, N jirk >2
any b-tagged track jet near lepton with
AR(l, non-associated b-tagged track jet) < True False
1.5

0.1]

arbitrary unit

0.08

0.06

0.04

0.02

5 6
(Iepo,b—trkjet)

4
AR

min

(a)
Fig. 6.3 Comparison of the distributions of AR separation between the leading muon and b-tagged
track jet for ¢7 (black) and W (— £v)+jets (red) events. All the track jets considered here must have
AR(Jy, j™) > 1.0. Both distributions are normalised to unity.

simultaneously. The derived scale factors and the contribution of each background in this CR
are listed in Table 6.3. As a cross check, two additional CRs are created by varying track jet
and associated track-jet b-tagging requirements. The scale factors and the contribution of each
background in these two additional CRs are shown in Table 6.4. All scale factors in all three
CRs agree with each other within 10 of statistical uncertainty.
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6.2 Estimation of /7, W (— (v)+jets and single top events

Table 6.3 Data yield and MC prediction (before correction) in the W+jets and top CRs at > 2 track jet
selection stage. Top CR includes contribution from single top and #7. Only the statistical error is shown.

Selection CR Diboson W-jets Z+jets Single Top 1 ZH ZVVyce Data Scale Factor
same as Tab. 6.2 Top 1.7+£0.3 17.6 £ 1.1 1.5+£02 19.1+28 293.6+83 0.1+00 0.0+0.0 297 £ 17 0.894 + 0.062
T W(= tv)+jets | 51.7+2.1 13134 +102 278408 61.1+6.0 3179+87 1.1+0.1 0.0+00 1490.0+38.6 | 0.815 + 0.045

Table 6.4 Data yield and MC prediction (before correction) in the W (— ¢v)-+jets and top CRs at 2 other
selection stages. Top CR includes contribution from single top and ¢7. Only the statistical error is shown.

Selection CR Diboson Wjets Z+jets Single Top 1 ZH ZVVuc Data Scale Factor
same as Tab. 6.2 excent Nox > 1 Top 43+£05 53.1+19 51403 634+71 4665106 02+00 00400 500.0+22.4 |0.84140.048
i o P = W(—= €v)+jets | 108.5+3.1 4461.5+£21.1 970+ 1.6 1455+104 489.0+£109 1.6+0.1 00£0.0 4497.0467.1 | 0.842 & 0.020
same as Tab. 6.2 plus N, ==0 TF)p ] 1.5+03 142+ 1.0 1.3+£02  135+24 1239455 00£0.0 00£0.0 1320+11L5 |0.857£0.094

Jink W(—€v)+jets | 4274+2.0 1161.3+9.8 246+08 21.5+38 1334+57 01400 00£0.0 113504 33.7 | 0.805 & 0.032

The derived scale factor, 0.894 (0.815) is used to scale 7 and single top (W (— £v)-+jets)
events. To check the kinematic distributions after applying these scale factors, a region
combining both the Top and W (— ¢v)+jets CRs where all events that pass the selection up
to the number of associated track jet as listed in Table 6.2 is defined. Figure 6.4 shows the
kinematic distributions for these events after applying the scale factors derived in Table 6.3.
The shapes of the distributions between the data and MC are in an good agreement.
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Fig. 6.4 Kinematic distributions for W(— £v)-+jets and top CR after correction. (a) trimmed AntiKt10
jet multiplicity, (b) the number of associated track jets, (c) the number of associated b-tagged track jets,
(d) leading large-R jet mass, (e) E%“iss and (f) W’s pr. The systematic uncertainties are shown as hatched
band while the statistical uncertainties are given as error bars.
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6.3 Data-driven background estimate of Z(— vv)+jets

6.3 Data-driven background estimate of Z(— vv)-+jets

An accurate description of Z(— vv)-jets background is crucial to achieve better sensitivity
for DM pair production in this analysis. Estimation based on MC alone suffers from large
uncertainties; hence we opted for a data-driven method whose details are described below.

6.3.1 Method overview

The Z(— vv)-+jets background can be estimated via a translation from a well-understood and
cleanly measured reference process. This method is viable if the two processes are kinematically
similar in some regime. The translation is performed via a transfer function (7 F) derived by
taking the ratio of a kinematics variable between the Z(— vVv)-jets and the reference process.
Symbolically, this translation from process B to A can be expressed as

A(x) = TFg_a(x) - B(x) (6.4)

where x is a kinematic variable, for e.g E%liss or pr of the object of interest. This method has an
advantage such that it is dependent only on one parameter, x. Furthermore, it also provides the
cancellation of uncertainties among the two processes that are under studies.

With this idea in mind, the next step is to determine which reference process we want to
use to estimate the Z(— vv)+jets process. As we shall explain later, y+jets is chosen as the
reference process. Next, to derive the transfer function, we first need to decide which kinematic
variable we want to use. In our case, the E%‘iss is the natural choice. Equipped with the transfer
function, we can then convert y+jets events to the Z(— vv)+jets events. All these steps are
explained in more detailed in the following sections.

6.3.2 7y+jets as the reference process

We chose to use y-+jets as the reference process'. The main reason is that the y+jets process
offers higher statistics especially at higher E%liss or pt region since there is no branching ratio
suppression for prompt photon production. Using y+jets as the reference process is viable
provided that the theoretical uncertainties can be kept at a competitive level. In fact, they have
been shown to be within 5% [157]. The key is that the Z boson and the y production processes

'In principle, it is wise to choose a well understood reference process as similar as possible to the process to be
estimated (so that the theoretical uncertainty is minimised). For the Z(— vv)-jets, the corresponding reference
process would naturally be Z(— £¢)+jets (¢ = e, i), where the theoretical cross section ratio only differs by the
branching ratio. Nonetheless, the problem is that the statistics of Z(— £¢)+jets events in high E%‘iss or pr region
are too small. The precision of this method will suffer when we extrapolate from looser selection in the CRs to
harder selections in the SR. It is also possible to use W (— £v)-jets as the reference process. But the modest
increase in statistics is offset by larger theoretical uncertainties with respect to the Z(— vv)-jetsprocess. Also,
the lower purity of W (— £v)+jets may also reduce the precision of the estimation.
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have very similar production mechanisms. These processes become increasingly similar at
high pt (> mz) as the effect of the non-zero Z mass slowly disappears. At high p¥ , only
their electroweak couplings to quarks contributes to the difference in their rate. This similarity
(where the ratio is relatively constant with respect to event kinematics) is shown in Figure 6.5.
These reasons, coupled with the fact that the signal selection of this analysis are characterised
by high-pr requirements, y-+jets process is chosen to predict the Z(— vv)+jets background.

pg n
R=Ry| 51—
0 <p2T + M%)

0_0:n.||I....I.|.|I|..ul..u.luu..l...ul.uun:
0 100 200 300 400 500 600 700 800

P, (GeV)

Fig. 6.5 Ratio of the differential cross section between the inclusive Z+1 jet and y+1 jet processes as a
function of the vector boson prFigure adapted from Reference [157].

6.3.3 Deriving transfer function, T'F,_.7, , from y+jets to Z(— vv)-+jets

To derive the transfer function, TFy_,z,,, two templates are needed. One is the y-+jets template
and the other is the Z(— vv)+jets template. These two templates are obtained from MC
samples as explained below.

y+jets and Z(— vv)+jets templates

To obtain a sample of pseudo Z(— vVv)-jets events from y+jets events, we need to treat the
pr of ¥ as an estimator of the E‘TniSS caused by two neutrinos decayed from Z. We define E% as
the vector sum of the E%liss vector and the pt of photon. Throughout this thesis, any reference
to E%’iss of an event from the y+jets selection is taken to mean EQE

To obtain an enriched sample of high pt photons, events must pass the requirements shown
in Table 6.5. In addition, events are required to pass the lowest unprescaled photon trigger g120
EF trigger, which is fully efficient for p% >125 GeV. Similarly a Z(— vv)+jets template is
selected by imposing a set of cuts listed in Table 6.6.

92



6.3 Data-driven background estimate of Z(— vv)+jets

Table 6.5 Selection for y+jets template

Selection Requirement
Event quality preselection pass
Single photon trigger pass
Number of photon, N, ==
Photon’s pr, p% [GeV] > 125
Number of baseline leptons, ny ==
[Amin (EF™S, j')| > 1.0
AG(ERS, piis)) <7/2
Number of large-R jet, ny >1
Leading large-R jet pr, pj [GeV] > 350
Number of associated track jet, n ik >2

Table 6.6 Selection for Z(— vv)-+jets template

Selection Requirement
Event quality preselection pass
E%“issxeSO_tclcw EF trigger pass
Number of baseline leptons, ny ==
’A‘Pmin(ErTmssajw > 1.0
A (ERiss, piis)) <2
Number of large-R jet, ny >1
Leading large-R jet pr, pJT‘ [GeV] > 350
Number of associated track jet, n jirk >2

6.3.4 Fitting the transfer function

The E%niss distributions of Z(— vv)-jets and y+jets templates are shown in the upper plot
in Figure 6.6. The transfer function is defined as the ratio of the of the Z(— vv)+jets E%liss
distribution to the y+jets E%liss distribution. We model this ratio with the function form of

miss 2
E T

EI 02 M%Y’, (6.5)

TFYHZVV = RO(

where M7 is Z boson mass. This function is motivated by the approximation of cross-section
ratio between Z(— vv)-Hjets and y+jets, which is found to be proportional to the 1/ power of
the ratio of two propagators: 1/(p%+M32) and 1/p2 for Z(— vv)+jets and y-+jets, respectively.
The Ry and the power n are taken as free parameters during fitting. The fitting range is between
200 GeV and 1000 GeV. Further details of this parameterisation can be found in Reference [157].
The fit yields a y2/d.o.f. of 1.32. The fitted curve is also shown in the lower plot in Figure 6.6.

To check if the transfer function affects other kinematic properties of the event, a closure
test is performed. An event-by-event weight, wy_,7z,, , extracted from the transfer function is
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Fig. 6.6 E%‘iss distribution for y+jets and Z(— vv)+jets. The ratio of Z(— vv)+jets to y+jets is the
transfer function.

applied to each selected y+jets event. The wy_.z,, for the i"" event is defined as
Wyeszy = Tz (B7™) (6.6)

Figure 6.7 shows comparisons of various kinematic variables between reweighted y+jets events
to the Z(— vv)+jets MC events. As can be seen in the ratio plots of Figure 6.7, an overall
good agreement is observed within 16 uncertainty by taking into account both statistical and
systematic variations. The treatment of the systematic uncertainties for this method will be
discussed in Section 7.4.2.
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Fig. 6.7 As a closure test, each selected y+jets MC event is reweighted using the fitted transfer function.
Starting from top left is the EXSS, |Adyu, (ERS, j7)|, leading large-R jet pr, leading large-R jet mass,
track jet pr and track jet MV1 value. The shaded band in the systematic uncertainty from the transfer
function variation described in the Section 7.4.2.
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6.3.5 Reweight y+jets to Z(— vv)+jets using template from data

Having derived the transfer function, the next step is to obtain the estimate of Z(— vv)-+jets in
data. A y+jet template is constructed from data by imposing the selections listed in Table 6.5.
The event yields are presented in Table 6.7. The first 6 columns in Table 6.7 are the yields
of the other non-y+jets backgrounds estimated from MC simulation. These non-y+jets back-
grounds have negligible contribution. That means the uncertainties of MC prediction for these
backgrounds have little effect on Z(— vv)+jets backgrounds estimation. The last column is
the yield of y+jets events after subtracting all other non-y-jets contribution from the data.
These y+jets events selected from the data is reweighted by applying an event weight wy_.7,,
as defined in Equation 6.6.

Table 6.7 Events that passed y+jets selection. Only the statistical error is shown.

Diboson W-jets Z+jets  Single Top tt ZH Y+jets (Data)
05+0.1 105+05 04+01 014+01 054+02 0.04+0.0 1557.7+t244

Finally kinematic distributions of the estimate of the Z(— vVv)+jets events, together with
the other background contributions in the Z(— vv)+jets CR (selection same as in Table 6.6
plus additonal requirement that n jk == 0) are plotted in Figure 6.8. This region is dominated
by W /Z+light jets events. Even though their contribution to the signal region is negligible, it
still can serve as an excellent region to identify subtle discrepancies between data and simulation
due to its high statistics. In general, the shape of the MC distributions agree well with the data.
Nonetheless there is still a residual difference of around ~10% in the data/MC ratio. This
discrepancy originates from the mismodeling of Z(— vv)-+jets MC template used to derive the
transfer function. To correct for this difference, a scale factor for the Z(— vv)+jets estimate
need to be derived.
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Fig. 6.8 Kinematic distributions in the Z(— vv)-+jets CR. The Z(— vVv)+jets template is obtained
using Equation 6.6 and before applying scale factor. (a) trimmed AntiKt10 jet multiplicity, (b) the
number of associated track jets, (c) the number of associated b-tagged track jets, (d) leading large-R jet
mass, (e) leading large-R jet pr and (f) E‘TniSS . Only the statistical error is shown.
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6.3.6 Scale factor for Z(— vv)+jets
The scale factor, SF, for Z(— vv)+jets can be derived by solving the equation

data _ \ypMC
N Nnon Z(—VvV)+ets

SF =

(6.7)
NZ(—>vV)+jets

The scale factor derived from this Z(— vv)-+jets CR (selection same as in Table 6.6 plus
additional requirement that n jirk == 0) is shown in the last column of Table 6.8. The deviation
of the scale factor from the unity is assigned as the symmetric uncertainty on the Z(— vv)-+jets
normalisation.

To test the robustness of this scale factor, the scale factors derived using the same procedure
with slightly different b-tagging requirement are compared in Table 6.9. Both scale factors
agree with the nominal scale factor within 10 uncertainty.

Table 6.8 Normalization scale factor derived for Z(— vv)+jets background. The W+jets and top scale
factors derived earlier in Table 6.3 are applied. Only the statistical error is shown.

Selection Diboson Wijets Z+jets  Single Top tr ZH Z(— vv)+jets data Scale Factor
same as Tab. 6.6 plus Ny ==0 | 67.0 £ 1.6 6299 £84 32+£03 83+21 256+2.6 03400 1333.0+£227 1938.0444.0 | 0.896 £ 0.037

Table 6.9 As a cross check, additional two normalisation scale factors are derived for Z(— vv)+jets
background with slightly different b-tagging requirement. The W+jets and top scale factors derived
earlier in Table 6.3 are applied. Only the statistical error is shown.

Selection Diboson Wjets Z+jets  Single Top tf ZH Z(— vV)+jets data Scale Factor
same as Tab. 6.6 83.6+1.8 700.1£88 37+03 167+£32 69.7+42 24+£0.1 1545.6+24.4 2270.0+47.6 | 0.895 £ 0.034
same as Tab. 6.6 plus ij ==1]132+£07 633+£24 03+01 69421 381+31 09+£0.1 1944+86 294.0 + 17.1 | 0.875 = 0.098

6.3.7 Kinematic distribution of Z(— vv)-+jets CR after correction

Figure 6.9 shows the comparison of modelling of the Z(— vv)+jets to data in the Z(—
vV)+jets control region after applying event by event reweighting to the y+jets template
obtained from data minus all other non-y+jets backgrounds. The overall scale factor derived
in Table 6.8 is also applied to the estimate of the Z(— vv)+jets events. A good agreement is
observed in various kinematic variables.
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Fig. 6.9 Kinematic distributions in the Z(— vv)+jets CR after reweighting and after applying scale
factor. (a) trimmed AntiKt10 jet multiplicity, (b) number of associated track jet, (c) number of associated
b-tagged track jet, (d) leading large-R jet mass, (e) leading large-R jet pr and (f) E%‘iss . Both the
statistical error and systematics uncertainties are shown.
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6.4 Data-driven background estimate of QCD multi-jet

To investigate and estimate the contribution by QCD event due to the resolution or mis-
measurement of jet energy, we examine the E%liss distribution in a QCD multi-jet enriched CR.
The requirements for this CR are listed in Table 6.10. The E%‘iss distribution in the QCD CR is
shown in Figure 6.10. Contribution from other events such as tf and W+jets are minuscule.
The rest of the events are expected to come from QCD multi-jet events. A large fraction of the
QCD multi-jet sample have E‘TIliss less than 300 GeV.

Table 6.10 Selection for QCD multi-jets enriched region.

Selection Requirement
Event quality preselection pass
EF"® xe80_tclew EF trigger pass
ET" [GeV] > 100
Number of baseline leptons, ny ==
|A¢min(_E{“mss= Jl)| <10
AQ (BRI, piis)) > pi/2
Number of large-R jet, ny >1
Leading large-R jet pr, p%‘ [GeV] > 350
Number of associated track jet, n ik >2
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Fig. 6.10 . E%“SS distribution of the QCD control region. No scale factors are applied to MC samples.

Although it is rare for QCD multi-jet events to have high E%‘iss, due to the extremely large
cross section of QCD multi-jet production compared to that of the E‘TniSS + bb, QCD multi-jet
events may still form a considerable background in this analysis. In order to evaluate the QCD
multi-jet contribution, we adopt the data-driven approach called “ABCD” method, because
in general the QCD multi-jet production is not well modelled in simulation In addition, it is
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6.4 Data-driven background estimate of QCD multi-jet

difficult for MC simulation to reproduce mis-measurement of jet energy that causes fake E%‘iss.
Furthermore, due to its high production cross section, a considerable amount of MC events
would need to be generated in order to match the statistics as collected in the data.

6.4.1 ABCD method

The principle of ABCD method is similar to the CR approach introduced early in the beginning
of this chapter. Here the CRs are simply labeled as “A”, “B”, “C”, and “D”. To construct
these regions, we need two nearly uncorrelated kinematic variables in which the QCD multi-jet
production has a markedly different distribution from the other backgrounds (i.e W /Z+jets and
tf and e.t.c):

1. |AQ(ERsS, pmiss)|: azimuthal separation between EMSS and piiss

2. |A@min (EXSS, j)|: minimum azimuthal separation between E'SS and any signal jet

Figure 6.11 shows the |A@ (ERSS, piss) | versus |A@y, (EMS, j')| plane, where the four regions
of interest A, B, C, and D can be defined. The sketch of jet, Ef"** and p1'** in each region serve
as a visual aid to understand the relation of these variables with the composition of the type of
events in each region. The back to back structure of the E%lissand p%‘iss in azimuthal direction
(regions C and D) is more indicative of a calorimeter (or an inner-detector) mis-measurement.
When both the E%‘issand p?iss point in a similar azimuthal direction (regions A and B), this
usually signal the present of true E%‘iss originating from non-interacting particles like neutrino
and DM. When E%liss, p%liss and the direction of jet are roughly align (region B), it can signify
the presence of jet coming from semi-leptonic b-quark decay. In ABCD method, the prediction

for QCD multi-jet events in the signal region (region A) can be calculated as:

Np
noco _ N
R

o) = &, % Ve (6.8)

where Np, Nc and Np represent the number of events in data minus the contributions from the
other non-multi-jet MC backgrounds in regions B, C and D, respectively.

Figure 6.12 shows the distributions of |A¢ (EMSS, pRiss)| and |Adyn (EXSS, j)| for QCD
multi-jet and the other events selected based on similar requirements in Table 6.10. The contri-
bution from other events such as ¢ and W+jets are small. The rest of the events are expected
to come from QCD multi-jet events. Figure 6.12a shows that the QCD multi-jet background
completely dominates in region where |A¢ (ESS, piiss)| > 7r/2, while Figure 6.12b shows that
the QCD multi-jet background dominates the low |A@yu, (EXSS, j*)| region.

The two variables must have non-structured distribution in this 2-D plane for the ABCD
method to work. One way to check this assumption is to show the similarity of the | A, (E%“iss, i)l
distributions for both |A¢ (ESS, pfiss)| < 7/2 and |A@ (ERSS, pTiss)| > /2. This similarity of
| AQyin (EISS | j1)| distributions for QCD dijet MC sample is demonstrated in Figure 6.13. The
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Fig. 6.11 Two-dimensional kinematic plane for estimating QCD multi-jet background in the signal

region (region A). The sketch of jets (cones), E%‘iss and p

miss in each region help to visualize the relation

of the variables between QCD multi-jet, non-multi-jet backgrounds and the signal events.
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Fig. 6.12 Ag (ERSS, p2iss) and |A@y, (ES, j7)| distribution in QCD multi-jet CR. Selection listed in
Table 6.10 are applied. No scale factors are applied to any MC samples.

| AQyin (ESISS j1)| variable is shown to have the same shape above and below ¢ (ERSS, piiss) —
7 /2 which supports that the two variables are not correlated. To further build confidence that
the [A@in (ERSS, j')| variable and the Ag (ESS, piiss) are sufficiently de-correlated, a cross
check is performed using templates obtained from data after subtracting away contribution
from non-multi-jet processes estimated from the simulation. This is illustrated in Figure 6.14.
Similarly, both distribution are normalised to the same unit area. The shapes of the two
| AQyin (EISS | j1)| distributions are quite similar.

The number of events in regions B, C and D after all the signal selection (Table 5.1) are
too small to produce a robust estimation. Hence a loose selection without the requirement
of b-tagging and Higgs mass window is used. In return, a selection rate, R, is introduced to
define the probability that an event passes both the two b-tagged jet and Higgs mass window
requirements. Equation 6.8 is then rewritten as:

N9

D
A(SR)

Np
= — XNcXR 6.9
ND C ’ ( )
In order to estimate the QCD multi-jet background, we first have to measure the value for
R from either region B or region D. We chose to measure R from region B as it has higher
statistics. We also loosen the EITniSSrequirement to be greater than 100 GeV. By taking the
ratio of the number of events after applying both the two b-tagged jet and Higgs mass window

requirements to the number of events before applying the cuts (cross reference to Table 5.1),

we get R = 0.007 +0.0005. With this, we can proceed to calculate Nf&%.
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Fig. 6.13 Correlation test for two variables in QCD multi-jet estimation by using ABCD method. This
plot are made using PYTHIAS8 QCD dijet MC samples. The events are required to pass the event
selection in Table 6.10 except the cuts on ¢ (ESS, piss) = 71/2 and |A@n (EXSS, 7).

6.4.2 Cross check

Before we calculate NAQ(C;%, it is sound to check that this method works. We checked the

method by comparing the predicted number of QCD multi-jet events in different E%‘iss and
| AQin (EISS | 1| regions.

First, the ABCD method is repeated in the following three regions with different £
values:

¢ 100 < EMsS < 150 GeV,
* 150 < EMss < 200 GeV, and

* 100 < EMss < 200 GeV.

In order to test the method with larger statistics, |A@y,(E™S, j')| > 0.4 is used to define
regions A and C. Table 6.11 shows that the predicted yields in region A with 100 < E%‘iss < 150
GeV and 100 < EMS < 200 GeV is 23 — 31% higher than the directly observed yields. For
150 < EITIliSS < 200 GeV, the prediction is consistent with the observed yield in region A.
However, since the QCD fraction is only 11%, we consider this result less reliable.

We performed two more tests in two different | Ay, (EXSS, j*)| regions:

o 0.4< |AQpin(ERISS j1)] <0.9, and
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Fig. 6.14 Correlation test for two variables in QCD multi-jet estimation by using ABCD method. This
plot is made by subtracting data from non-QCD MC backgrounds. Only events with 100 < E7"** < 200
GeV are shown here.

* 0.9< |Adpin (ERSS, jHY| <1.5

and with 100 < E%‘iss < 200 GeV. The results are shown in Table 6.12. The predicted yield in
the 0.4 < |AQmin (E%“iss, j")| < 0.9 region is 31% higher than the observed number of multi-jet
events. In higher [A@yi, (EXSS, j*)| region, the QCD fraction decreases drastically, such that for
0.9 < |A@pin (ERSS, j1)| < 1.5 the QCD fraction is only around 5%. This means the estimate
will be very sensitive to the systematic variation in other non-QCD backgrounds. Here, the
estimated multi-jet yield is consistent with the observed yields.

In summary, these tests suggest that the method is sound. The predicted QCD events in
region A with smaller |A@;, (E%‘iss7 j')| is systematically larger than the statistical uncertainty.
On the other hand, the accuracy of QCD estimate with large [A@y, (EXS, j*)| is limited by
the available QCD events. A conservative systematics uncertainty of 31% is assigned to this
method itself by taking the largest deviation from the closure test result.

6.4.3 Result for QCD multi-jet background estimation in the SR

To estimate the QCD multi-jet background in the SRs, we apply signal event selections up
to the number of associated track jets (see Table 5.1). The boundary of regions A, B, C and
D are defined by [A@uin(ERS, )| = 1.0 and |A¢ (ESS, piss)| = 1/2. The event yields for
each background in each region and with two different E%ﬁss values are listed in Table 6.13.
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Table 6.11 QCD background estimation closure test. Non-QCD backgrounds are substracted from data.
The uncertainties include statistical error only.

Region Np Np Ne Nobs NEed NPT INGPs
Diboson 26+ 1 B+ 5+1 18+1
W(= 0v)+jets | 489 + 11 20748 115+5 418+ 10
i 949 + 14 367+9  98+4  323+8
Z(— vV)+ets 190 + 8 5845 446 252+10
) Single Top 64+5 2743 9+2 2143
100 GeV < EF™ <150 GeV | 7" "p) Ljets 3242 20+3 441 §+1 | 1622456 1.23+0.06
Tiiets 68 + 14 56 + 17 140 942
Total non-QCD bkg | 1818 £25 757 £21  275+0 1048 £ 17
Data 23518+ 153 17146 + 131 1500 +39 2365 + 49
QCD 21700 £ 155 16389 £ 133 1225 £40 1317 £51
Diboson 28E1 9E1 340 17+1
W(— 0v)+ets | 536+ 10 145+ 5 5043 347+8
i 782 + 13 19546  S51+3  285+8
Z(— vv)+iets 22746 40+4 24+2 25246
Single To 5345 1443 241 20 +3
130 GeV' < Ep™ <200 Gev Z(—>gf€)+jre)ts 36+ 1 16+1 240 S+1 | 159433 14£05
Yijets 2349 9+4 040 140
Total non-QCD bkg | 1684 £20 428 £10  140+5 927+ 13
Data 804190  3457+59 21615 1039 + 32
QCD B57+92 3029460 7616 112+35
Diboson 53+2 2Ll §+1 ERE
W(—v)+Hets | 1025+15 36249 17446 766+ 13
i 1731419 561+11 14946 608+ 11
Z(— v)tjets | 417+ 10 98 + 6 68+6 S04+ 11
Single Top 11747 4144 1142 40+4
100 GeV < Ef™ <200GeV | 7 %00y et 68+ 2 36+3 5+1 341 | 1879465 1.31+007
YHiets 91 + 16 65+ 17 140 10+2
Totalnon-QCD bkg | 3502 £32 1186 £24 416 £ 11 1975 £ 21
Data 31559 + 178 20603 + 144 1716 + 41 3404 + 58
QCD 28057 & 181 19417 £ 145 1300 £ 43 1429 £ 62

Upon closer inspection on Table 6.13 we know that the QCD fraction decreases as the E%“SS
increases. Region A and C consistently have negative QCD fraction as | A, (E%“iss7 il >1.0
cut combined with high E%‘iss cut had essentially removed all the QCD events. This also implies
that QCD background is expected to be negligible in the SRs. Due to this fact, we have to
assign an upper limit for QCD background in our SRs.

E%‘iss > 200 GeV region which has the largest QCD fraction is used for the upper limit
derivation. The 68% C.L. upper limit for QCD event estimated in region A is:

oCcD _ Np
Nyi(sr), 6s%c.L = Np X Ne, 68%c.L X R (6.10)

where N¢ ¢g9c.. = 2.4 1s the one standard deviation of the statistical uncertainty of N¢ predicted
in Table 6.13. Plugging in the value for Np = 2650, Np = 1262 and R = 0.007, the QCD
background upper limit in the SRs is estimated to be 0.04. The systematic error for this
estimation is described in more detailed in Section 7.4.3.
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Table 6.12 QCD background estimation cross check using different |Ady, (EX'S, j')| range for region A
and region C in Ef > 200 GeV bin. For region B and D, |A@y, (ES, j*)| is fixed at < 0.4. Non-QCD
backgrounds are substracted from data. The uncertainties include statistical error only.

100 GeV < EF™* <200 GeV

A‘P Emlss7j1 pred red
deﬁnlitioil for regﬁﬁﬁ)k((:) Np Np Ne Ny N NN
Diboson 53+2 22+1 6E1 2241
W(— fv)tjets | 1025+15  362+9  134+5 523 %11
i 1731£19 56111  135+£5 53111
Z(— vv)+iets 417+ 10 98+ 6 58+6  305+9
o Single To 17 +7 41+4 942 35+4
0.4 < A (EZSS ji )] < 0.9 z(fé@)ﬂgts N 2613 ai oL | 180162 1314007
Hjets 91+ 16 65+17 140 542
Total non-QCD bkg | 3502 £32 1186 £24 348+ 10 1432+ 18
Total Data 31559 & 178 20603 & 144 1595 +40 2811 + 53
QCD 28057 £ 181 19417 £ 145 1247 £41 1379 £ 56
Diboson 53+2 2+1 10 +1
W(= V) Hjets | 1025+£15  362+£9 2843 213+7
i 1731 £19 561 £ 11 11+2  74+4
Z(— vv)+iets 417 410 98+ 6 941 171 +7
o Single To 1747 41+4 141 642
09 < [Afmin(EF"™, Jogea)| < 1.5 Z(fénﬂsts 68 +2 36 4 3 10 341 | B3ED L09E05S
Hjets 91+ 16 65+17 0+0 240
Total non-QCD bkg | 3502 £32 1186 £24  51+£4 479 11
Total Data 31559+ 178 20603 + 144 95+10 537 +£23
QCD 28057 £ 181 19417 £ 145 44+£10 58 L 25

6.5 Kinematic distribution in 0-lepton validation region

Finally all the background estimations are combined in a O-lepton validation region in order to
check the overall modelling of various backgrounds. Events in this VR are required to pass
the selection listed in Table 6.6. E%‘iss cut loosened to 200 GeV to allow for more statistics.
In addition, no jet mass cut is applied. Only events that contain 0 and 1 b-tagged track jet
are considered. The distributions are shown in Figure 6.15. All distributions show that the
background predictions agree well with the data.
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Table 6.13 Data and non-QCD background yield in each region B, C and D for two E%ﬁss bins. The
uncertainties include statistical error only.

Region Ng Np Nc¢ ijs
Diboson 140 £ 3 15+1 2+0 84 +2
W(— £v)+jets 2314+ 14 2606 3742 T700£7
tt 1724 £19 211 +£7 3+1 70 £ 4
Z(— vV)+jets | 864+£8  37+3 140 1880+8
. Single To 184 £ 11 24+ 3 241 17+3
Er™ > 200 Gev Z(—>g€€)+j1;ts 14542  40+1 240 440
YHets 8+ 3 1346 0+£0 040
Total non-QCD bkg | 5379 £27 600+ 12 47+2 2754+ 12
Total Data 8029 £90 1862 +43 45+7 2270 +48
QCD 2650 £94 1262 +45 -2+7 -484 +49
Diboson 113£3 10+1 1+0 79 £ 2
W(— fv)+jets | 1846 £ 11 167+4 30+£1 644+6
tr 1116 £+ 15 109 £ 5 341 60 =4
Z(— vv)+ijets 661 + 6 19 +£2 1+0 181948
~ Single To 146 £+ 10 14+3 2+1 13+3
Ey™ > 250 Gev Z(—)gM)—ije)ts 111£2 2941 1£0  3+0
YHets 342 §+5 040 040
Total non-QCD bkg | 3996 +22 355+9 38+2 2618+ 11
Total Data 4632 + 68 765 +28 344+6 2145446
QCD 636 =72 410£29 -4+6 -473+48
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Fig. 6.15 Kinematic distributions for O-lepton VR after reweighting and applying all scale factors. (a)
trimmed AntiKt10 jet multiplicity, (b) number of associated track jet, (c) number of associated b-tagged
track jet, (d) leading large-R jet mass, (e) leading large-R jet pt and (f) E‘T]fliSS . Both the statistical error
and systematics uncertainties are shown.
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6.6 Estimated background yield in the signal regions

After applying the full event selection, the total event yields of each background are shown
in Table 6.14. The full cutflow for each of the background can be found in Table C.1 in
Appendix C. The event yield for all the backgrounds has been scaled based on the integrated
luminosity. In addition, the event yield for W+jets, top, and Z(— vv)-+jets backgrounds have
also been scaled based on the scale factors derived in previous sections. The largest background
contribution comes from Z(— vv)-+jets backgrounds. The QCD multi-jet background number
quoted in the table is the upper limit as derived in Section 6.4.

Table 6.14 Event yield of each background in the final SRs. The uncertainties include only the MC
statistical errors.

ESS [GeV]

Background >300 [ >400
Z(— vv)+jets | 7.00£1.6 | 52+14
W ({V)+ets 1.4+0.2 0.84+0.2
(W/Z)H 1.0+0.1 0.6+0.1
Diboson 0.9+0.1 0.6+0.1
Top 0.84+0.4 0.6+0.3
QCD multi-jet || <0.0+0.04 [ <0.0+0.04
Total bkg. 11217 | 77414
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Chapter 7

Systematics Uncertainties

This section describes the sources of systematic uncertainty considered in the analysis. These
uncertainties are divided into three categories: the theoretical uncertainties (Section 7.1), the
uncertainties due to the detector modelling and the reconstruction, collectively called the
experimental uncertainties (Section 7.3), and the uncertainties on the background estimation
method (Section 7.4).

7.1 Theoretical Uncertainties

The theoretical uncertainties represent our ignorance in the description of a physics process
or its implementation in a MC generator. In this analysis, we consider two sources which are
expected to have the largest impact, i.e the PDF uncertainty and the cross section uncertainty.

7.1.1 PDF uncertainties

The cross sections in proton-proton collisions are expressed as

GPPX Y — Y /dxldePDF?(fl,xl,gz,...)PDF‘;(fz,fxz,gz,...)o"AJ’B%Xva--»(xl,xz,as,...)
iajp=q(8):d(g)

(7.1)
where ¢/4/87X:Y> ig the parton-parton cross section induced by is-th and jg-th partons in the
incoming protons A and B, respectively. PDF‘;‘ and PDF? are the i-th and j-th PDF of proton
A and B, which depend on the flavor of the interacting partons (fI; and f1,), the momentum
of each interacting parton (x; and x;) and the momentum transfer 22 Since the PDFs are
determined empirically using data with some uncertainties, the inclusion of any PDF into the
cross section calculation introduces a systematic error. Thus, it is important to estimate the
impact of PDF uncertainty on the event selection efficiency.

There are two components of PDF uncertainty that must be considered:
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* Intra-PDF uncertainty: this is the uncertainty within a given PDF set. Usually a central
PDF that is used for the generation of a sample is accompanied by a set of error PDFs
representing the uncertainties (e.g. fit uncertainty) within a given PDF family. The
prescription to evaluate this type of uncertainty is PDF-dependent.

* Inter-PDF uncertainty: this is the variation when switching from one PDF set to another
PDF set. The comparison is made using the result obtained by each PDF and comparing
the variation of the observables.

The total PDF uncertainty is the combination of the inter- and intra-PDF uncertainties. It is
obtained by taking the envelope of the variations and uncertainties. Our signal samples are
produced with the CTEQ6L1 [158] LO PDF set using MADGRAPH. The CTEQ6L1 PDF does
not have associated error sets. We use another two PDF sets (i.e. the MSTW2008LO PDF set
and NNPDF2.1 PDF) to estimate the PDF systematic uncertainty. The exact procedures to
evaluate each component and their combination will be discussed in the following paragraphs.

Calculating the intra-PDF uncertainty

The MSTW2008LO PDF set consists of 1 central PDF and 40 other PDF sets representing the
uncertainty'. To evaluate the intra-PDF uncertainty for MSTW2008LO PDF set, we use the
asymmetric Hessian method [159]. For an observable X let us denote its value using the central
PDF as Xy. The X2+, (X5;_) 1s the value of the observable obtained by the PDF corresponding
to the upward (downward) fluctuation for the i-th PDF error set. The asymmetric errors for
MSTW?2008LO PDF set are calculated using the following formulae

N=40 2
AX) = Z [max(X;; —X0,X5;_, —XO,O)]
\ i=1,...N/2 a2)
N=40 2
A=, Y [max(Xo — X5, Xo— X5, 4, 0)]
\ i=1,..N/2

where N is the number of PDF error sets (40 for MSTW2008LO PDF set).

Next we evaluate the intra-PDF uncertainty for the NNPDF2.1 PDF set. Unlike MSTW2008LO
PDF set which provide a central value and some error PDFs with parameters varied, the
NNPDEF2.1 PDF set consist of one central PDF and a MC ensemble of 100 PDF replicas of
the original dataset. The data points of the replicas are distributed according to the central
values and uncertainties specified by the measurements. The best-fit PDF is constructed for
each replica. This procedure is repeated N times, resulting in an ensemble of N PDFs. Hence

'A PDF can have n uncorrelated parameters. Each parameter can be varied independently by +/- 1 sigma and
a new (error) PDF is calculated. This new PDF is basically what should be used to evaluated the systematic effects
on an observable.
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the intra-PDF uncertainty for NNPDF2.1 PDF set is calculated as the standard deviation of the
ensemble,

AX=\/# Y (Xi—X)? (7.3)

N—1 i=1.2,..N

where N is the total number of PDF in the ensemble.

Calculating the total uncertainty

As per the PDFALHC prescription [160], the total PDF uncertainty of an observable is the
envelope of the combination of the inter- and intra-PDF uncertainties. That is half of the
extremum (min and max) of all variations. It is calculated as

AXl‘oz‘al =

| =

[max (X(I)VNPDF +AX, XMSTW2008L0 | AX’;ZJX) B
(7.4)
min (X(I)VNPDF _ AX, XMSTW2008L0 | AXn:in):|

The resulting envelope of maximum deviation is then symmetrised. To obtain the relative
uncertainty, AX;,.; is divided by the nominal value X obtained using the CTEQ6L1 PDF.

Obtain the variation of an observable given a new PDF

With the uncertainty calculation for the MWST and NNPDF families defined, now the questions
are what observable X we should use, and how to obtain the value for the observable given
a new PDF or error PDF. In our case, the observable is taken to be the selection efficiency,
€. Ideally, whenever we change to a new PDF or error PDF, we have to generate a new MC
sample using the new PDFs and its associated generator tunes (see Section 3.2). We then re-run
the whole analysis to obtain the new selection efficiency. This method is more accurate (since
it goes through the whole chain of the sample production, i.e. the event generation, the detector
simulation, the digitisation and the reconstruction) but it is very resource consuming. Hence,
we adopt a second method in which we reweight the MC samples with a relative event weight,
given a new PDF!. The general idea and procedures are described as follows.

Suppose that our MC events are generated using a nominal of central PDF, call it PDFp, in a
generator. The event selection efficiency for this PDF, g after applying all the event selections

!Compared to the first approach, each event is simulated only once, so the kinematics do not change and
there is no residual statistical variation in uncertainty. The concern involved with this method is that re-weighting
events only affects the hard process. It does not correctly take into account the Sudakov form factors which is
used for parton showers calculations. However, the impact of this was shown to be negligible as demonstrated in
Reference [161].
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is defined as
(7.5)

where Ngen is the total number of events generated by the generator and N§** is the number of
selected events after applying all the selection criteria.

Now suppose that we use the same generator but with new PDFs to generate our MC events.
This new PDF can be an error PDF or a new central value PDF. Let us denote the new PDFs
as PDF;, where i =0, 1,2,...N denotes the i-th PDF. The event weight (relative probability of
producing a particular event), w', for each event n can be defined as

Wi PDF;(f1,x1,0?%) " PDF;(f>,x2,0%)
" PDFy(f1,x1,0%)  PDFy(f2,x2,0%)

(7.6)

The new event selection efficiency corresponding to the alternative PDF can be obtained by
using w', as in

N(L)'LlfS
i
Neuts Zl Wn
— l __ n=
8i - Ngen - Ngen (77)

1

Yo
n=1

Result

An example distribution of PDF systematics variation in the E%‘iss > 300 GeV SR for mx1000_xdxhDh
signal sample is depicted in Figure 7.1. The first point (or bin) is the acceptance (marked by the
solid red line) for the nominal PDF (CTEQGL1). The next 41 points covered by the magenta
band are the acceptance for the MSTW?2008LO68cl PDF set while those inside the green
band are for the NNPDF2.2 PDF set. The total PDF uncertainty calculated using Equation 7.4
is listed in Table 7.1 and Table 7.2 for SRs with E%‘iss > 300 GeV and E%liss > 400 GeV,
respectively. The acceptance obtained using the central value for the MSTW2008LO68c] and
mean of the NNPDF2.2 PDF sets differ only slightly. However the intra-PDF uncertainties for
MSTW2008LO68c] PDF set are larger than that for NNPDF2.2 PDF set. Hence, the total PDF
uncertainty obtained by the envelope method is mostly dominant by the uncertainties from the
MSTW2008LO68cl PDF set.

The systematic uncertainties in the SRs due to the choice of the PDFs are also taken into
account for the diboson (5.9%), W /Z+jets (5%), tf (6%) and VH (2.5%) processes. Their
values are cited from Reference [46] with the similar phase space. Because the Z(— vV )-+jets
estimation is data-driven, we assume no additional PDF uncertainties, and the theoretical
uncertainties are absorbed in the uncertainty on the transfer function, whose derivation is as
detailed in Section 7.4.2.
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7.1 Theoretical Uncertainties

Table 7.1 PDF uncertainty calculated in terms of acceptance for signal samples after EX*® > 300 GeV
cut.

CTEQ6L1 (%) MSTW2008LO (%) NNPDF2.1 (%) total uncertainty (%)

mx1_xgxFhDh 12.14 £0.17 12.0470-1 12.04£0.17 5.0
mx65_xgxFhDh ~ 12.10 £ 0.17 12.037044 12.03£0.15 4.1
mx100_xgxFhDh ~ 12.08 £ 0.17 11.9870-4 11.98+£0.15 4.4
mx500_xgxFhDh ~ 13.12 4 0.17 13.337321 13.41£0.59 15.8
mx1000_xgxFhDh ~ 13.76 & 0.18 1441755 14.50+£1.57 30.2
mx1_xdxhDh 0.68 & 0.04 0.727013 0.72+0.03 20.9
mx65_xdxhDh 3.04 +0.08 3.12704) 3.12+0.11 15.3
mx100_xdxhDh 4.10 £+ 0.09 419199 4.19+£0.13 13.7
mx500_xdxhDh 8.63 £ 0.15 8.381023 8.38 +0.07 3.0
mx1000_xdxhDh  8.58 & 0.14 8.3373 8.404+0.44 10.9
mx1_xxhhg5 2.48 £ 0.07 2.68702 2.68+0.11 20.9
mx65_xxhhg$5 2.79 £ 0.08 2.9910:3¢ 2.9940.12 19.7
mx100_xxhhg5 4.48 £0.10 4.6710¢ 4.67+0.14 14.4
mx500_xxhhg5 8.00 & 0.13 8.07103) 8.06+0.07 2.6
mx1000_xxhhg5 8.10 £ 0.13 8.1810%3 8.24+0.44 6.2
mx1_xxhh 2.21 £0.07 2.397543 2.384+0.10 20.4
mx65_xxhh 2.62 £ 0.07 2.821020 2.82+0.11 19.5
mx100_xxhh 3.82 4 0.09 4.02103 4.024+0.12 15.5
mx500_xxhh 8.01 £ 0.13 8.06701¢ 8.05+0.04 2.0
mx1000_xxhh 8.02 +0.13 8.107037 8.14£0.34 54
0.27
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Table 7.2 PDF uncertainty calculated in terms of acceptance for signal samples after E%“iss > 400 GeV
cut.

CTEQ6L1 (%) MSTW2008LO (%) NNPDF2.1 (%) total uncertainty (%)

mx1_xgxFhDh 10.63 £0.15 10.4870-27 10.48£0.14 5.1
mx65_xgxFhDh ~ 10.62 £ 0.15 10.501037 10.50£0.14 4.3
mx100_xgxFhDh  10.63 £ 0.15 10501932 10.50+0.18 5.7
mx500_xgxFhDh ~ 11.93 +0.16 12.067299 12.12+£0.47 13.9
mx1000_xgxFhDh ~ 12.63 £ 0.17 1313335 13.27+£1.35 25.0
mx1_xdxhDh 0.47 £ 0.03 0.490-1% 0.49-£0.03 23.6
mx65_xdxhDh 2.32£0.07 2.39704 2.3940.10 18.5
mx100_xdxhDh 3.22 £ 0.08 3.317°049 3.31+0.12 17.0
mx500_xdxhDh 7.59 +0.14 7.40701° 7.40+0.05 2.4
mx1000_xdxhDh ~ 7.85 +0.13 7.6370°% 7.67+0.29 8.5
mx1_xxhhg5 1.86 £ 0.06 2.0370% 2.03+0.10 24.1
mx65_xxhhg5 2.11£0.07 2.28704% 2.2740.10 23.0
mx100_xxhhg5 3.54 £ 0.09 372708 3.71£0.13 17.4
mx500_xxhhg5 7.12 £0.12 7.18703) 7.174+0.05 2.6
mx1000_xxhhg5 743 £0.13 7.481015 7.49+£0.17 2.4
mx1_xxhh 1.61 +0.06 1757039 1.75+0.08 24.1
mx65_xxhh 1.98 £+ 0.06 2.15704 2.15+0.10 22.8
mx100_xxhh 3.03 £ 0.08 3.20M032 3.20£0.12 18.3
mx500_xxhh 7.13 +£0.12 7.18192 7.17+£0.04 2.8
mx1000_xxhh 7.34 +£0.13 7.40103 7.41+0.18 3.0
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7.2 Luminosity
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Fig. 7.1 Example of PDF systematic uncertainty calculation. The PDF variation shown here belongs to
signal sample mx1000_xdxhDh.

7.1.2 Cross section uncertainties

The MC signals samples are produced at leading order (LO). To take into account the uncertainty
due to the NLO corrections, an estimated value of 10% is assigned as the uncertainty. The
value is cited from the phenomenology study on the E%liss+jets search for DM [162]. A large
uncertainty of 20% is assumed to be associated with the W+jets background. The value is taken
from the recent ATLAS measurement of W+jets production with b-jets [163]. Given that the
mismodelling (18%) of the W+jets background observed in the CR is fully covered by this cross
section uncertainty, no additional systematic uncertainty is assigned to account for the impact
of correction on the W+jets normalisation. For ¢7 production, an uncertainty of 7% is cited from
the theoretical calculations [164], which is consistent with the ATLAS measurement of top
quark pair production [165]. However, a 10% non-closure between the data and MC events in
the top CR is observed. Consequently, the largest of them is taken as the systematic uncertainty
on the ¢f production. The uncertainty on the simulated diboson background cross-section
increases from 20% for E%liss > 150 GeV to 30% for E%liss > 400 GeV [45]. For vector boson
plus Higgs boson production, an uncertainty of 3.1% on the cross-section is estimated from the
theoretical calculations [166] and is applied here.

7.2 Luminosity

The uncertainty on the integrated luminosity is +2.8%. It is derived from a preliminary
calibration of the luminosity scale derived from the beam-separation scans performed in
November 2012, following the same methodology detailed in Reference [167]. If the assumed
luminosity varies, the amount of predicted signal or background events varies simultaneously
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while the shape of distributions are not affected. It is not only applied as a constant shift on the
overall normalisation of each simulated signal and backgrounds (W (— ¢v)-jets, Z(— £¢)+jets,
tt and single top) processes, but also propagated through the data-driven backgrounds (QCD
multijet and Z(— vVv)-+jets) estimation during the background (non QCD multijet, non y+jets)
subtraction process.

7.3 Detector related uncertainties

In this section the systematic uncertainties related to the detector modelling will be described.
These uncertainties affect the reconstruction of the physics objects (leptons, jets and E‘Tniss).
The detector related systematic uncertainties are evaluated by using a common procedure. Each
source of uncertainty is varied upward and downward by one standard deviation compared
to the nominal settings. The typical amount of variation for each systematic uncertainty
is described below. The effect of each systematic variation is then propagated through the
complete chain of analysis, including the event reconstruction, the correction and the selection.
The difference between the nominal result and the result with systematic variation is assigned
as the uncertainty. For one-sided uncertainties, as in the case of the jet energy resolution
uncertainty, the relative uncertainty on the final variable is symmetrized under the assumption
that the resulting variation is of the same size in both directions.

Notice that in order to enlarge the statistics of 77 background to allow meaningful systematic
studies, we relaxed the b-tagging requirement such that at least one b-tagged track jets are
required. To ensure that the kinematics of #7 events are not biased by this change, from a
sample of events passing the two track jet selection (see Table 5.1), we checked the ratio of
several kinematic distributions after 2 b-tag and > 1 b-tag selection. As shown in Figure 7.2,
no noticeable bias in the distributions are observed.

7.3.1 Pile-up rescaling

As explained in Section 5.5.1 the pileup rescaling is applied to all the events with the nominal
value equals to 1.09. The uncertainty for this scale factor is 4%. It is calculated as the sum
in quadrature of the uncertainties in the cross-section (G;f‘efl and ©j,,;) measurements, the
uncertainty in the extrapolation from 7 TeV to 8 TeV measurement, and the uncertainty in the

extrapolation of the scale factor to the inner detector acceptance.

7.3.2 Jet vertex fraction (JVF) uncertainty

The nominal JVF cut value is 0.5. It is varied by 0.1 for the systematic evaluation. Because
the JVF cut is applied only to jets with pr <50 GeV and |n| <2.4, the size of the uncertainty
on the total background yield in the SR is expected to be small (< 1%).
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Fig. 7.2 The ratio of (a) the leading large-R jet pr, (b) leading large-R jet mass and (c) E%li“ distributions

between 2 b-tag and > 1 b-tag.
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7.3.3 Jets energy scale and resolution uncertainties

The evaluation and the correction of JES have been described in Appendix B.2. There is
an uncertainty associates to each correction step, as well as uncertainties due to different jet
response for different jet flavour (gluon, light-quark and b-jets). Each uncertainty is treated
independently of the others and fully correlated in p and 1 bins. The quadratic sum of all the
uncertainty sources constitute the total JES uncertainty. Their values as a function of jet pr
and 1 are shown in Figure 7.3. The JES variations are performed simultaneously for all the
jets in an event to preserve the information about the correlations between the pt and 7 bins.
The E%niss is also recomputed by using the four momentum of the jets with pt varied by +10.
Because the number of jets present in the selected events are small, a small sensitivity of the
measurement to variations of the JES is expected.

> 0l — > 0]
c [ anti-k, B =0.4, LCW+JES + in situ correction . 7 IS [ anti-k, R =0.4, LCW+JES + in situ correction 7
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Fig. 7.3 The total JES uncertainty as a function of (a) pr for central jets and (b) n for jets with pt =40
GeV. The plots are adapted from Reference [129].

To assess the impact of the JER on the final result, a smearing factor and its associated
uncertainty is applied as a scale factor to the energy of all jets in the event, thus worsening the
jet energy resolution. The smearing factor is randomly sampled from a Gaussian distribution
centered at 1, with width

G(p’]D n) - \/(GMC(péa 77) +A6data<p%‘7 ’7))2 - GAZ/[C<p%‘7 77) (78)
where G(p%, n) is the measured JER, and Ao ( pé, n) is the corresponding uncertainty. The

difference between the nominal and smeared results is taken as the JER systematic uncertainty.
The effect on the final variable is then symmetrised to obtain the a symmetric error.
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7.3 Detector related uncertainties

7.3.4 Jets energy scale and mass scale uncertainties for large-R jet

As discussed in Section 4.7, JES for large-R jet is measured in-situ by comparing the jet energy
to that of a well calibrated reference object (photon and track jet) as shown in Equation 4.2.
This JES uncertainty is shown as a function of pr in Figure 7.4. Figure 7.5 shows the JMS
uncertainties for large-R jets in three different detector regions. The JMS uncertainties are

derived in different bins of pr, || and m/pr. It serves merely as an illustration of the magnitude
of the overall JMS uncertainty. The JES and JMS uncertainty are applied to every selected
large-R jet in an event in a fully correlated way. The E%lissis not recalculated for each JES
variation.
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Fig. 7.4 The total JES uncertainty as a function of pt for large-R jets in the region with 1 = 0.8. These
numbers serve merely as an illustration of the magnitude of the overall JES uncertainty. The plot is
adapted from Reference [129].

7.3.5 Jet energy resolution and mass resolution uncertainties for large-R
jets

The impact of JER (JMR) uncertainty is obtained in this analysis by smearing the large-R jets

energy (mass) by a Gaussian such that the intrinsic resolution is increased by 20% [135, 150,

149]. The effect on the event yield in the SR is then symmetrised to obtain the a two-sided
erTor.

7.3.6 Uncertainties of the £

The calculation of the E%‘iss has been discussed in Section 4.10. Due to the object based
approach, the uncertainties on the physics objects (jets, muons, electrons and photons) are
directly propagated into the calculation of E%liss. Apart from that, the additional uncertainties
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Fig. 7.5 JMS uncertainties for large-R jet in different detector regions for two values of m/p: (a) m/pr=
0.2 and (b) m/p= 0.6. The plots are taken from Reference [133].

on the soft term (calculated from calorimeter clusters which have not been associated with the
reconstructed object) have to be accounted for. They include the variations of the scale and
resolution of the soft term. The size of these uncertainties are negligible.

7.3.7 Flavor tagging uncertainties for track jet

The uncertainties on the b-tagging scale factor for c- (light-) flavour track jets range from
7.7%-15% (15%-31%) [168]. On the other hand, the uncertainties of the b-tagging efficiency
on b-flavor track jets with pt < 250 GeV is approximately 2.6%-7.5% depending on pt. Not
enough statistics is available for track jets with pt > 250 GeV in data to accurately determine
the scale factor uncertainties. Therefore, the extrapolation is needed. The extrapolation is
performed in MC sample by varying the inputs to b-tagging and the detector related parameters.
The variations observed with respect to the last track jet pt bin (100-250 GeV) are taken as the
extrapolation uncertainty of the variation. The final extrapolation uncertainties for high pr track
jet varies from 8.1%-22.5% [169]. The largest contributions to the systematic uncertainty on the
scale factors for b-flavor track jets come predominantly from the choice of the MC generator,
the difference in hadronization models, the modeling of initial and final state radiation and
as well as from the uncertainties on the track reconstruction efficiency. The final systematic
uncertainty due to the b-tagging is obtained by summing the contribution of each jet flavor in
quadrature.

7.3.8 Photon energy scale (PES) and resolution (PER) uncertainties

Photons are used in the estimation of Z(— vV )+jets background during the construction of the
transfer function. To restore agreement of photon energy scales between the data and MC, a
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correction scale factor is applied. The correction has a set of systematic uncertainties which
include the uncertainties arising from the extrapolation of the energy scale of electrons to
that of photons, uncertainty on the presampler scale, uncertainty on the amount of material
upstream of the calorimeter. A full detail of the systematic uncertainty sources can be found in
Reference [119]. To assess the impact of the PES (PER) on the final event yield in the SRs, the
photon energy scale (resolution) is varied (smeared) by 10 to get the systematics uncertainty.

7.3.9 Photon identification uncertainty

Similarly the uncertainty of photon isolation enter into our final result via only the Z(—
vVv)+jets background. An overall conservative estimate of 4%, following the studies of the 8
TeV “Mono-photon" search (Ref. [170]) are used to estimate its impact on this analysis.

7.4 Background modelling uncertainties

7.4.1 Uncertainty for top pt reweighting

The differential cross sections of ¢f production measured by the ATLAS experiment shows that
the transverse momentum of the top quark, ptTOp is mismodeled in POWHEG+PYTHIAMC [171].
As can be seen in Figure 7.6, there is a general trend of MC being harder in plTOp above 200
GeV compared to all MC generators.
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Fig. 7.6 Normalised differential cross-sections for the transverse momentum of the top quark at parton
level. The markers are offset within each bin to allow for better visibility. The lower part of figure shows
the ratio of the generator predictions to data. The last bins includes events in the overflow bin. Figure
taken from Reference [172].
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To remedy this, the correction factors derived from the measurement are used to reweight
the 7 events as a function of the average pr of the top and anti-top quarks' before parton
showering”. In order to take into account the kinematic difference between the measurement
and this analysis, half the correction is assigned as a systematic error.

Table 7.3 The correction factor for the ptT”p from the unfolding measurement [172]. The total uncertainties
from the measurement are also shown. These factor are used to reweight the ¢f events.

P77 [GeV] 0-50 50-100 100-150  150-200  200-250  250-350 350-
Correction factor | 1.0517005s  1.0297 0058 0.999700%8 0.976 70027  0.9157 007 0.830750%7 0.7537011°

7.4.2 Z(vv)+jet background

As the transfer function is derived from Z(— vv)+jets SHERPA MC sample divided by y+jets
SHERPA MC sample, each of the experimental related systematics described previously in
Section 7.3 is propagated to the transfer functions. As the effects of the systematics tend to
cancel out in the dividing process, the systematics uncertainty due to the detector is small.
Reweighting is performed on y+jet data, with other backgrounds (top, W+jets, diboson)
subtracted from MC. In this case, the experimental systematic variations is applied to the
MC samples used in the subtraction step as well. This means for each of the experimental
systematics, the uncertainty in Z(— vv)-jets is anti-correlated from the rest of the background
processes.

To investigate the consistency of the transfer function for different selections, the ratio
of Z(— vv)+jets over y+jet EMMSS distribution is constructed for each selection stage (c.f
Table 6.5 and Table 6.6) starting from the leading large-R jet pr cut. Three additional selection
stages involving the number of b-tagged track jets are also added. Various ratio distributions
are compared in Figure 7.7. The nominal transfer function is a fit from the ratio template
constructed at 2-track jet selection. The systematic uncertainty is assigned as the variation
when changing the event selection. In each E%liss bin, the largest (smallest) ratio from various
selection stages and its corresponding statistical uncertainty are chosen to construct the upper
bound (lower bound). The upper (lower) range of transfer function is obtained by fitting the
upper bound (lower bound) distribution. The resulting upper and lower bands are indicated
by the green band in Figure 7.7. The uncertainty of the transfer function determined from this
procedure is much larger than the statistical uncertainty of the fit parameters from the nominal
fitting. Hence, it is taken as an estimate of the uncertainty for Z(— vv)-jets estimation.

IReference [172] shows that there is a small difference depending on top or anti-top is used to make the
correction. Therefore the middle way where the average pr of the top and anti-top quarks is used.

%Ideally the best variable to correct should be the top momentum after the parton shower. However, PY THIA
does not store the generator information after parton shower. Therefore we have to use the top momentum before
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Fig. 7.7 Transfer function Nz, ,,../Ny+ jers fitted with Equation 6.5. The green band is the one sigma
variation of the transfer function determined from the maximum variation of the ratio at different
selection stage. Different markers correspond to different event selection stage (see Table 5.1).

One thing worth noticing is that the transfer function and its systematic uncertainty are
derived for inclusive jet multiplicity. Reference [157] pointed out that the net effect of higher
jet multiplicity (> 1) is an overall downward shift in the Z/y ratio. Bear in mind that although
we do not explicitly reject events with higher jet multiplicity, the fact that we are selecting a
back-to-back event topology means that most of the events in the SR will consist of 1 large-R jet
events (such that the E%‘iss is balanced by the single large-R jet). In other words, the systematic
uncertainty associated with the transfer function as derived above should in principle include
the uncertainty due to higher jet multiplicity. A check is performed to validate this claim as
follows.

First the Z(— vv)+jets and y+jets templates are selected using the same criteria as listed
in Table 6.6 and Table 6.5, respectively. However, each template is further divided in to different
categories with different jet multiplicities, i.e O jet, 1 jet and > 2 jets. Here the extra jets are
defined as those jets that do not overlap with the leading large-R jet, or, in other words, jets
with AR(large — R jet, jet) > 1.0. These templates and the transfer functions are shown in
Figure 7.8a-7.8c. An obvious difference exists in the lower tail between the template of each jet
multiplicity. As anticipated, for template with O extra jet the E%‘iss template has a peak around
350 GeV to balance the large-R jet pt. Going to higher extra jet multiplicities (1 or > 2 jets),
the E‘TniSS is diluted as the extra jet share the balancing of the large-R jet pr. Having obtained
the transfer functions for each category, we then compared them with the estimated systematics
uncertainty. This is illustrated in Figure 7.8d. The nominal transfer function which is derived

the parton shower. Studies performed in Reference [172] has shown that the effect to reweight the events based on
top prt before or after the parton shower by using different shower generator is within 2%.
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Systematics Uncertainties

at inclusive jet multiplicity is also shown. As expected, the transfer function shifted down as
jet multiplicity increases. However, the variation is still fully covered by the uncertainty band.
Hence, we concluded that no additional uncertainty is necessary to be assigned for the variation
induce by different jet multiplicity in the event.
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Fig. 7.8 EMs distribution of Z(— vv)+jets and y+jets for different jet multiplicities: (a) O jet, (b) 1 jet
and (c) at least 2 jets. These extra jet is defined as jets that gives AR(large —R jet, jet) > 1.0. In (d) the
transfer function for different jet multiplicities are compared. The nominal transfer function derived
from inclusive jets events are also shown.
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7.4.3 Multi-jet background

As shown in Section 6.4, the predicted yield is larger than the observed yield by 23%-31%.
Hence systematic uncertainty of 31% is assigned to account for the pathological bias of the
ABCD method. This is the largest contribution to the QCD multijet background uncertainty.
The other detector related uncertainties are negligible in comparison. Notice that because the
estimated number of QCD multijet event in the SR is essentially zero, the uncertainty on this
background is negligible. Thus it will not be included in the summary table.

7.5 Summary of the systematic uncertainty in the SR

We summarise the influence of each systematic uncertainty source on the yield of one represen-
tative signal sample and each background in the SR in Table 7.4. By all means the discussion in
the following paragraphs is equally applicable to the SR with EITniss > 400 GeV. Only systematic
uncertainty sources that have more than 1% effect on the total background yield in the SRs
are shown. For a more comprehensive breakdown of the contribution of each systematics
uncertainty source for all signals and backgrounds in the SRs, refer to Appendix F.

At first glance, the dominant sources of experimental systematic uncertainties on the
background (approximately the same for signal) are due to the b-tagging, JES and JER for
large-R jets, pile-up rescaling as well as the uncertainty due to Z(— vVv) transfer function. The
rest of the experimental systematic uncertainties yield minimal impact. All the experimental
uncertainties are treated as fully correlated for the diboson, #7, W+jets and V H backgrounds and
anti-correlated for Z(— vv)-+jets (as the other MC backgrounds are subtracted from the y+jets
data). While the relative uncertainty of each individual background (i.e diboson, tf, W+jets
and VH) is large!, the effect on the total background yield in the SRs are very small as each
background only constitutes less than around 10% of the total background. Conversely, the
cancelation of most systematic uncertainties in the y+jets to Z(— vv)+jets transfer function
plus the high purity of y+jets data template lead to minimal susceptibility of Z(— vv)-+jets
estimate to the systematic variations. However, since Z(— vv)+jets background constitutes
a large proportion (>60%) of the total background, its contribution to the uncertainty on
the total background is the largest. The cross-section and the PDF uncertainties are treated
as uncorrelated among the background processes. To sum up the various contributions, the
uncorrelated uncertainties from each background process are added in quadrature. Large-R
JES (Large-R JER) and JES (JER) are considered uncorrelated. Overall, the total systematic
uncertainties on the total background (signal) yield in the SR is around 14% (20%).

I'Validation for the relatively huge JMS (JES) uncertainty for the large-R jets for diboson (W +jets) is given in
Appendix F.3.
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7.5 Summary of the systematic uncertainty in the SR

Table 7.4 Percent impact of the systematics uncertainties on the signal yield (mx1000_xdxhDh) and
background yield in the signal region with E''S > 300 GeV.

A: = AN:/N; Atotal — Al\f/"””' =Y, Ar/\'/,
Systematic source Variation ' i/ o = L o
mx1000_xdxhDh | Diboson W-+jets  #  SM Higgs Zvv Total Bkg.
up 12.5 224 27.4 9.0 11.2 1.9 6.5
b-tagging

down -11.8 10.3 10.4 49 10.0 0.5 35
up 2.5 13.2 36.1 6.8 11.7 -0.4 8.2

JES of the large-R jets
down -2.1 -9.9 -6.1 -10.7 -11.4 1.1 -1.9
JER of the large-R jets 0.1 2.8 144 28 24 1.0 43
JMR of the large-R jets -0.7 5.1 8.6 -39 -0.8 -0.2 -1.0
JER -0.5 1.3 1.2 -0.5 -1.1 0.1 -1.7
up -0.4 1.7 11.8 -1.6 24 -4.4 -1.6

Pile-up rescaling
down -0.2 1.8 4.9 -0.6 1.6 -4.7 2.4
Photon ID - - - - - 4.0 2.5
) up - - - 15.5 - - 1.1
top pr correction

down - - - -15.5 - - -1.1
up - - - - - 5.1 32

Z — vv transfer function
down - - - - - -12.0 -1.5
Cross section 10.0 26.0 20.0 7.0 3.1 11.0 7.4
PDF 10.9 59 5.0 6.0 2.5 - 1.8
Total Sys., 1/A? up 20.0 53.8 544 271 18.9 13.9 14.4
down 18.9 48.7 299 245 17.1 17.7 12.8
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Chapter 8

Results

To avoid any experimentalist bias we perform a blind analysis by masking the data in the SRs.
Up to this stage all the selection criteria and the whole analysis chain have been fixed. As we
have seen in Section 6, the good agreement between the data and the expectation is obtained
in various CRs and VRs. Furthermore the possible systematic uncertainties have also been
estimated. In this section the events in the SR are unblinded to get the final result. The numbers
of observed data and estimated background events in the SR are presented in Section 8.1. The
kinematic distributions in the SR will also be shown. The statistical interpretation of the results
is discussed from Section 8.2 to Section 8.2.2.

8.1 Event yield in the SRs

Table 8.1 shows the summary of the number of observed events in data together with the
predicted yield for individual background and their associated total uncertainties in the SRs.
For SR with EFS > 300 GeV (ESS > 400 GeV), 20 (9) events are observed in the data
compared to the total background expectation of 1142.3 (7.741.7) events. Some kinematic
distributions in the SRs are illustrated in Figures 8.1-8.2. Two representative signal models
are superimposed in the plots. Their production cross sections are scaled to 10 fb to aid in
comparison.

From the E%‘iss distribution we see that the excess exist in the lower E%‘iss region closer
to the cut value where most of the backgrounds are. Furthermore, if the excess does come
from the signal, the excess should be observed as a peak structure in leading large-R jet mass
distribution. The fact that it is not means the excess events are not signal-like. Further statistical
quantification of the results are discussed in the following sections.
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Table 8.1 Event yield of each background and the observed event in data for the final SRs. The
uncertainties include both the statistical and the systematic errors.

ESS [GeV]
Background >300 [ >400

Z(—»vv)Hjets | 7.00+£2.0 | 52416
QCD multi-jet [| <0.04+0.04 | <0.0£0.04
Top 0.84+0.5 0.6+0.4
W(£v)+ets 1.44+0.7 0.84+0.4
Diboson 0.94+0.5 0.64+0.3
(W/Z)H 1.0+£0.2 0.6+0.1
| Totalbkg. || 112423 [ 77+1.7 |
| Data | 20 \ 9 |
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Fig. 8.1 Kinematic distributions in the signal region with E%‘iss > 300 GeV. Two superimposed signal
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8.2 Statistical interpretation

8.2 Statistical interpretation

With the acquired set of predictions, observations, and systematic variations in the SRs, the
next logical step is to perform hypothesis testing. Frequentist approach is used in all of the
hypothesis tests discussed below. For our purpose of searching for a new signal process (DM),
we define two hypotheses. First is the null hypothesis (also referred to as the background-only
hypothesis), Hy, which assumes that only SM processes contribute to the measurements, here
designated as backgrounds. Next we have the alternative hypothesis (also referred to as the
signal-plus-background hypothesis), Hy, which includes both backgrounds as well as the signal.
In the following sub-sections, depending on the statement we wish to test, the role of null and
alternative hypotheses may get switched. The parameter of interest used in these hypothesis
tests is the signal strength parameter, u. It is defined as the ratio of the expected cross-section
according to the assumed theory and the actual observed cross-section. (1 = 0 corresponds to
the background only hypothesis, while = 1 reproduces the assumed signal hypothesis.

Having defined the hypotheses, the next step is to define a test statistic designed to dis-
criminate signal-like events from backgrounds. The most common test statistic that is used
in the LHC is the profile likelihood ratio. More specifically, we employ a binned likelihood
function, L(u, 6;) parameterised by the signal strength parameter, 1 and a set of nuisance
parameters (such as the shape of the distributions, the total background rate, reconstruction
efficiencies, systematic uncertainties and so on), collectively denoted as 6;(j = 1,...K). Given
a data outcome, the likelihood function can be constructed as the product of Poisson probability
terms associated to the i bin of the histogram'. Since we are performing a single bin counting
analysis, L is expressed as:

(s +b)"e” (ot
n!

)
x [T G(67.6)) (8.1)

JjESsyst

L(data,0° | u,s,b,0) =

where 7 is the number of events in the SR, s and b are and the number of expected signal and
background events in the same SR, respectively. Systematic uncertainties are described in
terms of the nuisance parameters, as encoded in the second Gaussian term, G(Gj(-), 0 j) where GJQ
are the central values of the auxiliary measurements around which 6; can be varied.

With the definition of the likelihood, we can write down the test statistic as [173]

ol ( Lt 000) <0
W= LL&)’ gﬁfff) (52
M\ e ) A0

'We consider each bin content, n; as a random variable that are independent of each other and have poissonian
distributions. The total number of events is not fixed and fluctuates between one experiment and another.
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where [I and 6 are the maximum likelihood estimator of both the 1 and 6 while é(u) is
the maximum likelihood estimator of  when p is fixed at a particular value. L(fi,) is

the maximised (unconditional) likelihood function whereas L(u,6(u)) is the maximised

A

(conditional) likelihood function for a particular fixed value of u. L(0, é(O)) is the conditional
likelihood for the value of u = 0. The constraint I > 0 is dictated by the assumption that
the presence of a new signal can only increase the event rate beyond what is expected from
background alone (i.e ¢ > 0). Under such assumption, if any dataset gives a result with i <0,
then the best levizl of agreement between the data and any physical value of u occurs for u =0
(hence the L(0,6(0)) in the denominator for {i < 0).

In order to perform hypothesis tests, we need the sampling distribution for the test statistic.
Two approaches are considered: the toy MC method and the asymptotic approximation'.
In the case of the toy MC generation, the distribution can be obtained by generating pseudo
experiments that randomise the number of observed events and the central values of the auxiliary
measurements. Ideally one should scan p and nuisance parameters to generate a sufficient
number of pseudo experiments for each set of auxiliary measurement (as the true values of
the auxiliary measurement are unknown). However, this procedure becomes impractical when
there are too many auxiliary measurements (in our case, 15 in total) to consider. Instead
a technique called profile maximisation in which the nuisance parameters are “profiled" on
the observed data. We first obtained the maximum estimator of the nuisance parameters by
maximum likelihood fitting based on the observed data and the hypothesised value of 1. Their
values are then used to set the true value of the auxiliary measurements. By doing this, pseudo
experiments that are expected to maximise the p-value over the auxiliary measurements can be
generated.

The asymptotic approximation works instead by approximating Equation 8.2 numerically 2.
By using the Wilks [174] and Wald [175] theorems, it has been shown in Reference [173] that
in the large sample limit the likelihood ratio, gy, is independent of the values of the nuisance
parameters such that it is asymptotically distributed following a y? probability distribution
functions (pd f). The degrees of freedom s are equal to the difference between the number of
maximisation parameters at denominator and numerator. The asymptotic approximation holds
reasonably well for cases with O(10) events [176].

8.2.1 Discovery hypothesis test

Given that we observe a small excess in the SR with E%‘iss > 300 GeV, we need to evaluate
statistically how significant the observed events in the SRs deviates from the SM background
only hypothesis. The level of agreement is quantified by computing the background only

'Whenever practical, the toy MC is used but the test result is confirmed using the asymptotic calculation and
vice versa.

Besides the possibility to eliminate the nuisance parameters by profiling the pd f, the key reason for choosing
the test statistics based on the profile likelihood ratio is that it can be asymptotically approximated.
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8.2 Statistical interpretation

p-value, which is defined as

po = /ngsf(qo)dqo (8.3)

obs

where ¢ is the value of g obtained using the observed data and f(qo) is the pdf of the test
statistics assuming i = 0. The test statistic used is a one-sided profile likelihood ratio [177,

173]: A
9] L@*’@) 0> 0
qo = " (LW’) = (8.4)

0 <0

In order to obtain pg, 3000 pseudo-experiments are generated with the background only
model. The distribution of the test statistic, g, is built up from the values of the generated
pseudo-experiments. For our SRs with E%‘iss > 300 GeV and E%liss > 400 GeV, the correspond-
ing po values is 0.03 and 0.37, consistent with the null hypothesis.

8.2.2 Exclusion limit

Since no statistically significant deviation from the background model hypothesis is observed,
we proceed to set the exclusion limit. Two exclusion limits are calculated: the cross section
limits for DM production and the model independent limit (or the BSM visible cross section
limit). An upper limit is determined by performing inversion of the hypothesis test. The general
idea is that we repeatedly run hypothesis tests with varying values of the signal strength until
the corresponding p-value (of the background only or signal+background hypothesis) drops
below a certain threshold (in our case 0.05, for the typical 95% confidence level).

To calculate the p-value for limit setting we follow the “CL;” methods, in which a signal
model is regarded as excluded if one finds [177, 173]:

CL, = 1’*—”’ < 0.05 (8.5)

— Db

where pyp is defined as the probability of the signal+background model to produce data with
a value of g, equal or lesser compatibility than that observed, i.e,

inf
Pov=Punlda = G [ s+0) = [, (@ |5+ b)dq (8.6)
qu”

whereas py, is defined as the probability of the background only model to produce data with the
same or more compatibility with the signal+background model as that observed, i.e,

~obs

~ ~ H ~ ~
Po=Polqu <G |b)= [ f(dulb)ddy (8.7)
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The test statistic used to determine pg,j; and py, is also a one-sided profile likelihood ratio
defined as [177, 173]:

“1n L(Nvé(ﬂ)) ‘a <0
L(0,6(0))
Gu = “9In L(Lu(,;(éﬁg)) o<a<u (8.8)
0 a>pu

The 1 is constrained to be greater than or equal to zero as explained before. The constraint
i < u implies that we do not consider the upward fluctuations of the data ({i > u) as the
evidence against the signal+background hypothesis. It is imposed to ensure a one-sided
confidence interval.

Limits for DM production

The first type of limit we want to compute is the model-specific cross sections upper limit. It
must be calculated for each signal sample considered in this study. For a 95% CL upper limit
the value of the signal strength needs to be evaluated for which the CL; value falls below 5%.
This is done for the data point in the case of the observed limit, for the median value of the
background-only distribution in the case of the expected limit and for the points which contain
68% or 95% of the background-only distribution in the case of the =1 and £2¢ bands on the
expected limits.

The obtained upper limit on the signal strength, L;;,, can then easily be transformed into an
upper limit on the excluded cross section of the signal model via the relation

G1im(95% C.L.) = MjimGo (8.9)

where 0y is the production cross section for the generated signal samples based on some specific
model. Table 8.2 and Table 8.3 show the expected and observed 95% CL cross-section upper
limits, respectively, for each of the EFT model in both the SRs. The E%‘iss cut with the best
expected medium limit in each parameter space of the models is highlighted in red.

Table 8.4 summarises the best 95% CL model dependent cross-section limits for each EFT
operator and the corresponding E%“iss value. These limits, and their theoretical interpretation,
are discussed in Section 8.3.

Model independent upper limit

The second limit we compute is the limit on the BSM visible cross section, 0,5, defined as

Oyis = Opsm X € (8.10)
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8.2 Statistical interpretation

Table 8.2 Expected cross section limits for EFT models in the SRs with EsS > 300GeV and EMsS >
400GeV. The expected upper limit is the upper limit one would theoretically observe assuming the
hypothetical cross section (hence the number of signal events) is true. The smallest cross section limits
for each model are highlighted in red.

Model iy [GeV] EF™ > 300GeV Oy [fb] ER™ > 400GeV G (D]
xxhh 1 197723 25.370%
xxhh 65 17.2473 18.7131
xxhh 100 12.2433 13.1738
xxhh 500 7.1+22 5937
xxhh 1000 7.2+23 5543
xxhhgs 1 18.1°02 19.6737
xxhhg5 65 149154 17.1737
xxhhg5 100 10.0+>9 10.8%¢
xxhhg5 500 6.712! 5937
xxhhg5 1000 6.9+ 6.1728
xdxhDh 1 63371 7467534
xdxhDh 65 14.5472 17.0%70
xdxhDh 100 10.6+34 11.9752
xdxhDh 500 8.3+13 7.85%%
xdxhDh 1000 6.0+39 50153
xgxFhDh 1 3.7H1 35008
xgxFhDh 65 3.7+13 35507
xgxFhDh 100 3.9+18 35508
xgxFhDh 500 34112 3.2%09
xgxFhDh 1000 3.2+1¢ 2.918
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Table 8.3 Observed cross-section limits for EFT operator and for each DM mass point in the SRs with
EMss > 300GeV and EMSS > 400GeV. The results highlighted in red are the values associated to the
best expected limit in Table 8.2.

Model my [GeV]  EF"™ > 300GeV Oy, [fb]  EF"™ > 400GeV 0jiy, [fb]

xxhh 1 44.8 30.3
xxhh 65 37.1 26.4
xxhh 100 25.1 17.2
xxhh 500 13.6 8.6
xxhh 1000 13.7 8.5
xxhhg5 1 39.2 25.5
xxhhg5 65 34.6 24.0
xxhhg5 100 22.1 14.5
xxhhg5 500 13.5 8.6
xxhhg5 1000 13.6 8.4
xdxhDh 1 144.3 111.2
xdxhDh 65 32.3 21.1
xdxhDh 100 25.0 15.0
xdxhDh 500 14.8 9.4
xdxhDh 1000 12.5 8.2
xgxFhDh 1 8.1 4.8
xgxFhDh 65 8.2 4.7
xgxFhDh 100 8.2 4.6
xgxFhDh 500 7.6 4.3
xgxFhDh 1000 7.4 4.1
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8.2 Statistical interpretation

Table 8.4 The best expected cross-section upper limits and their corresponding observed cross-section
limit as well as sliding E;"** signal region for each EFT operator and for each DM mass point.

Opsyy (1]

Model my[ GeV] | Ef" cut [GeV] | Expected | Observed
xxhh 1 > 300 19.7 44.8
xxhh 65 > 300 17.2 37.1
xxhh 100 > 300 12.2 25.1
xxhh 500 > 400 5.9 8.6
xxhh 1000 > 400 5.5 8.5
xxhhg5 1 > 300 18.1 39.2
xxhhg5 65 > 300 14.9 34.6
xxhhg5 100 > 300 10.0 22.1
xxhhg5 500 > 400 5.9 8.6
xxhhg5 1000 > 400 6.1 8.4
xdxhDh 1 > 300 63.3 144.3
xdxhDh 65 > 300 14.5 32.3
xdxhDh 100 > 300 10.6 25.0
xdxhDh 500 > 400 7.8 94
xdxhDh 1000 > 400 5.0 8.2
xgxFhDh 1 > 400 3.5 4.8
xgxFhDh 65 > 400 3.5 4.7
xgxFhDh 100 > 400 3.5 4.6
xgxFhDh 500 > 400 3.2 43
xgxFhDh 1000 > 400 2.9 4.1
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Results

Table 8.5 Visible (model-independent) cross-section upper limits. Left to right: SR sliding E%‘i“ cut,
number of observed events, number of expected background events, 95% CL upper limits on the
visible cross section ((80‘)21535) and the number of non-SM events (NBSMggS). The sixth column(NBSMg,?p)
shows the 95% CL upper limit on the number of non-SM events, given the expected number (and
410 excursions on the expectation) of background events. The last column shows the p-value for

background-only hypothesis (p(s = 0)).

EPScut | Nops  Npiga (e0)gnsl®]  Nasugy,  Nasueyp ~ pP(s=0)
> 300 GeV 20 11.2 0.90 18.4 10.113) 0.03
> 400 GeV 9 7.7 0.45 9.1 7.8%33 0.37

where Opg)y is the production cross section of some new physics, and € is the selection efficiency
(including reconstruction efficiency and the detector acceptance). There is no signal model
considered here, so this result only depends on the SM background modelling.

For each E%‘iss cut in the final signal selection, the expected background, including its
statistical and systematic uncertainties, is fit to the number of observed events.The number of
signal events in the signal region is added as a parameter to the fit. The 95% CL upper limits
on the visible cross-section, the number of observed and expected non-SM events, as well as
the p-value for background-only hypothesis are given in Table 8.5.
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8.3 Signal interpretations for EFT’s models

8.3 Signal interpretations for EFT’s models

For each of our MC signal sample with the coupling constant, Ay (or the mass scale, AO) and
the cross section, 0y, the limit on the coupling constant (or mass scale) can be calculated as

1
Mim = %o (%) " (8.11)
00

where the power 7 is determined by the structure of the Lagrangian of each EFT operator. Their
values are listed in Table 8.6. The 95% C.L. limits on the coupling parameter or the mass
scale for the four classes of EFT operators are shown in Fig. 8.3. The limits set by the ATLAS
search in the DM+Higgs(— 7yy) [51] are also shown. In comparison to the results obtained by
DM-+Higgs(— yy) analysis, our limits are a few times stronger for all four operators. Other
important constraints such as invisible 4 or Z decays, as well as the perturbativity requirements
are also included. The bound of invisible Higgs decay are highly constraining. For m, < m,/2,
mono-Higgs signal can only be observed if LHC sensitivities can be improved by several order
of magnitudes. As a comparison, the recent bounds on the spin-independent direct detection
cross section from LUX [178] are mapped onto the same parameter space for both the operators
xxhh (Figure 8.3a) and xdxhDh (Figure 8.3c). While the LUX bounds are highly constraining
for these two operators, we must bear in mind that these direct detection constraints may be
avoided if DM is inelastic! [179—181]. In this scenario, there exists an excited state X in
addition to the DM particle x, with a mass splitting 6 = m,, —m,. If the mass splitting is of
the O(MeV) or more, elastic scattering off the nucleus, i.e YN — xN, is highly suppressed,
compared to the inelastic scattering, i.e YN — x = N. This is because only those y with
sufficient kinetic energy to be excited into the heavier state will scatter off nuclei. For the
xxhhgb operator (Figure 8.3b), the SI cross section are suppressed by powers of the WIMP
velocity [52, 60], generically expected to be of order ~ 1073, This leads to a very weak
direct detection constraint. For dimension-8 operator xgxFhDh (Figure 8.3d) we see that it
is constrained neither by invisible decays nor direct detection. In the latter case, the weak
constraint is due to the fact that direct detection signal arises at one-loop order, which are
expected to be highly suppressed.

8.3.1 Validity of EFT model

As has been briefly discussed in Section 1.5 the EFT description is only justified when there
is a clear separation between the energy scale of the process to describe and the scale of the
underlying microscopic interactions. At the energy scales and coupling strengths accessible to
the LHC, we must check if the EFT approach is still valid to interpret our model dependent

Unelastic dark matter (iDM) was originally proposed to reconcile the DAMA annual modulation observation
and null results from CDMS. It is just a simple extension of the standard WIMP model.
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Fig. 8.3 95% CL limits on the coupling parameter/mass