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Abstract

A search is performed for Higgs boson decaying to hidden sector and subsequently into
highly collimated jets of electrons, known as electron-jets. The hidden sectors and lepton-
jets are predicted in the new theories of dark matter, motivated by the recent prolifera-
tion of astrophysical anomalies, observed by cosmic-ray and dark matter direct-detection
experiments. The search is performed with 2.04 fb−1 of data collected in 2011 with the
ATLAS detector at the LHC in proton–proton collisions at

√
s = 7 TeV. To select electron

jets, various jet identification parameters are exploited, based on the combined calorime-
ter and tracking information, providing good discrimination against background sources,
and avoiding sensitivity to the detailed topology of the electrons within the electron-
jet. Background contamination in the signal region is determined using a completely
data-driven technique, and is cross-checked with two alternate methods of background
evaluation. Systematic uncertainties for the signal selection efficiency are estimated us-
ing data-driven methods, by examining the electrons from Z → ee decay and photons
that have converted in the detector into highly collimated electron-positron pairs. One
event satisfying the signal selection criteria is observed after the final selection, which is
consistent with the expected background rate. Consequently, 95% confidence level lim-
its are set on the Higgs boson production cross section times the branching ratio into
electron-jets, assuming the two benchmark models of a hidden sector and the condition
of a dark photon mass below 210 MeV. The prospects are discussed for further lepton-jet
searches, using the full data set collected by the ATLAS detector in 2012 at

√
s = 8 TeV.

The work presented in the thesis has been published as a scientific article on behalf of
the ATLAS collaboration.

PACS: 95.35.+d, 12.60.-i, 12.60.Rc, 12.60.Fr, 14.60.Cd, 14.80.Cp
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Izvleček

Izvedeno je iskanje razpadov Higgsovega bozona v skriti sektor in posledično v zelo kolimi-
rane snope elektronov, znane kot elektronski pljuski. Skriti sektorji in leptonski pljuski so
predvideni v novih teorijah temne snovi, ki jih motivirajo nedavno širjenje astrofizikalnih
anomalij, ki so jih opazili v eksperimentih z kozmičnimi žarki in z neposrednim iskanjem
temne snovi. Iskanje je izvedeno s 2.04 fb−1 podatkov, zbranih v letu 2011 z detektor-
jem ATLAS na LHC v trkih protonov s težǐsčno energijo 7 TeV. Za izbor elektronskih
pljuskov smo uporabili različne parametre identifikacije pljuskov, ki temelji na kombi-
naciji informacij kalorimetra in sledi v notranjem detektorju. Ta izbor zagotavlja dobro
diskriminacijo signala od ozadja in ni občutljiv na podrobno topologijo elektronov v
elektronskem pljusku. Kontaminacijo ozadja v obmocju signala smo določili z uporabo
tehnike, ki temelji popolnoma na podatkih, in jo navzkrižno preverili z dvema dodatnima
metodama ocene ozadja. Sistematične negotovosti za učinkovitost izbire signala so ocen-
jene z uporabo metod, ki temeljijo na podatkih, s preučitvijo elektronov iz razpada bozona
Z in fotonov, ki se v detektorju pretvorijo v zelo kolimirane pare elektronov in pozitronov.
Opazili smo en dogodek, ki izpolnjuje merila za izbor signalov po končnem izboru, kar je v
skladu s pričakovanim ozadjem. Zato smo ocenili 95% mejo intervala zaupanja za velikost
produkta sipalnega preseka produkcjie Higgsovega bozona in razvejitvenega razmerja za
razpad v elektronske pljuske, ob predpostavki za dva referenčna modela skritega sektorja
in maso temnega fotona pod 210 MeV. V načrtu je nadaljnje iskanje leptonskih pljuskov
z uporabo celotnega nabora podatkov, ki so bili zbrani z detektorjem ATLAS v letu 2012
pri trkih protonov s težǐsčno energijo 8 TeV. Delo, predstavljeno v disertaciji, je bilo
objavljeno v znanstvenem članku v imenu kolaboracije ATLAS.

PACS: 95.35.+d, 12.60.-i, 12.60.Rc, 12.60.Fr, 14.60.Cd, 14.80.Cp

Ključne besede: temna snov, detektor ATLAS, leptonski pljuski, Higgsov bozon, ek-
sotiko, temni foton
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1
Introduction

The new experiment-driven era in physics has begun as the first stable bunches of protons
have started circulating in the Large Hadron Collider (LHC). So far, Standard Model
(SM) appears to be very successful theory of Nature at the energy scales up to about
100 GeV, withstanding the tests of unprecedented precision. Recently, ATLAS [1] and
CMS [2] experiments at LHC have discovered the Higgs boson – the first fundamental
particle with spin different from 1 and 1/2 – the last missing piece of the SM1.

Despite the doubtless success, there are, however, physics aspects which can not be ad-
dressed in the SM. First of all, Standard Model is the combined theory of electroweak and
strong interactions. By construction, it doesn’t attempt to describe gravity. Gravity is
expected to become strongly coupled (hence, observable at the microscopic level) at the
energies close to the Planck scale2, which is considered as the ultimate cutoff for the SM.
Furthermore, there are clear evidences that SM should be altered with some new theory,
acting at the energies slightly above the electroweak cutoff (1–10 TeV), for which the
SM can be considered as an effective approximation at lower energies. Most frequently,
this is understood in the context of so-called hierarchy problem, i.e. that some as yet
unknown physics is required in order to address the stability of electroweak scale against
the Planck scale [4]. Otherwise, if there is no new physics, Standard Model looks like a
fine-tuned theory, where different terms (couplings) are tuned by hand to enormously high
precision, in order to cancel the divergences that occur in the theory. The more natural
explanation of the hierarchy problem may come from a new symmetry, like Supersym-
metry (SUSY) [5]. In supersymmetrical models, the hierarchy problem is addressed in

1According to the latest measurements, the spin-0 hypothesis for the Higgs boson is fully compatible
with the data, while spin-2 hypothesis is excluded at 95% confidence level [3].

2The Planck energy scale (∼ 1019 GeV) is obtained if one assumes a particle, which has a De-Broglie
wavelength equal to the Schwarzschild radius, corresponding to the mass of this particle. In other words,
the particle is a “black hole” itself. Of course, this energy range is not accessible at any accelerator or
cosmic-ray experiment, neither in present, nor in the predictable future.

3



4 Chapter 1 Introduction

an elegant way, cancelling the divergent terms in the propagator of the Higgs field. This
makes supersymmetry a very appealing paradigm. There is a broad physics programme
underway at LHC experiments, searching for evidence of supersymmetric theories. Most
naturally, these models appear at the TeV energy scale, in order to ameliorate the hier-
archy problem. No evidence of supersymmetry is spotted so far, and a large fraction of
parameter space of these models have been excluded during the first LHC run. However,
there is still large room for searches, and, if supersymmetry exists in Nature, it would be
probably fished out during the second phase of LHC running.

Next, from the observation of motion of distant galaxies and from the results of gravita-
tional lensing it has been inferred that the matter we can see constitutes only about 20%
of the mass in the universe [6, 7], while the origin of other 80% remains unknown. This
fact is unambiguously confirmed by many other observations and theoretical implications,
such as arguments from Big Bang nucleosynthesis [8]. This unknown matter is referred
to as dark matter (DM). Dark matter is seen only via gravitational effects it exerts on
the motion of galaxies and on the light passing through it. Dark matter is not accounted
for in the Standard Model. Observations of many distant galaxies reveal that all of them
are immersed into a massive DM halo. Dark matter and normal (observed) matter to-
gether constitute up to 30% of energy density in the Universe, while other 70% pertains
to dark energy – entity of as yet unknown nature which is responsible for the fact that our
Universe is expanding with the positive acceleration [7, 9]. Dark energy doesn’t cluster
into galaxies or other stellar formations, but is likely distributed “uniformly” across the
Universe. Despite the origin of dark matter and dark energy remaining a mystery, their
relative content in Nature seem to be unambiguously determined and cross-checked by
various astrophysical observations.

The most attractive candidates for dark matter are Weakly Interacting Massive Particles
(WIMPs), which most naturally arise in the Supersymmetric models. These particles are
assumed to have mass of up to 10 TeV and participate only in weak interactions. The
annihilation cross section of weak strength automatically produces the right abundance
of dark matter in the present Universe. This fact is known as a WIMP miracle. However,
a series of cosmic-ray and dark matter direct-detection experiments in the past decade
have brought up new results, which can be hardly addressed in the conventional WIMP
models. The most prominent are the measurements of electron (positron) flux and the
relative positron-to-electron fraction in cosmic rays [10–14]. These observations exhibit
both an enhancement in the electron energy spectrum at energies above ∼ 800 GeV, and
an anomalously high fraction of positrons at theses energies, indicative of the fact that
there exists some unknown source of electrons or muons3 in Nature. Although the possi-
ble interpretations of this anomaly do not necessarily involve dark matter – this is indeed
the most discussed scenario, especially taking into account other compelling astrophysical
results, in particular, observation of annual modulation in dark matter direct-detection ex-
periments [15–18]. The conventional WIMP models can’t address the electron (positron)
anomaly for two main reasons: first, in order to raise the required electron (positron) flux
the annihilation rate of dark matter should be a few orders of magnitude larger than the

3Muons are not stable and eventually decay to electron and two neutrinos. By mentioning electrons
and muons we also assume their antiparticles.
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annihilation rate that produces the correct DM relic abundance; second, the dark matter
should annihilate predominantly into leptons and not hadrons.

An appealing solution was introduced by Arkani-Hamed [19] in order to reconcile tensions
between recently observed astrophysical anomalies and WIMP models of dark matter. It
was suggested that a new sector of particles exists, a hidden-sector. A hidden-sector fields
are singlets with respect to SM gauge group, in other words, they do not participate in
strong, weak, or electromagnetic interactions. However, hidden-sector particles interact
with the SM gauge or Higgs boson through the so-called portals. The most important
one is the kinetic mixing portal [20], which connects the SM hypercharge with a gauge
boson that corresponds to a hidden-sector abelian gauge symmetry. The latter boson
is called a dark photon. The important assumption is that a dark matter is charged
under the hidden-sector symmetries. Next, if dark photon is massive4 and its mass
is about 100 MeV − 1 GeV, then: (1) due to hidden-sector interactions, dark matter
annihilates or decays predominantly to leptons (electrons and muons); at the same time
the decays to protons or heavier hadrons are kinematically forbidden; (2) due to a presence
of a massive dark photon, the annihilation cross-section is enhanced via the Sommerfeld
mechanism [21]; that produces a high-energy electron (positron) flux, which accounts for
the observed astrophysical e+e− anomaly.

The important signature of hidden-sector DM models are lepton jets. These are colli-
mated jet-like bundles of electrons or muons. The decays of dark matter or SM particles
to the hidden-sector are followed by cascade decays in hidden-particles, yielding a high
multiplicity of final-state leptons, forming lepton-jets. The possible discovery of lepton-
jets could provide a prominent signal of a new physics and indicate the origin of dark
matter. Motivated by the proliferation of astrophysical anomalies in electron (positron)
cosmic-ray fluxes, observed by the cosmic-ray and dark matter direct-detection experi-
ments in the past two decades [10–14], searches for them is an important ingredient of
physics program at colliders. Searches for lepton-jets are also important in view of re-
cent discovery of the production of a Higgs boson with a mass of about 125 GeV by the
ATLAS [1] and CMS [2] collaborations. This observation is compatible with the produc-
tion and decay of the SM Higgs boson [22–24] at this mass. Strengthening or rejecting
the SM Higgs boson hypothesis is currently of utmost importance and thus a search for
non-SM Higgs boson decays, in particular to electron-jets, is of high interest. Moreover,
in addition to a recently discovered state consistent with the SM Higgs boson, there may
be other scalar fields that arise in the Higgs boson sector in many extensions of the SM,
and electron-jets could be the primary discovery channel for these new states.

In this work, the search for associate WH production with Higgs boson decaying into
electron-jets is presented. This is the first search performed for this particular signature.
The thesis contains a detailed studies upon which the article [25] is based. The dissertation
is structured as follows: in chapter 2 we briefly review the dark matter problem and its
connection to lepton-jets. Theoretical model of lepton jets, used for data analysis, is also
described in this chapter. The overview of experimental facilities is given in Chapter
3. This includes the description of Large Hadron Collider and ATLAS experiment. The
emphasis is put on the sub-detectors of ATLAS relevant to the lepton-jet analysis. In

4Massiveness of dark photon implies the hidden-sector gauge symmetry is broken.
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Chapter 4 we present the details of lepton-jet data analysis with the ATLAS detector.
The results of data analysis, conclusions and prospective for further lepton-jet searches
are given in the last two chapters.



2
Theoretical motivation

2.1 Introduction to dark matter and dark energy

The formal definition of dark matter is a kind of matter which emits no light and is
unobservable directly by telescopes [6]. According to [26], the notion of dark matter
was coined for the first time around the middle of 18th century. Already at that time
astronomers had begun to realize that the disturbed motion of a planet, or a changed
position of a star, was due to the gravitational impact exerted by a celestial body – a
body that formed a part of ‘dark matter’. For instance, at the time when Neptune was
discovered in 1846, it was considered as a constituent of ‘dark matter’. However, it took
about century from that to seriously argue that there was a widely spread non-luminous
matter in our galaxy.

For the first time it was suggested by Oort [27] in 1932 that there was a dark matter
near the Sun. He used the observed vertical motions of stars for his studies, and derived
the value of total density of matter near the sun as ∼ 0.02M⊙pc−3. This value is twice
as large as the present observed density of matter near the sun. Ironically, the question
regarding the amount of dark matter near the sun is unsettled to this day –due to the lack
of agreement on the assumptions that need to be made before the equations governing
the content of dark matter can be solved. Inspite of great advances in dark matter science
and huge experimental efforts, the values based on Oort’s work are still regarded as a
reliability limits for the dark matter amount in the universe. Alongside with considering
the existence of dark matter [28], in the early 1990s scientists also examined the non-
existence of dark matter [29]. In fact, the former group [28] concluded that a model with
no dark matter is inconsistent with the data.

7



8 Chapter 2 Theoretical motivation

The combination of modern data based on the astrophysical observational studies carried
out in the past decade yields the following relative content of cosmic matter (energy) in
the Universe (for the detailed review see Refs. [6, 9]):

• Ordinary matter (5%): also known as baryonic matter – includes protons, neu-
trons, and electrons, which constitute planets, stars, and other ordinary natural
bodies; this type of matter is traditionally called baryons, although electrons are
not baryons;

• Dark energy (70%): the energy of as yet unknown origin, with positive density
and negative pressure. It is responsible for the cosmic repulsion of distant galaxies
and acts as a competitor to gravitational force which tends to collapse galaxies
together;

• Dark matter (25%): the type of matter in the Universe which is deduced from
the gravitational effects that can not be explained by the presence of ordinary
(observed) matter only, impacting the behavior of astrophysical systems on different
cosmological scales, from galaxies to the cosmological horizon.

• Radiation (∼ 0.01%): relic photons (and, perhaps, gravitons as well);

The observed matter comprises only 5% of energy density in the Universe, while the
nature of other 95% remains unknown. Results of various astrophysical observations
confirm that the existence of dark matter and dark energy withstands the reliability
test [9]. A detailed discussion of the dark-energy problem is beyond the scope of this
thesis. A brief overview of this problem is given in Section 2.1.1.

The ordinary matter is usually dubbed baryonic. However, the dark matter itself can
be split into baryonic and non-baryonic (exotic) candidates. The baryonic dark matter
candidates comprise faint stars, galactic haloes, intergalactic gas, jupiters, black holes
and so forth [26]. With continuous improvements in observational techniques and tools
a portion of invisible baryons gradually slip into class of visible, for instance “L dwarfs”
are no longer considered as dark matter.

For the non-baryonic matter, different forms has been proposed over the last years. These
include weakly interacting massive particles (WIMPs) – the most popular candidate for
dark matter, neutrinos – either the Standard Model ones or its more exotic forms, graviti-
nos and neutralinos – which arise in various implementations of Supersymmetric models,
axions and topological clusters in a gauge field, etc. (see Section 2.1.3). It should be em-
phasised that although the existence of exotic dark matter is speculative, the significant
gap between total density of baryonic and non-baryonic dark matter is indicative of the
fact that our speculation on the existence of exotic dark metter is correct.

2.1.1 On the dark energy and antigravity

The concept of dark energy is much younger than the dark matter. It is a common belief
that dark energy is responsible for the accelerated cosmological expansion [9].



Chapter 2 Theoretical motivation 9

Despite the fact that velocities and distances of scattering galaxies have been undergo-
ing measurements for almost a century, the acceleration of galaxies was first measured
only fifteen years ago after long systematic observations, which were carried out by two
independent groups of astronomers led by Brian Schmidt [30] and Saul Perlmutter [31].
The observations were carried out with the most sophisticated modern astronomical in-
struments, the Hubble Space Telescope and the largest ground-based reflectors. Their
studies were focused on the supernovae of a certain type (Ia1) at the distances of a few
billion light years, almost at the edge of the observable Universe. The supernovae of this
type are so bright that this allowed discovering and measuring a fine relativistic effect
that modifies apparent brightness of a source depending on the red-shift2. The effect
is due to the acceleration of motion of luminous source and is noticeable only at large
distances, when red-shift becomes comparable to unity. In this way it was discovered
that the Universe expands with positive acceleration.

In the simplest (and apparently most realistic) interpretation dark energy is usually un-
derstood in connection with the so-called Λ-term in the equations of Einstein’s general
theory of relativity. The Λ-term was introduced in 1917 in order to provide a source of
cosmic repulsion in the Universe (antigravity), to balance the gravitational force [32]. A
few years later Friedmann constructed a model of expanding Universe [33], which is based
on the exact solutions of general relativity equations and incorporates Λ-term as a free
parameter. The exact value of Λ doesn’t follow from theory and is a subject to measure-
ments in certain cosmological observations. The model possessed uniformity and isotropy
in space, however was not static (symmetric in time). Friedmann’s theory with the value
of the constant Λ following from the latest observational discoveries well describes the
inflating universe and is completely consistent with comprehensive set of modern astro-
nomical data. It is the basis of the present-day cosmological ‘Standard Model’, known as
ΛCDM cosmology (CDM stands for Cold Dark Matter).

The main quantitative feature of dark energy is density. Its value of about 70% was
estimated in the earliest papers where the discovery of accelerating universe was re-
ported [30, 31]. In short, the density of dark energy roughly corresponds to about three
hydrogen atoms in each cubic meter of space [9]. To imagine the antigravitation force
exerted by such a medium, let us consider two neutral hydrogen atoms put in space where
nothing but dark energy is present. These atoms are subjected to two forces, Newton’s
force of mutual attraction and Einstein’s repulsion force. It turns out that antigravitation
is stronger than gravitation if the atoms are separated by more than half a meter.

But even before the observations of supernovae Ia were made, the existence of dark
energy was anticipated in the middle of 1990’s (see f.ex. Refs. [34–37]). The analysis
of galactic catalogues aimed at revealing the distribution of matter in space, the use of

1Ia – the type of supernovae which result from white dwarfs. They originate from white dwarfs that
have picked up the material of companion stars. They all have approximately the same mass of about
1.4M⊙ and reside in the galaxies much further away than other supernovae. As a result their brightness
appears minimal and their detection becomes a challenge. In spite of this, due to impressive uniformity of
their masses and of their ‘light curves’ these supernovae are treated as a standard candles in cosmology.

2Red-shift – the shift of spectral lines towards the longer wavelengths and lower frequencies at the
red end of the spectrum in a luminous celestial body. This is due to the relativistic Doppler effect and
indicates that the light source is moving (with great speed) away from the observer.
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various methods to determine the mass of clustered (clumped) matter (which includes
both ordinary and dark matter), and measurements of the cosmic micro-wave background
and the Hubble parameter revealed that total density of matter in the Universe is about
30% of the critical density:

ΩM =
ρD + ρB

ρC
. 0.3 (2.1)

where ρD and ρB are the densities of baryonic (ordinary) and dark matter respectively;
ρC denotes the critical density of the Universe. The critical density corresponds to the
density of matter required upon the assumption that our Universe is described by the
Newtonian model with zero energy, or by relativistic model with zero pressure and zero
space curvature (the Einstein-de Sitter model). The value of critical density can be derived
in Newtonian mechanics as follows (for details see Ref. [26]). Consider two objects at the
moment of time t0 are at the distance of r0 from each other, large enough to assume the
medium between the objects is uniform. Then, according to Newton’s law of gravity,
at any given moment t the distance r between these two is governed by the following
equation

r̈ = −4πρ0r
3
0G

3r2
(2.2)

where ρ0 denotes the density of medium at moment t0 and G is the Newtonian constant
of gravity. Now, integrating this with respect to r gives

ṙ2 =
8πρ0r

3
0G

3r
+ k (2.3)

where integration constant k represents the sum of object’s kinetic and potential energy.
Putting k = 0 (Newtonian model with zero energy), and considering top equation at
moment t0 results in

ṙ(t = t0) =

√

8πρ0G

3
r0 (2.4)

This is also true at any given moment of time

ṙ(t) =

√

8πρ(t)G

3
r(t) ≡ H(t)r(t) (2.5)

That is the Hubble’s law, which states: the velocities of distant galaxies moving away from
Earth are directly proportional to the distance from Earth. From the value of Hubble’s
constant H(t) we get the value of critical density

ρC =
3H2(t)

8πG
= 2h2 × 10−29 g

cm3
(2.6)

where h stands for 0.5 ≤ h ≤ 1 and represents the uncertainty of determination the
Hubble’s constant [26].

The result in Eq. 2.1 is regarded as one of the most important results in modern cosmol-
ogy. For a long time, it has been interpreted as evidence of the Universe having nonzero
curvature, however this interpretation faced difficulties both from theoretical and obser-
vational point of view. Thus, if the spatial curvature is zero, result Eq. 2.1 suggests that
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Figure 2.1: The rotation curve of M33 galaxy (blue dots). Solid line represents the best
fit model. In M33 galaxy there are four types of observed matter: stellar disk, atomic
gas, worm ionized gas and molecular gas. The contributions are shown for the dark
matter (dash-dotted line) as well as for the observed ‘stellar disk’ (short dashed line)
and gaseous matter (long dashed line). Figure from [38].

at least 70% of the energy density in the modern Universe is due to matter of a type
that cannot be perturbed by gravitational fields and remains unclumped (unclustered) in
the course of cosmological evolution. This implies that the effective pressure of matter
is negative and its absolute value is sufficiently large, i.e., p ≈ −ρ. Hence, this is dark
energy.

2.1.2 Experimental evidences for dark matter

Rotation curves

One of the most direct and convincing evidences for dark matter on the galactic scale
comes from the analysis of so-called ‘rotation curves’ – the plots of orbital velocities of
stars and gases with respect to the distance from galactic centre3. According to simple
Newtonian mechanics the orbital velocity of an object at distance r from galactic centre
is

v2(r) =
GM(r)

r
(2.7)

which is the Kepler’s law; M(r) – is the distribution of mass of galaxy embedded into a
sphere of radius r. Now, let us move away from the observed part of galaxy. At a certain

3In the outer galactic region containing only cold neutral hydrogen and no stars, the gas rotation rate
is measured by observing emission at the wavelength of 21 cm corresponding to ultrathin splitting due
to proton–electron spin interactions [38]. The orbiting of a galaxy leads to a Doppler shift of the 21 cm
line, which allows estimating the gas rotational velocity in the outer region of the galaxy. The orbital
speed of the gas, like that of the stars, remains unaltered far beyond the limits of the visible galaxy.
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value of r the observed mass M(r) starts to remain constant with the growth of r, hence
a velocity of distant object should behave as

v ∼ 1√
r

(2.8)

However, observations do not confirm this prediction [39, 40]. Instead, in 1985 Carignan
and Freeman unambiguously established that rotation curves exhibit the ‘flat’ behaviour
v ∼ const [41], similar to that depicted in Figure 2.1 (comprehensive survey of rotation
curves of spiral galaxies is given f.ex. in Ref. [42]). The fact that the mean rotational
velocity v̄ is constant with respect to r implies that the mass M(r) is proportional to r:

M(r) =
v̄2r

G
(2.9)

This means that the large fraction of total mass of any given galaxy is in the form of
non-luminous ‘dark’ component located at large radii. The mass increases linearly with
r. Measurements of a few hundred spiral galaxies indicate that all of them are embedded
into massive dark halo [38–43].

Gravitational lensing

Another compelling evidence of dark matter is gravitational lensing – distortion and
magnification of light emitted by distant galaxies, caused by inhomogeneities in the matter
distribution that perturb the paths of photons. The effect is equivalent to viewing the
light sources through a piece of glass with a spatially varying index of refraction. Both
distortion and magnification can be measured, and can be used to determine the mass
distribution in a galaxy cluster [44]. Namely, the mass contained in a cluster acts as a
gravitational lens on the light emitted by distant galaxies. The image appears as a giant
arc and the radius of arc determines the mass within the cluster. The distant galaxies
often appear as a tiny elliptical images, which are called “arclets” [45]. The example
of such arclets of the cluster RX J1347–1145 is shown in Figure 2.2. In this section we
briefly discuss the idea behind the magnification and distortion, and how it leads to a
concepts of weak and strong gravitational lensing.

From the historical point of view, the bending of light by matter is already embedded into
Newtonian gravity, in which light attracts to matter just as other objects do. However,
the deflection of light predicted by Newtonian gravity is only half as strong as that
obtained in General Relativity, where space–time is curved [26]. It was Eddington who
first measured the deflection of light during his famous expedition in 1919 at the time
of solar eclipse. He confirmed the prediction of General Relativity and made Einstein a
world celebrity.

A typical sketch of gravitational lens system is shown in Figure 2.5. A mass concentration
is placed on the distance Dd from the observer. This lens deflects the light coming from the
source placed at the distance Ds. The ‘true’ and observed angular positions of the source
are denoted through β and θ respectively; α – is the position shift due to gravitational
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Figure 2.2: Image of the cluster RX J1347-1145 with anisotropic diffusion filtering
applied. The colors encode the objects eccentricity: [0.7, 0.8] green, [0.8, 0.9] yellow,
[0.9, 1.0] red, i.e. the red objects are most likely arcs. The assumed center of the
cluster is marked with a red cross. Figure from [45].
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Figure 2.3: Sketch of a typical gravitational lens system. Figure from [46].
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lensing. If β, θ and α are small then the simple geometrical relation between theses three
takes place and can be written as

θDs = βDs + αDds (2.10)

This expression is called the lens equation [26, 46]. It should be noted that the above
formula is based on the relation

[physical size] = [angular size]× [distance]

which holds in Euclidean space. However, relation 2.10 also holds in the curved space–
time. The only modification one has to make in the latter case is to redefine Ds, Dd and
Dds as angular diameter distances [26].

It is convenient to rewrite lens equation as follows

~β = ~θ − Dds

Ds

~α(~θ) (2.11)

or
~β = ~θ − ~α(~θ) (2.12)

where the angle is given a direction in the lens plane (or source plane). The important

physics arises from the fact that α(~θ) is the function of θ.

As mentioned above, the most important feature of gravitational lensing is distortion and
magnification. The effect is particularly evident when the source has a non-negligible ap-
parent size. The distortion itself can be split into convergence and share transformations
(distortion is the sum of these two). The distortion arises because light is deflected dif-
ferentially. In particular, if the source is much smaller than the angular size on which the
physical properties of the lens change, the relation between source and its image positions
can be locally linearized. In other words the distortion of images can be expressed via
Jacobian matrix

A ≡ ∂~y

∂~x
=

(

δij −
∂αi(~x)

∂xj

)

=

(

δij −
∂2Ψ(~x)

∂xi∂xj

)

(2.13)

where ~x and ~y are true and projected positions of source respectively; Ψ(~x) – is the
effective lensing potential [47], obtained by projecting the three-dimensional Newtonian
potential on the lens plane. This Jacobian is responsible for the distortion of an object
image. For clarity we use the following notation

∂2Ψ(~x)

∂xi∂xj

≡ Ψij (2.14)
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Figure 2.4: Illustration of the effects of convergence and shear on a circular source.
Convergence magnifies the image isotropically, and shear deforms it to an ellipse. Figure
from [47].

The Jacobian matrix can be split into convergence and shear parts [47]. Let us introduce
the following notations

k ≡ 1

2
(Ψ11 +Ψ22)

γ1 ≡ 1

2
(Ψ11 −Ψ22) (2.15)

γ2 ≡ Ψ12 = Ψ21

γ ≡
√

γ2
1 + γ2

2

Now, Jacobian 2.13 can be written in the form

A =

(

1− k − γ1 −γ2
−γ2 1− k + γ1

)

= (1− k)

(

1 0
0 1

)

− γ

(

cos 2φ sin 2φ
sin 2φ − cos 2φ

)

(2.16)

From the equation above the meaning of terms convergence and shear becomes clear. First
term in formula 2.16 is the convergence matrix. It is a diagonal matrix and is responsible
for isotropic distortion of image, i.e. the images are only rescaled by a constant factor in
all directions. Second term it the share matrix, which is asymmetric and trace-free. It
stretches the shape of the source along one privileged direction. The quantity γ describes
the magnitude of the shear and φ describes its orientation. In particular, a circular source,
which is small enough compared to the scale of the lens is mapped into an ellipse when
k and γ are both non-zero. The semi-major and -minor axes are

a =
r

1− k − γ
, b =

r

1− k + γ
(2.17)

where r is the radius of the source. The corresponding illustration is shown in Figure 2.4.
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Figure 2.5: The galaxy cluster SDSS J1004+4112 has 5 images of a the same quasar
close to its centre. A the same time, several other background galaxies are strongly
lensed by this cluster. Figure from [48].

Magnification is a consequence of distortion. The lens equation maps the surface element
∂y into a surface element ∂x. According to Liouville theorem the absence of absorption
or emission in gravitational light deflection ensures the conservation of the source sur-
face brightness. In other words the total amount of light coming from source remains
unchanged. Since solid angle under which we see the object is altered, the flux of light
received from the source is magnified (demagnified). The magnification is

µ =
1

detA
=

1

(1− k)2 − γ2
(2.18)

The eigenvalues of the magnification tensor (or the inverse of the eigenvalues of the
Jacobian matrix) measure the amplification in the tangential and in the radial direction
and are given by

µt =
1

λt

=
1

1− k − γ
(2.19)

µr =
1

λr

=
1

1− k + γ
(2.20)

The magnification is ideally infinite when λt = 0 or λr = 0. Theses conditions define two
critical lines in the lens plane, called the tangential and radial critical lines respectively.
Objects close to tangential line are stretched along this line, while objects close to radial
line are distorted in the direction perpendicular to this line.

Due to distortion, the circular images of distant galaxies are mapped by a gravitational
lens into ellipses. This effect is usually referred to as a weak lensing [46,50]. The surface
density of mass in gravitational lens is directly proportional to the convergence factor
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Figure 2.6: Mass reconstruction of Abell 2744 (Pandora’s cluster). Cyan contours indi-
cate the mass density reconstructed using gravitational lensing. X-ray surface bright-
ness contours are given in magenta. The peak positions of the core and clumps are
indicated by the green likelihood contours. Contours are 86%, 61%, and 37% of the
peak likelihood for each clump (assuming a Gaussian probability distribution, these
would correspond to 0.3, 1, and 2-sigma confidence contours). Figure from [49].

k [26]. Image in Figure 2.2 is an example of weak lensing. The strong lens is usually
understood as a gravitational lens which is capable of producing multiple images from
the single source [44, 47, 51]. It occurs when the mass density in the lens plane becomes
critical, i.e. it produces tangential or radial critical lines. In other words either condition
is fulfilled

λt = 1− k − γ = 0 (2.21)

λr = 1− k + γ = 0 (2.22)

Strong lensing is usually observed in the central regions of galaxies and galaxy clusters [47].
A representative example of strong gravitational lensing is shown in Figure 2.5, where five
images of the same quasar are observed due to gravitational lens. Strong lensing provides
the most direct way of estimating the mass embedded into lens.

In Figure 2.6 an example is shown of overlaying the lensing mass reconstruction and X-ray
emission data for Pandora’s cluster [49]. The difference between lensing and X-ray data
enables to evaluate the dark matter distribution in the cluster.

Analysis of the results of gravitational lensing made in the last ten years has revealed that
the diameter of the dark halo in the galaxies may be more than one order of magnitude
greater than the visible diameter of a galaxy itself [6].
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2.1.3 Dark matter candidates and WIMPs

The existence of Dark Matter in the Universe is deduced exclusively from its gravita-
tional effect on the behavior of astrophysical systems. While the amount of Dark Matter
is fairly well known, its origin still remains a puzzle. The possible nature of dark matter
is debated for a long time and spans over a dozen of most-viable dark matter candidates.
Despite the baryonic dark matter not completely being ruled out, most of DM discussions
are dedicated to exotic dark matter. Among others, this includes neutrinos (SM, ster-
ile, and heavy neutrinos [52–54]), supersymmetric particles [55], Kaluza-Klein particles
in models with extra-dimensions [56], magnetic monopoles (see f.ex. [57]), axions [58],
crypto-baryonic matter [59], technicolor particles [60], mirror-world particles [61], etc. A
comprehensive review of DM candidates can be found in Refs. [6, 62].

The leading candidate for dark matter areWeakly Interacting Massive Particles (WIMPs).
The terminology refers to the fact that these these particles undergo weak interactions
in addition to feeling the effects of gravity, but do not participate in electromagnetic or
strong interactions. The expected WIMP mass is usually considered in the range 1 GeV –
10 TeV. These particles, if present in thermal equilibrium in the early universe, annihilate
with one another so that a predictable number of them remain today. An annihilation
cross section of weak interaction strength automatically gives the right abundance in the
present Universe, near the value measured by WMAP experiment [63]. This coincident
is known as a WIMP miracle [64].

The most naturally WIMPs arise in supersymmetric models, for instance the lightest neu-
tralino in the Minimal Supersymmetric Standard Model (MSSM)4 and its extensions [55].
However, other WIMP candidates arise in a variety of theories beyond the Standard Model
(see f.ex. Refs. [62, 66] for review).

Despite its obvious allure, the viability of conventional WIMP models have been recently
put in doubt in the view of recent observations, performed by dark matter direct-detection
and cosmic-ray (CR) experiments, requiring a significant modification of WIMP models.
That is discussed in detail in the next section.

4Minimal is meant in the sense that the particle contents and interactions in the known Standard
Model is minimally enlarged by supersymmetry, where SM boson and fermions are complemented with
supersymmetric fermionic and bosonic partners respectively (see f.ex. Ref. [65]).
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2.2 Lepton-jets, hidden sectors and dark matter

2.2.1 Introduction

So far, Nature at the most microscopic scales, observable to experiments, at the energies
up to about 1 TeV and distances as low as 10−19 m, appears to be very successfully
described by the Standard Model (SM). That is a unified theory that addresses three of
four known fundamental interactions, the strong, electromagnetic and weak interactions,
keeping Gravity, the fourth known fundamental force, aside. The common point of all
interactions in the Standard Model is that, by construction, all of them arise in the theory
as a consequence of invariance of any physical system with respect to various symmetry
transformations. These symmetry transformations act upon wave functions of funda-
mental constituents of matter and are unitary by construction. The unitarity means that
the scalar square of wave functions (which is the observable quantity) must remain un-
altered upon these transformations. Unitary transformations acting on one-dimensional
complex space are described by the U(1) Lie algebra, those on two-dimensional and three-
dimensional spaces are SU(2) and SU(3), respectively, and so forth. Furthermore, yet
another assumption has to be made before the interactions emerge in the theory. That
is, the considered above unitary transformations can not take place in the whole volume
of physical system simultaneously, and the parameters, governing these transformations,
must be considered as a functions of space-time coordinates. Given this assumption, our
physical system is invariant no more upon the considered transformations, unless the new
fields are introduced in order to “gauge” the system [67]. These are so-called gauge fields,
or, equally, the Yang-Mills fields. They are responsible for the interactions in the Stan-
dard Model, where U(1) × SU(2) corresponds to weak and electromagnetic forces, and
SU(3) gives raise to the strong interaction. The mediators of forces are gauge bosons with
spin 1, while all fundamental matter constituents are fermions, having spin 1/2. Finally,
there is yet another entity in the Standard Model, which pertains neither to matter nor
to interactions – the Higgs field. The quantum of this field is the Higgs boson – the only
fundamental particle with spin zero. The Higgs field gives raise to the masses of fermions
and gauge bosons in the Standard Model by means of the spontaneous symmetry breaking
mechanism [22–24]. The summary of all SM particles is given in Table 2.1.

The new LHC data-driven era brings physics to a TeV energy regime, anticipating the
new physics beyond the reach of the Standard Model. However, along with the possible
existence of new physics at the TeV energy scale, there exists another equally possible
scenario – the existence of new physics at low energies, i.e. not higher than electroweak
gauge boson mass (∼ 100 GeV), with the new physics very weakly coupled to the Standard
Model. This new physics is usually refereed to as the hidden sector, or, equally, the dark
sector, or, yet equally, the secluded sector. Hidden-sector matter may have its own gauge
symmetries with the corresponding force mediators. Since it is not charged under the SM
SU(3) × SU(2) × U(1) group, it interacts with normal (baryonic) matter only through
gravity and via the portals, in particular, through kinetic mixing of SM hypercharge
with the dark photon [20]. The dark photon is the force mediator associated with the
hidden-sector U(1) gauge symmetry.
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Particle name symbol mass (MeV) electric
charge

Matter (spin=1/2)

quarks

up u 2.3 +0.7
−0.5 +2/3

down d 4.8 +0.5
−0.3 −1/3

charm c 1275.0 ± 25.0 +2/3
strange s 95.0 ± 5.0 −1/3
top t 173070.0 ± 520.0± 720.0 +2/3
bottom b 4180.0 ± 30.0 −1/3

leptons

electron e 0.511 ± 0.000 1
electron neutrino νe <0.002 0
muon µ 105.7 ± 0.0 1
muon neutrino νµ <0.19 0
tau τ 1776.8 ± 0.2 1
tau neutrino ντ <18.2 0

Interactions (spin=1)
electromagnetic photon γ 0 0
strong gluon g 0 0

weak
W W± 80385.0 ± 15.0 ±1
Z Z0 91188.0 ± 2.0 0

Higgs field (spin=0)
Higgs H 125500.0 ± 200.0 +500.0

−600.0 0

Table 2.1: List of all fundamental particles in the Standard Model. There are two
species of matter in the SM – quarks and leptons. The former participate in all the
three interactions in SM, while the latter are involved in weak and electromagnetic
interactions only and do not feel the effects of strong interaction. Numbers are taken
from [68,69].

Many models of physics beyond the SM contain a light hidden sector, which is composed
of as yet unobserved fields that are singlets under the SM group SU(3)× SU(2)× U(1)
and that can be probed at the LHC [19, 70–80]. Models of this hidden sector vary from
simple modifications of the SM [75, 76] to models motivated by string theory [77] to so-
called unparticle models [78]. One could consider these models just speculations and
manipulations with the apparatus of quantum field theory. However, in the view of re-
cent proliferation of anomalies observed in cosmic-ray electron and positron flux, the
hidden-sector paradigm finds its elegant implementation. Below we describe the astro-
physical motivation for hidden sector models and introduce lepton-jets, which are the the
prominent signature of hidden sectors in proton–proton collisions at the LHC.
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2.2.2 Astrophysical motivation and dark matter

PAMELA electron-positron anomaly

Several cosmic-ray5 and dark matter direct-detection experiments (PAMELA, AMS, ATIC,
FermiLAT, HEAT) [10–14] observe an unexpectedly high flux of electrons and positrons
in the energy range from one GeV to about one TeV (Fig. 2.7). Furthermore, they also
observe the excess of positron-to-electron fraction with respect to theoretical prediction
(Fig. 2.8). At the same time there is no experimental evidence of excess in antiproton
flux (Fig. 2.9).

Most cosmic-ray electrons are assumed to originate from the supernova remnants while
the cosmic-ray positrons are mainly produced through hadronic processes when cosmic-
ray protons collide with intergalactic hydrogen [81]. In such a scenario there should
be no prominent feature at the TeV energies in the electron (positron) total spectrum,
and the positron-to-electron ratio should drop with energy monotonously. Hence, extra
electrons (positrons) are assumed to originate either from the annihilation or decays of
dark matter, or from some other non-conventional astrophysical process, like electron-
positron pair production in ultra-strong magnetic fields of pulsars, annihilation of high
energy photons from γ-ray bursts with background photons (supernovae source) [82], and
acceleration of electrons in shocks or in magnetic turbulence of microqusars [81].

Although astrophysical sources are not ruled out, the most extensively discussed inter-
pretation of the electron (positron) excesses is the annihilations or decays of dark matter.
Assuming the extra electrons and postrions are produced in the annihilations of dark
matter, the conventional WIMP models, however, can hardly accommodate the observed
anomaly for two main reasons. First, assuming thermal freeze-out, the standard relic
abundance calculation implies an annihilation cross-section that is at least a hundred
times too small to explain the lepton excesses observed in astrophysical experiments [19].
Second difficulty is the non-observation of corresponding excesses in anti-protons [89]
and gamma rays [90], which puts strong bounds on hadronic channels that are present in
many dark matter models. In turn, the anomaly can be addressed in the supersymmet-
ric WIMP models with decaying dark matter [91]. Although this scenario is somewhat
non-typical, and implies very heavy gravitinos6 with the mass of about few TeV and slep-
tons7 with masses above ∼500 TeV, it is still a relevant explanation. Detailed discussion
of this model setup is beyond the scope of this thesis (for review of gravitino as dark
matter candidate see Ref. [93]). Another plausible scenario was introduced by Arkani-
Hamed [19] suggesting that a WIMP-like dark matter of TeV mass scale is charged under
the GeV-scale hidden-sector gauge group. In this scenario the two apparent contradic-
tions, considered above, are reconciled. The WIMP-like dark matter couples to a GeV

5Cosmic rays comprise mostly protons, almost 90%, about 10% are helium nuclei (alpha particles),
and slightly below 1% are heavier elements and electrons [81].

6In the supersymmetric theories that include gravity, the quantum of gravity field, spin-2 graviton,
has a spin-3/2 fermion superpartner called the gravitino [5]. Usually, gravitinos are assumed to have
very tiny mass, of the order of 10−4 eV, as discussed for example in Ref. [92].

7The sleptons term, according to usual supersymmetric naming convention [5], stands for the super-
symmetric bosonic partners of SM leptons.
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Figure 2.7: The electron differential energy spectrum measured (a) by the satellite-born
Fermi/LAT telescope (red circles), and (b) by the balloon-born ATIC experiment at the
top of the atmosphere (red rectangles). The spectrum is scaled by E3. An enhancement
in the electron (positron) intensity is clearly seen in the energy range close 800 GeV
with respect to theory prediction, obtained from a conventional diffusive model (blue
dashed line in the top plot, and black solid line in the bottom plot) [83,84]. The dashed
curve in the bottom plot represent the solar modulated electron spectrum and shows
that the modulation is unimportant above 20 GeV. The theoretical prediction is based
on the supernova shocks and interactions of cosmic ray protons with the interstellar
medium [19,83, 84]. Figures from [12,14].
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Figure 2.8: The positron fraction measured by different experiments. The most precise
measurements pertain to PAMELA (a) and AMS-02 (b). The solid line (a) shows a
calculation for pure secondary production of positrons during the propagation of cosmic
rays in the Galaxy without reacceleration processes [85]. Figures from [10,13].
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Figure 2.9: The antiproton-to-proton flux ratio obtained by PAMELA collaboration and
compared with theoretical calculations (left) and with the results of other experiments
(right). Theoretical curves are shown for a pure secondary production of antiprotons
during the propagation of cosmic rays in the galaxy. The dashed lines show the upper
and lower limits calculated by Simon et al. [86] for the standard Leaky Box Model,
while the dotted lines show the limits from Donato et al. [87] for a Diffusion model with
reacceleration. The solid line shows the calculation by Ptuskin et al. [88] for the case of
a Plain Diffusion model. The curves were obtained using appropriate solar modulation
parameters (indicated as φ) for the PAMELA data taking period. Figures from [89].

scale dark gauge boson (hidden photon) that kinetically mixes with the photon of the
Standard Model [79, 80]. If the dark photon mass is below ∼ 1 GeV, the Dark Mat-
ter annihilates primarily into muons and/or electrons, providing a source of additional
electrons (positrons) without giving rise to proton excess. Next, one of the important
modifications that can arise with a new light boson is an enhancement of the annihilation
cross section via a mechanism first described by Sommerfeld [21]. This mechanism yields
the DM-annihilation cross section large enough to describe electron-positron anomalies.
As shown in Ref. [19] the Sommerfeld enhancement can only arise if the hidden-sector
gauge boson mass is mdark ≤ αmDM ∼ 100 MeV [94], where α is the strength of dark
matter coupling to hidden sector. The similar DM picture is considered also in Ref [95].

DAMA modulation and inelastic dark matter

In addition to the primary motivation described above, the hidden-sector models also
naturally describe another compelling astrophysical observation – the annual modulation
of signal in the dark matter direct-detection experiments. These experiments are designed
to detect the scattering of dark matter on nuclei of detector elements. The count rate
in these experiments should experience an annual modulation due to the relative motion
of the Earth around the Sun [64], as shown in Fig. 2.10. In addition, the modulation is
usually required to fulfil a set of requirements [15], in order to get rid of backgrounds,
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Figure 2.10: An illustration of WIMP wind as seen from Earth and Sun. Due to the
rotation of the Galactic Disk (containing the Earth and Sun) through the essentially
non-rotating dark matter halo, the solar system experiences an effective “WIMP wind”.
From the perspective of the Earth, the wind changes throughout the year due to the
Earth’s orbital motion: the wind is at maximum speed around the beginning of June,
when the Earth is moving fastest in the direction of the disk rotation, and at a minimum
speed around the beginning of December, when the Earth is moving fastest in the
direction opposite to the disk rotation. The Earth’s orbit is inclined at about 60◦

relative to the plane of the Disk. Figure from [64].

and keep only those events which are assumed to originate from interactions with dark
matter only. The requirements are

• The rate must contain a component modulated according to a cosine function with
one year period and a phase that peaks roughly around 2nd June;

• This modulation must only be found in a well-defined low energy range, where DM
particle induced events can be present;

• It must apply only to those events in which just one detector of many actually ‘fires’
(single-hit events), since the DM particle multi-interaction probability is negligible;

• The modulation amplitude is usually constrained from above using the usually-
adopted DM halo distributions.

Such a modulation, is not present for most known background sources. The most evident
observation of such modulation has been reported by DAMA collaboration [15, 96, 97].
Some other experiments, like CoGent and MINOS, also confirm the existence of modu-
lation in their signal [16–18]. The modulation observed by DAMA is shown in Fig. 2.11.
This experiment exploits highly radiopure NaI(Tl) scintillators as target detectors in or-
der to assure a sensitivity to wide ranges of DM candidates, of interaction types and of
astrophysical scenarios [15]. The recoil-energy spectrum of nuclei in the detector depends
on the specifics of both the particle physics model and the distribution of DM in the
Galaxy. DAMA reports the modulation signal at about 9σ confidence level [15], which
is consistent with ∼ 80 GeV or 10 GeV WIMP scattering predominantly off of iodine or
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Figure 2.11: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/NaI (red circles, 0.29 ton×year exposure over 1995 – 2002)
and DAMA/LIBRA (blue triangles, 0.87 ton×year exposure over 2003 – 2010) in the
2–6 keV nuclear-recoil energy interval, as a function of time. The residual rates are cal-
culated from the measured rate of the single-hit events (already corrected for the overall
efficiency and for the acquisition dead time) after subtracting the constant part. The cu-
mulative exposure of two runs (DAMA/LIBRA and DAMA/NaI) is 1.17 ton×year. The
experimental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curve is the cosinusoidal function A cosω(t− t0)
with a period T = 2π

ω
= 0.999±0.002 year, amplitude A = 0.0116±0.0013 cpd/kg/keV,

and phase t0 = 0.400±0.019 year (May 26±7 days), equal to the central values obtained
by best fit over the whole data, where cpd denotes counts per day. Figure from [64],
where data are taken from [8,15].

sodium, respectively [64]. However, assuming the conventional WIMP models, this result
comes in clear contradiction with null-results of other experiments, which do not confirm
the modulation hypothesis [98–103]. This apparent tension is reconciled in the theories
where DM can scatter inelastically, in particular in hidden-sector models [19].

The hidden-sector models include the possibility that there are several DM states with
small mass splittings on the order of αmdark ∼100 keV, such that DM can scatter inelas-
tically against nuclei into an excited state8. This is usually referred to as inelastic dark
matter (iDM). As discussed in Refs. [104,105], iDM provides a mechanism to explain the
modulation observed by the DAMA, and at the same time addresses the lack of signal in
other experiments.

8In the initial proposal [19] it has been assumed that dark gauge group Gdark is non-abelian and broken
at a GeV scale, then loops of the resulting GeV dark gauge bosons will generate 100 keV - 1 MeV mass
splittings within the dark matter multiplet of Gdark. However, it has been shown later that such a mass
splittings can be naturally adopted in abelian Gdark = U(1)d hidden-sectors [20] as well. These models
are remarkably simple and has a small number of free parameters that can be fixed by observations. For
instance, the size of the kinetic mixing, ǫ, is constrained by the boost factor (Sommerfeld cross-section
enhancement) required to explain the PAMELA positron excess.
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INTEGRAL anomaly

Lastly, there is one more astrophysical anomaly which can be hardly addressed in conven-
tional DM models. It is known that the strongest γ-ray line signal from our Galaxy comes
from the electron-positron annihilation [106]. The INTEGRAL (International Gamma-
Ray Astrophysical Laboratory) γ-ray satellite observatory has measured the 511 keV
signal [107,108] and it turned out that the signal is strongest within a few degrees of the
galactic center. This region has the largest concentration of electron-positron annihilation,
about 3 × 1042 electron-positron pair annihilations per second (far more than expected
from supernovae). Its origin remains unknown despite decades of scrutiny. The spectrum
suggests that these positrons (electrons) are injected with relatively low energies, E ≤ few
MeV. According to Ref. [109], the dark matter candidate with an “excited state” 1–2 MeV
above the ground state can naturally explain such low energy positrons (electrons) while
still producing the high-energy positrons via annihilation [106]. Dark matter featuring
such an excited states is usually referred to as excited dark mater (XDM). It was shown
that hidden-sector models with non-abelian dark gauge group Gdark nicely accommodate
XDM [109]. It should be emphasized that both XDM and iDM are non-standard WIMP
scenarios in which a DM ground state can transition to and from new excited states via
the emission of some field that couples back to the SM.

2.2.3 Lepton jets

Lepton jets are the prominent potential manifestation of hidden-sector models. These
are collimated sets of electrons and muons (and possibly pions), which are produced in
the cascade decays in the hidden sector.

As mentioned above, hidden-sector models yield a massive gauge boson associated with
U(1) symmetry in the hidden sector, the dark photon. The SM is coupled to the dark
sector via a kinetic mixing term between SM hypercharge and a dark sector U(1) gauge
field [19]. The Lagrangian of SM U(1) hypercharge and hidden-sector U(1)d can be
written as follows

Lgauge = −1

4
BµνB

µν − 1

4
bµνb

µν +
ǫ

2
Bµνb

µν (2.23)

where Bµν is the SM hypercharge and bµν is the dark sector U(1)d gauge-field strength,
respectively, and ǫ is the kinetic-mixing coupling strength. The kinetic mixing part is

Lmix =
ǫ

2
Bµνb

µν =
ǫ

2
bµν(cos θWAµν − sin θWZµν) (2.24)

where A and Z are the SM photon and Z boson gauge fields respectively, and θW is the
Weinberg angle. As a result, the dark photon couples to all electrically charged particles.
Decays of the dark photon to electrically neutral particles that couple to the Z boson,
such as neutrinos, are suppressed by m2

γd
/m2

Z , and will not play an important role [70].
Fig. 2.12 illustrates the SM coupling to the hidden sector. Due to kinetic mixing, dark
photon decays to electrons, muons, and possibly pions, as shown in Fig. 2.13. Branching
fraction of each decay mode depends on the dark photon mass (Fig. 2.14). As long as
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Gdark ⊃ U(1)y (MS)SM

Ψdark matter

ǫ

Figure 2.12: Schematic sketch of minimal setup, in which the hidden sector and the
SM are connected through kinetic mixing term. The dark matter is charged under the
hidden-sector group and may or may not couple directly to the SM. Figure from [74].

γd

l−

l+

Figure 2.13: A Feynman diagram illustrating hidden photon decay to leptons via the
kinetic mixing with SM photon. Figure from [70].

dark-photon mass is lower than 210 MeV, dark photon decays exclusively to electron-
positron pairs.

The decays of dark photon originating from dark-matter annihilation produce the electron
(positron) flux needed to account for PAMELA-like anomalies. In addition, dark photons
may be produced also in the decays of a Higgs and SM gauge bosons [70,74]. The decays
of dark matter or SM particles to the hidden sector are followed by cascade decays in the
hidden sector yielding high multiplicity of final-state leptons (and possibly pions) and
lightest non-interacting hidden-sector particles (Fig. 2.15). These form jet-like objects
composed of leptons which can be probed at colliders and are usually referred to as
lepton jets. The discovery of an excess of lepton jets would constitute a smoking-gun
signature of the existence of a light hidden sector.

The multiplicity of leptons in a lepton jet may vary from two to few tens, depending
on the particle content in the hidden sector. Next, depending on the strength of kinetic
mixing, ǫ, lepton jets can be prompt (ǫ > 10−5), or, produce displaced vertices in the
detector (ǫ . 10−5) [70]. Bounds on the strength of kinetic mixing depend on the dark
photon mass. For the dark photon masses relevant to the explanation of astrophysical
anomalies, kinetic mixing is bounded from above ǫ . 10−3, where limits arise from the
numerous e+e− and beam-dump experiments by looking for possible impact of virtual
dark photon on precision SM observables [111,112].

The phenomenology of hidden sectors and lepton jets is now being extensively studied (see
f.ex. Refs. [19, 20, 70–75,113–119] and the experimental searches for them are performed
by ATLAS and CMS experiments at LHC [120–122] and D0 and CDF experiments at
Tevatron collider [123,124]. Production of lepton jets at colliders can be characterized by
two main scenarios, as described below.
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the electromagnetic current, as a function of the dark photon mass, mγd . The
hadronic branching ratio is derived from the measured quantity R ≡ BR(e+e− →
had)/BR(e+e− → µ+µ−) [110]. It is seen that for mγd ≤ 500 MeV, the dark pho-
ton decays predominantly to leptons, including muons for mγd > 210 MeV. Figure
from [70].
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Figure 2.15: An example of a Higgs boson decaying to lepton-jets. A Higgs boson
is decaying to a pair of MSSM neutralinos, which subsequently decay into the hidden
sector. The hidden-sector cascades result in a lepton jets. This example uses the particle
content and vertices of the minimal U(1)d hidden-sector model described in Ref. [70]. A
larger hidden sector can lead to even larger multiplicities. If the neutralinos are heavy
enough to be produced close to rest, their decay products will be well-separated, and
the leptons will partition into 4 distinct lepton jets. Alternatively, if the neutralinos
are light and boosted, the event will consist of two groups of collimated leptons. Figure
from [70].
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Figure 2.16: The production of lepton jets in models where hidden sector is connected
to SM only via kinetic mixing (a), and schematic sketch of lepton jet evolution in these
models (b). The models feature two possible types of lepton jet production: rare Z
decay into hidden states (left), and a neutralino pair production with the neutralino
ultimately decaying into the dark sector (right). In the figure Hd denotes the hidden-
sector scalar and b denotes the dark photon. The dark fermions are considered stable,
aside from possible radiation [114]. The events therefore consist of 2 hard lepton jets,
missing energy, and softer leptons coming from radiation of the dark fermions (radiation
from the dark bosons would normally be clumped together with the harder leptons
coming from the cascade.). The neutralino mass is a free parameter and was set to
∼ 100 GeV in Ref. [114]. Figure from [114].

Lepton jets in the supersymmetric production

In the minimal scenario the SM sector and the hidden sector are coupled only via the
kinetic mixing [114]. Then, upon supersymmetrizing this setup, hidden-sector fermions
and scalars have a small coupling to the SM Z boson and the MSSM bino9, while the

9Bino is the superpartner of the SM U(1) gauge boson, B, corresponding to weak hypercharge [5].
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hidden-sector gauge boson couples weakly to the SM electromagnetic current. As a result,
the typical collision event factorizes into the following stages (see Fig. 2.16b):

• Lepton jet production: Z boson or neutralino pair10 is produced in collision, as
shown in Fig. 2.16a; then, these are decaying into the hidden sector;

• Hidden sector showering: the electroweak(-ino) states have decayed into the
hidden sector; the resulting hidden states are highly boosted and cascade decay
down to the bottom of the dark sector spectrum11;

• Dark photon decays to leptons: cascade decays and soft emissions in the hidden
sector result in radiated dark photons which decay into lepton pairs, hence, return
to the visible sector as collimated lepton jets.

Due to the relatively high mass of neutralinos (∼ 100 GeV) the lepton jets produced
in their decays have quite hard momentum spectrum (the magnitude of dark photon
momentum is of the same order as neutralino mass). For the rare Z decays, lepton
jets are usually softer, since masses of intermediate hidden-sector particles are in general
confined to a GeV scale.

Lepton jets in a Higgs boson decays

It has been already pointed out by Patt and Wilczek [75] that the Higgs field mass term,
being superrenomalizable, has a unique status within the Standard Model. With one ex-
ception, all components of the Standard Model are associated with strictly renormalizable
terms. In other words, the interactions and kinetic terms are represented by operators
of mass dimension 4. That is, their associated couplings are dimensionless. At the same
time the SM Higgs mass term ∆L = −µ2φ†φ with a coupling of mass dimension 2 and an
interaction operator of mass dimension 2, is the exception. Such terms are usually referred
to as portals. Due to this, the Higgs field is uniquely open to renormalizable (or super-
renormalizable) coupling to the fields, which are singlets under SM SU(3)×SU(2)×U(1)
gauge group. These (hidden-sector) fields may enter the µ mass term in the aforemen-
tioned Lagrangian. This idea was elaborated further by Batell et. al. [125], where the
simple example of a Higgs interaction with a hidden-sector was written down as follows

Lint = (H†H)(ΛS2 + AS) = hv(ΛS2 + AS) + ... (2.25)

where, after the spontaneous breaking of the electroweak symmetry, H =
(

0, v+h√
2

)

. S is

taken as a hidden-sector scalar, and Λ and A are treated as free parameters.

Although considering Higgs interactions with hidden sector doesn’t necessarily require
supersymmetry, it is the most plausible scenario, since the presence of SUSY ameliorates

10Neutralinos are mass eigenstates of the combination of neutral supersymmetric particles, higgsinos
and gauginos [5]

11A universal feature of these dark matter scenarios is that there is log enhanced soft emission of
hidden gauge bosons, which increases the multiplicity of light hidden sector states and ultimately yields
a greater number of dark photons [114].
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the little hierarchy problem12 if Higgs boson mass is about 100 GeV− 150GeV [70,126].
Falkowski et.al. suggested a minimal supersymmetric scenario with MSSM complemented
by the hidden sector (either abelian or non-abelian) [70]. In such a setup the lightest
‘visible’ superpartner (LVSP – the equivalent of the Lightest Supersymmetric Partner
in the MSSM) is allowed to cascade into the hidden sector, typically producing visible
particles in the process. Authors categorize Higgs decays to hidden sector into three
main channels: in the singlet channel the Higgs decays to the hidden sector through
direct couplings; in the other two scenarios the Higgs first decays to a pair of LVSPs
which, having no visible decay channels open, decay into the hidden sector. The MSSM
contains two types of electrically neutral and colorless superpartners which leads to the
neutralino channel and the sneutrino channel scenarios.

In all of these models, hidden sector cascades produce a large multiplicity of boosted
hidden sector particles. Most of hidden sector particles decay to leptons, while other –
lightest hidden particles – escape the detector, giving raise to missing energy. The final
state of the Higgs decay is therefore characterized by several groups of collimated leptons
– lepton jets, plus missing energy, as shown in Fig. 2.15

12The hierarchy problem is connected to the difference in the physical energy scales. The first type
of hierarchy problem – little hierarchy problem refers to a difference between scalar (Higgs) mass and
ultraviolet cutoff of the electroweak scale (the difference is about two orders of magnitude for a Higgs
boson mass ∼ 125 GeV). The problem arises in the radiative corrections to the mass of the Higgs boson.
That is, the mass of a scalar (Higgs) field receives large radiative corrections due to quadratic divergences.
Thus, the tree-level mass of the Higgs field and the loop contributions of the electroweak cutoff order
must cancel to a very high precision. This cancellation may either come from a symmetry as it is the case
in supersymmetric models or be an accident in which the various terms “conspire” to cancel against each
other. In the latter case the cancellation is usually understood as a dynamical mechanism, operating
above the cutoff scale, which we simulate by fixing some terms in the effective (SM) lagrangian.

Another type of the hierarchy problem is caused by logarithmic divergences. It arises when a theory
includes multiple physical scales, like grand-unification scale (1015 GeV) or Planck scale (1019 GeV).
Even if the quadratic divergence is disposed off, the lower mass scale generically receives large radiative
corrections of the higher mass scales, and a fine-tuning is necessary to keep the separation of the multiple
scales (for review see f.ex. Ref. [4]).
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2.3 The lepton jet model

In the data analysis, described in this dissertation, two models, discussed in Ref. [71],
are considered. These differ in the way the Higgs boson decays, either via a three-
step cascade (Fig. 2.17 right) or a two-step cascade (Fig. 2.17 bottom) to hidden-sector
particles. In both models the masses of particles in a hidden-sector cascade are taken
to be substantially lower than the Higgs boson mass, thus the Higgs boson decay has a
two-jet topology. The models feature a dark photon γd that kinetically mixes with the
SM photon [79, 80], a neutral weakly interacting stable scalar nd and two hidden scalars
hd,1 and hd,2. A value of the kinetic mixing parameter ǫ larger than 10−5 implies dark
photons with very short lifetimes; thus the chosen value of ǫ = 10−4, recommended in
Ref. [71], ensures that the decay products are prompt. The dark photon mass must be
less than 2 GeV for these models to provide a viable explanation of the results of cosmic-
ray and dark matter direct-detection experiments [11–14], which observe an unexpected
excess of cosmic electrons and/or positrons, while there is no observed proton excess. For
a dark photon mass below 210 MeV, the dark photons decay exclusively to e+e− pairs;
consequently dark photon masses of 100 MeV and 200 MeV are considered in this analysis.

Parameter
mhd,1

10 GeV
mhd,2

4 GeV
mnd

90 MeV
mγd 100, 200 MeV
ǫ 10−4

three-step model
BR(hd,1 → hd,2hd,2) 1
BR(hd,2 → γdγd) 0.8
BR(hd,2 → ndnd) 0.2

two-step model
BR(hd,2 → γdγd) 1
BR(hd,2 → ndnd) 0

Table 2.2: Parameters of the benchmark hidden-sector models: hidden-sector particle
masses, the γ − γd kinetic mixing, and decay branching ratios of hd,1 and hd,2 in the
three-step and two-step models.

The signal has a distinct two-jet topology with each electron-jet having a multiplicity of
≥ 4 electrons per jet, where the electrons are highly collimated. The specific hidden-sector
parameters are given in Table 2.2, and the chosen masses of the Higgs boson are 100 GeV,
125 GeV and 140 GeV. The results of the analysis are expected to be robust with respect
to the specific choice of the hd,1, hd,2 and nd masses as long as these masses are significantly
smaller than the Higgs boson mass, i.e. mhd,1|2

≤ 10 GeV. In particular, as long as the
hd,1 and hd,2 scalars are much lighter than the Higgs boson, the hd,1 and hd,2 are boosted,
and their decay products are collimated, resulting in two distinct electron-jets. Also in
the three-step model, the results are expected to be robust against the explicit choice of
the branching ratio of the hd,2 particle into weakly interacting neutral particles, nd, as
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Figure 2.17: Feynman diagrams illustrating the Higgs boson associate production (with
W boson) in proton–proton collisions and its decay to hidden-sector particles in the
(left) three-step and (right) two-step models. Each hd,2 particle can decay to a pair of
dark photons γd or stable scalars nd, with the corresponding branching ratios given in
Table 2.2.

long as this branching ratio is relatively small, i.e. BR(hd,2 → ndnd) ≤ 0.2. For this range
of branching ratios, both the hd,1 particles decay to visible decay products with greater
than 90% probability; for larger branching ratios, there will be a considerable fraction of
events where only one (or neither) hd,1 particle decays to visible decay products.

The search is performed in the Higgs boson mass range between 100 GeV and 140 GeV.
The analysis examines the associated Higgs boson production mechanism, pp → WH,
assuming SM couplings between the Higgs boson and the W boson (Fig. 2.17 left). In
this analysis, the W boson produced in association with the Higgs boson is reconstructed
in the W → eν and W → µν decay modes in order to achieve a high efficiency for online
event selection and a high signal-to-background ratio. The signal topology is consequently
an isolated large transverse momentum lepton accompanied by missing transverse mo-
mentum and two or more electron-jets.
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The experimental facility

3.1 The Large Hadron Collider

3.1.1 Overview

The Large Hadron Collider (LHC) is the most powerful state-of-the-art tool for parti-
cle physics research [127, 128]. It is a synchrotron that, during its regular operation in
2010-2012, accelerated and collided beams of protons with unprecedented center-of-mass
energy of up to 8 TeV at a peak instantaneous luminosity of almost 1034cm−2s−1. More-
over, after the technical upgrade which will take place during 2013-2014, it is planned
to increase energy even further1, up to the design value of 14 TeV, along with increas-
ing the luminosity further. Apart from proton–proton collisions, the LHC machine is
also capable of accelerating and colliding beams of heavy ions as well as heavy ions and
protons [127,128].

The main goal of the LHC is the exploration of the Standard Model in the TeV energy
range, the search for the Higgs Boson (studying of its properties), and searches for poten-
tial new physics signatures that one hope to observe at TeV energy regime [127,128,130,
131]. The LHC can be considered a discovery machine, which uses collisions of hadrons.

1Of course, the LHC’s collision-energy is far not the highest observed in nature. For example, the
energy of protons in cosmic rays penetrating the Earth’s atmosphere reaches 1020 eV [129]. These cosmic-
ray protons interact with hadrons in atmosphere at a center-of-mass energy of about 200 TeV (about 20
times higher than that of LHC). However, these happen at a rate of less than once per year within the
Pierre Auger Observatory [129] making them much less useful for studying processes which are themselves
rare. At the same time, the LHC is a precision instrument capable of delivering proton–proton collisions
millions of times per second in a volume whose dimensions are similar to that of a human hair.

35
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Placed at the CERN laboratory outside the Geneva, about 100 meters deep underground,
LHC is about 27 km in circumference (Fig. 3.1). The proton (heavy-ion) beams are run-
ning within two different beam-pipes, and intersect in four interaction points, where the
four major experiments that study the collisions they produce are installed, as shown in
Fig 3.1. This allows particles of the same charge – proton–proton (heavy ions) to be accel-
erated in opposite directions, and collided. The experiments are ATLAS [132], CMS [133],
ALICE [134], and LHCb [135]. In addition, there are also three minor (more specific)
experiments operating at LHC. These are LHCf [136], TOTEM [137] and MoEDAL [138].

3.1.2 The LHC experiments and their physics programme

ATLAS and CMS

Being multipurpose experiments, the ATLAS and CMS are optimized, first of all, to the
searches for the SM Higgs boson and searches for the new phenomena that are generally
predicted to occur at the TeV energy scale [130]. Apart from the TeV-scale physics, the
high luminosity and increased cross-sections at the LHC enable further high precision
tests of QCD, electroweak interactions, and flavour physics [131–133, 140]. For example,
the top quark is produced at the LHC at a rate of a few tens of Hz, providing the
opportunity to test its couplings and spin.

The formidable luminosity and, therefore, the high interaction rate are required for these
experiments, since the cross-sections for many processes mentioned above are very small.
For example, the cross-section for the SM Higgs boson production is about ten orders of
magnitude lower than the total cross-section of p–p scattering (Fig. 3.2). At the same
time the nature of hadron interactions implies that proton–proton collision products are
dominated by the multi-jet production via the non-perturbative QCD processes. While
prevailing over the other processes, multi-jet production usually occurs with low momen-
tum (transverse momentum) transfer between the interacting hadrons. Hence, ATLAS
and CMS are designed to explore those collisions which exhibit high transverse momen-
tum transfer.

LHCb and ALICE

The two mid-size experiments are ALICE and LHCb. The former is designed to study
QCD, the strong-interaction sector of the Standard Model. It is aimed to address the
physics of strongly interacting matter and the quark-gluon plasma at extreme values
of energy density and temperature in nucleus-nucleus collisions [134, 140]. The later is
dedicated to heavy flavour physics at the LHC. Its primary goal is to look for indirect
evidence of new physics in CP violation and rare decays of beauty and charm hadrons [135,
140].
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(a)

(b)

Figure 3.1: (a) Geographic location of LHC (dark blue ring), super proton synchrotron
(SPS) as an injector (light blue ring), and four interaction points with the experiments
installed there. (b) Schematic sketch of LHC with its eight arc sections and eight
straight sections. The straight section are labelled as interaction regions IR 1 to IR
8. The beams cross in four of these, IR 1,2,5,8, where the experiments are housed.
The dashed lines indicate the centres of arc sections. The paths of two opposite proton
beams are shown with green and blue lines respectively (Beam 1 – clockwise, Beam 2
– anticlockwise). Figure from [128].
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Figure 3.2: Cross sections for important processes in proton–proton collisions as a
function of centre-of-mass energy of colliding particles. Figure from [139].

LHCf, TOTEM and MoEDAL

LHCf experiment is designed to calibrate hadron interaction models used in high-energy
cosmic ray physics by measuring the properties of forward neutral particles produced in
p–p interactions [136, 140, 141]. The MoEDAL experiment is dedicated to the searches
for the Dirac’s Magnetic Monopoles and other highly-ionizing Stable Massive Particles
(SMPs) [138, 140, 142, 143]. The TOTEM detector is dedicated to the measurement of
the total proton–proton cross-sections with a luminosity-independent method and to the
study of elastic and diffractive scattering at the LHC [137,140,144].
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Figure 3.3: The head-on collision of bunches in the interaction point. Figure from [128].

3.1.3 Luminosity and energy of the LHC

The most important design parameters for the particle accelerator are the maximum
achievable energy and luminosity. High energy is required to allow the production of
new, heavy particles. High enough rate of event production and, hence, a sufficiently
high number of collisions and subsequently achievable statistical impact of rare processes
is equally important.

Luminosity

The collision rate ṅ for a given physics process of cross section σ is the product of the
luminosity L and the cross section

ṅ = Lσ (3.1)

Cross sections are usually given in units of barn (symbol b), where 1 b = 10−24cm2. The
luminosity of a collider is determined by the particle flux and geometry [145]. For head-on
collisions, as illustrated in Fig. 3.3, the instantaneous luminosity is

L =
N1N2nbfrev

A
(3.2)

where N1, N2 are the number of particles per bunch in beam 1 and 2, nb is the number
of bunches, frev the revolution frequency and A the effective beam overlap cross section
at the interaction point. For beams with Gaussian shape of horizontal and vertical r.m.s.
beams sizes σx, σy colliding head on, the effective beam overlap is [128]

A = 4πσxσy (3.3)

The main path to high luminosities in the LHC is, first, to use many bunches, nearly
3000, and, second, to reduce the transverse beam size at the interaction points by manip-
ulations of the magnetic focusing system to squeeze beams before the they are brought
into collisions.

Since the bunch intensities and beam sizes vary over time, the instantaneous luminosity
is implicitly a function of time. In particle physics, it is more convenient to deal with
the integrated luminosity – the measure for the total number of events generated in the
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collider over a period of time. It is is defined as

L̂(tend − tstart) =

∫ tend

tstart

L(t)dt (3.4)

As mentioned above, the LHC has been designed with four experimental insertions.
Two of them are for high luminosity experiments (ATLAS and CMS) using proton–
proton collisions with anticipated luminosity of about L ≥ 1034cm−2s−1, one heavy-
flavour experiment (LHCb) requiring medium luminosities for proton–proton collisions
(L ≥ 1032cm−2s−1) and one dedicated experiment for ion collisions (ALICE) requiring
low luminosities (L ≥ 1029cm−2s−1) for the operation with proton beams.

Beam energy

Although the synchrotron radiation from protons at LHC energies becomes noticeable, it
is not a limitation on the maximum energy of proton beams. Instead, the limitation is
dictated by the maximum bending strength of magnetic field B, needed to guide proton
beams in the LHC tunnel [128]. According to this, the maximal proton energy, or, more
precisely, the maximal momentum is

P = B · r (3.5)

where r the bending radius with the value of r = 2804 m, given by the LHC tunnel
geometry. Numerically, the maximal momentum is

P [GeV/c] = B [T]
r [m]

3.336
(3.6)

The LHC is equipped with superconducting NbTi dipole magnets operated at superfluid
Helium temperature of 1.9 K. This allows for magnetic field approaching 8.3 T and,
therefore, maximal proton momentum of up to 7 TeV/c (this corresponds to 14 TeV
centre-of-mass energy of colliding protons). This is almost the maximal magnetic field
that can be achieved with existing NbTi superconductors [146]. In other words, the LHC
parameters for the magnetic field and beam intensity are designed to get the maximum
energy and luminosity achievable with the current technology. The comprehensive list of
LHC operation parameters can be found in Ref. [128].

3.1.4 The LHC magnet system

The LHC is unique among superconducting synchrotrons, because its operating temper-
ature is below 2 K to maximise the field strength of the superconducting magnets with
NbTi windings [146, 147]. Apart from dedicated magnets in the interaction points, the
LHC magnets can be summarized in two types:

• dipole magnets – required to bend particle trajectories in the LHC ring
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Figure 3.4: Schematic view of LHC with its pre-accelerators (injectors). Figure
from [128].

• quadrupole magnets – required for the stabilization of the particle trajectories and
the transverse r.m.s. beam size.

Being placed in the tunnel that was previously used to house another powerful CERN
machine, LEP e+e− collider [148], the LHC has a total circumference of 27.6 km. This
includes 5 km split into 8 straight sections and space for dispersion suppression, and 22
km split into 8 arc sections of continuous curvature, as shown in Fig. 3.1(b). The arc
sections are equipped with dipole and quadrupole magnets. The distribution of the arc
space between dipole and quadrupole magnets is dictated by the tradeoff between the
achievable maximum dipole field and quadrupole gradients and the feasible maximum
magnet aperture. This led to the design of rather long dipole magnets (15 m), requiring
a slightly curved magnet design with a 5 cm Sagitta, covering in total approximately 80%
of the arc sections of the old LEP tunnel [147].

3.1.5 The LHC accelerator chain and proton bunch structure

Before entering the main LHC ring protons or ions require a series of pre-accelerators.
The energy of proton gradually rises with each step. It starts from 50 MeV in the first
stage in the linear accelerator “LINAC”, then it enters to the first circular accelerator,
the the Proton Synchrotron Booster (PSB), which yields the energy of 1.4 GeV, followed
by Proton Synchrotron (PS) which increases energy up to 25 GeV. Finally, the Super
Proton Synchrotron (SPS) increases proton energy up to 450 GeV, which is the injection
energy of protons in LHC. The pre-acceleration scheme is shown in Fig. 3.4. The more
in-depth description of LHC accelerating facilities can be found in Ref. [149].

The particle motion in LHC ring is constrained into longitudinal “buckets” using the
so-called radio frequency (RF) systems [150, 151]. The RF-frequency of the LHC is 400
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Figure 3.5: A display of real-data collision of proton bunches at the ATLAS experiment.
Multiple proton–proton interaction are clearly seen. A candidate Z → µµ decay is
shown together with 20 reconstructed vertices – the typical pile-up condition in the 8
TeV data (each reconstructed vertex correspond to one proton–proton collision). (Top)
The transverse (left) and longitudinal (right) projections in the full ATLAS detector
where the two muons (yellow) are clearly identified. (Bottom) The detail of the 20-cm-
long region along the beam axis at the interaction point, as reconstructed by ATLAS
detector. The two muons can both be seen to emerge from the same vertex. The error
ellipses of the reconstructed vertices are shown scaled up by a factor of 10 so that they
are visible. Figure from [155].

MHz which corresponds to 75 cm wavelength or buckets of 2.5 ns length. The LHC
circumference is 35640 RF-wavelengths which would theoretically allow for the same
number of proton bunches. Filling all buckets with particles would produce collisions
spaced by only 37.5 cm. However, a more realistic bunch spacing for the LHC is one per 10
RF-buckets or 25 ns. In other words, only one of ten buckets is filled with protons (proton
bunch) while other nine are empty. It is constrained by the so-called multipactoring
effects [152], like the electron-cloud effect [153, 154], and the strength and number of
acceptable parasitic long-range collisions in the common vacuum chamber of the two
beams. The total beam current is constrained by hardware limitations and collective
effects, like multi-bunch instabilities [128].
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Although the designed bunch spacing at LHC is 25 ns, it was so far running with minimum
bunch spacing of 50 ns, which corresponds to the potential maximum number of 1400
bunches per beam. This is due to beam and vacuum instabilities produced by the electron
cloud effect. This effect has been predicted for the LHC [154] and the beam cleaning
procedure was done first with bunch spacings of 75 ns (up to April 2011) and then with
bunch spacings of 50 ns. Following the successful beam cleaning runs with 50 ns spacing
it was decided to keep physics operation at this value of bunch spacing [128].

Since bunch spacing was eventually lower than the designed value, the high integrated
luminosity, envisioned at LHC, was attained by increasing the number of protons per
bunch (“fatter” bunches). The high intensity of the proton bunches, however, results
in multiple proton–proton collisions occurring during each crossing of proton bunches,
an effect known as “pile-up” (Fig. 3.5). Thus, high luminosity was attained at the cost
of substantially higher pile-up. The average number of interactions per bunch crossing
was ∼10 in 2011 and increased to ∼ 20 in 2012. Fortunately, the LHC experiments have
successfully adopted their analysis techniques to mitigate the effects of the harsher pile-up
environment.
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3.2 The ATLAS detector

As already stated, the LHC has provided and will provide further the hadron collisions at
unprecedented center-of-mass energy and luminosity, and ATLAS2 is one of two general-
purpose detectors, designed to fully exploit the LHC discovery potential. As a general-
purpose experiment, it consists of sub-detectors, dedicated to identification and measure-
ment of properties of particles that are produced in the hadron collisions it is exposed to.
A brief overview of the ATLAS detector is given in this section with the emphasis on the
sub-detectors, relevant to physics studies that are described in the thesis. The detailed
survey of ATLAS detector can be found in Ref [132].

The ATLAS experiment is an impressive result of successful cooperative work of more
than three thousand physicists and engineers from all over the world. Being the largest
scientific collaboration in the history of mankind, it comprises efforts of about two hundred
institutions in forty countries. The ATLAS endeavour has started twenty years ago, and,
as the first successful data taking has started at LHC in 2009, has brought physics to
the new experiment-driven era, which anticipates along with the results obtained so far
a series of further fundamental discoveries, putting on test the most profound theoretical
ideas discussed in the last half a century.

3.2.1 Overview

The ATLAS detector is shaped like a cylinder with a forward-backward symmetry with
respect to the interaction point. It is built concentrically around the LHC beam pipe with
a radius of 11 m and length of 44 m, and installed in the interaction region 1 (IR 1 – see
Fig. 3.1). Fig. 3.6 gives the overview of the experiment and its different sub-detectors. As
any modern general-purpose detector in particle physics, ATLAS consists of the following
main sub-detectors (see Fig 3.7):

• Inner Detector (ID). An inner tracking detector immersed in a solenoidal 2 T
magnetic field, providing precision measurements of momenta of charged particles
that originate at (or near) the interaction point3 [159].

• Electromagnetic and Hadronic Calorimeters. A calorimetry system sensitive
to both electromagnetic and hadronic interactions. It provides an accurate measure-
ment of the energy (transverse energy) of particles as well as the reasonable particle
identification capabilities [160, 161]. In addition, the cylinder-shaped calorimeters
(together with muon system described below) surrounding the interaction axis al-
low for measuring the missing-transverse momentum – the total momentum in the
plane, transverse to beam direction, which is carried by the particles that evade
detection (like neutrinos).

2 ATLAS stands for A Toroidal LHC ApparatuS
3 It is also capable of measuring the ionization energy loss for non-relativistic particles. This plays a

key role in the searches for exotic stable massive particles that are predicted, for example, in R-parity
violating supersymmetry (SUSY) and universal extra-dimensions models, as described in Refs. [157,158].
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Figure 3.6: Cut-away view of the ATLAS detector. The dimensions of the detector are
25 m in height and 44 m in length. The overall weight of the detector is approximately
7000 tonnes. Figure from [132].

Figure 3.7: Principle of operation of general-purpose detector (ATLAS or CMS) at
LHC. The detection of basic elementary particles emanating from hadron collisions is
illustrated: charged hadrons and electrons produce tracks in inner detector; electrons
and photons are absorbed and their energy is measured in electromagnetic calorimeter;
hadrons deposit a small fraction of their energy in electromagnetic calorimeter and are
totally absorbed in hadronic calorimeter, where their energy is measured; finally, muons
are the only charged particles that escape both calorimeters and produce tracks in the
muon spectrometer, as well as in the inner detector. Figure from [156]
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• Muon spectrometer. The muon detector is immersed in a toroidal magnetic
field of approximately 0.5 T (1 T – depending on the region), which provides muon
identification and accurate momentum measurements in the wide range of muon
momenta [162].

ATLAS detector distinguishes itself from other, similar experiments, in particular from
CMS, in two important ways. First, in addition to silicon pixel and silicon strip sensors
in the inner detector, ATLAS uses a straw-tube tracker with transition radiation detec-
tion capabilities for electron/pion discrimination [163, 164]. This feature is particularly
important for the searches of new phenomena in multi-electron final states, as described
in this thesis. Second, the magnet system used for the muon spectrometer is composed
of superconducting air-core toroids, rather than a second solenoidal field.

An important part of any hadron collider experiment is the trigger system [165]. Com-
posed of both hardware-based and software-based decision making elements, it selects
only those collisions that are of potential interest for further analysis. This allows to
reduce the initial event rate of about 20 MHz (at the bunch spacing of 50 ns) to about
300 Hz, which can be then saved to disk (tape) for further offline processing.

3.2.2 The ATLAS coordinate system and useful definitions

In ATLAS, the polar coordinate system is defined with the origin in the interaction point,
while the beam direction defines the z-axis and the x-y plane is transverse to the beam
direction. The positive x-axis is defined as pointing from the interaction point to the
centre of the LHC ring and the positive y-axis is defined as pointing upwards. The side-A
of the detector is defined as that with positive z and side-C is that with negative z. The
azimuthal angle φ is measured as usual around the beam axis, and the polar angle θ is
the angle from the beam axis. At hadron colliders, pseudorapidity is usually preferred
instead of polar angle. It is defined as

η ≡ − ln tan
θ

2
(3.7)

In case of massless particles, pseudorapidity is equal to true particle’s rapidity (for ex-
ample, electrons can be safely considered as massless at the momentum range relevant to
ATLAS detector). For massless particles, dη is invariant under the Lorentz-boost trans-
formation along the beam axis. At the same time, for particles moving perpendicular to
z-axis, dη is equal to dθ. Next, the cone separation is defined as

∆R =

√

(∆φ)2 + (∆η)2 (3.8)

Finally, the transverse momentum, pT, is defined as a the momentum perpendicular to
beam axis

pT =
√

p2x + p2y (3.9)
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3.2.3 The ATLAS magnet system

The fundamental choice of magnet configuration at ATLAS has driven the design of the
rest of the detector. The magnet system comprises two main parts, cooled with liquid
helium, with operating temperature of 4.5 K. The constituents are

• Thin superconducting solenoid (central solenoid)– for momentum measure-
ment in inner detector. Surrounding the inner-detector cavity, it provides momen-
tum measurement of particles in the inner detector by bending their trajectories in
the transverse plane in the magnetic field of about 2 T. The solenoid is constructed
as a single-layer coil wound with a high-strength Al-stabilised NbTi superconduc-
tor. It stretches about 6 m along the z-axis and the inner at the radii of 2.46 m and
2.56 m, respectively.

• Superconducting toroid– for momentum measurement in muon spectrometer. In
ATLAS there are three large superconducting toroids, one barrel and two end-caps,
each with eight coils. Arranged with an eight-fold azimuthal symmetry around the
calorimeters, they provide the momentum measurement of muons by bending their
trajectories in the η–direction. The toroids feature a magnetic field of approximately
0.5 T in the barrel region and 1 T in the end-caps.

The conductor and coil-winding technology is the same in the barrel and end-
cap toroids. It is based on winding a pure Al-stabilised Nb/Ti/Cu conductor into
pancake-shaped coils, followed by vacuum impregnation. The inner and outer di-
ameters of the barrel toroid magnet system are 9.4 m and 20.1 m, respectively, and
the magnet system spans 25.3 m along the beam direction.

3.2.4 The ATLAS inner detector

The inner detector (ID), or similarly – inner tracker, consists of three subsystems, two
of them are silicon-based tracking detectors, and the third one is based on transition
radiation, as shown in Fig. 3.8. They are dedicated mostly to measuring the momentum
of charged particles (in the transverse-momentum range from 0.1 GeV to several TeV)
and determining the location of primary and secondary vertices, via the hits that are
produced by charged particles traversing different stations of these sub-detectors (see
Fig. 3.9). Each subsystem is composed of a barrel and two endcaps (in the forward and
backward regions). The inner detector subsystems are:

• Pixel Detector (Pixels). This subsystem is composed of silicon pixel sensors,
placed closest to the interaction point, at the distance of 50.5 mm from the center
of the beam pipe. This detector provides the most accurate position measurements
in ATLAS. It has three stations with the outermost one at the distance of 122.5
mm from the beam axis. Typically, all tracks in the acceptance of the Pixels get
three hits, each with an intrinsic accuracy of R∆φ×∆z = 10×115 µm in the barrel
region [132,166].
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Figure 3.8: Cross-section view of ATLAS inner detector in η (track-bending) plane,
showing each of the major detector elements with its active dimensions and envelopes.
Figure from [132].

• Semi-Conductor Tracker (SCT). This subsystem placed outside of the pixels
is a silicon microstrip detector. The Semiconductor Tracker is also based on silicon
technology, but in the form of strips mounted with a 40 mrad stereo angle. It
has four stations in the barrel region with innermost and outermost radii of 299
and 514 mm respectively, providing up to eight hits per tracks. This forms four
space-point measurements, each with an intrinsic accuracy in the barrel region of
R∆φ×∆z = 17× 580 µm. In the SCT, reconstructed hits are expected whenever
a sensor is crossed by a charged particle, regardless of charge, and there is no risk
of hits being lost due to saturation [132,167].

• Transition Radiation Tracker (TRT). Placed at the outermost radii of inner
detector, the TRT is composed of many layers of gaseous straw tube elements filled
with Xe + CO2 +O2 gas mixture, interleaved with transition radiation material.
Low-energy transition radiation (TR) photons are absorbed in the Xe-based gas
mixture, and yield much larger signal amplitudes than minimum-ionising charged
particles. With an average of 36 hits per track, it provides continuous tracking to
enhance the pattern recognition of tracks. The TRT straws only provide measure-
ments in the bending plane, with an intrinsic accuracy of R∆φ = 130 µm, and no
measurements can be made along the straw direction [132,168].
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(a)

(b)

Figure 3.9: Illustration of inner detector sensors and structural elements in (a) barrel
and (b) end-cap regions. The red lines show the trajectories of charged particle of 10
GeV transverse momentum with pseudorapidity η = 0.3 (a) and η = 1.4 / 2.2 (b).
Figure from [132].
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Figure 3.10: Distribution of number of hits in TRT (a), and the fraction of hits in
TRT fulfilling the high-threshold (HT) stetting to that fulfilling the low-threshold (LT)
setting. The distribution are shown for electrons and hadrons. Figure (b) indicates
a substantial discriminating power between charged hadrons and electrons in TRT.
Figure from [169].

Silicon-based detectors are used in all modern general-purpose particle detectors for their
excellent position resolution, which is typically on the order of microns. The sensors are
thin pieces of high-purity doped silicon, which produce electron-hole pairs when traversed
by an ionizing particle. An electric field is applied to the sensor to prevent the pairs from
recombining, and the subsequent drift and capture of the free charge carriers produces a
current pulse that is read out by analog electronics. In ATLAS, there are two silicon-based
sub-detectors:

An important feature of TRT detector is its capability of identifying particle types through
benefiting from the transition radiation mechanism, which results in higher-amplitude
signals for particles at high β = v/c. In the front-end electronics of the TRT, the measured
signals are discriminated against two thresholds, classifying the hits as low-threshold (LT)
or high-threshold (HT) hits. This allows to discriminate between electrons and charged
hadrons [163,164] (see Fig. 3.10).

3.2.5 The ATLAS calorimeters

As any general-purpose detector, ATLAS has two types of calorimeters – electromag-
netic (EM) and hadronic, sensitive to electromagnetic and strong interactions of charged
particles with matter. The primary purpose of the calorimeter system is to stop all par-
ticles (except muons and neutrinos) emanating from the interaction point and thereby
measure their energy and position. These calorimeters span the range |η| <4.9 with full
φ-symmetry and coverage around the beam axis.
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Calorimeter η-range
Electromagnetic calorimeters (EM)

Barrel LAr EM calorimeter (EMB) |η| <1.475
End-cap LAr EM calorimeter (EMEC) 1.375< |η| <3.2

Hadronic calorimeters
Tile hadronic calorimeter (TileCal) |η| <1.7
LAr end-cap hadronic calorimeter (HEC) 1.5< |η| <3.2
Forward hadronic calorimeter (FCal) 3.1< |η| <4.9

Table 3.1: List of ATLAS calorimeter sub-systems with the corresponding η-regions
covered by these detectors.

Figure 3.11: A cut-away illustration of the ATLAS calorimeter system. Figure
from [132].

While hadronic calorimeters predominantly measure the energy of hadrons via the strong
interaction with the heavy nuclei of the absorbing medium, the electromagnetic calorime-
ters measure the energy of electrons and photons and contribute to measuring the energy
of hadrons in jets via the mechanisms of bremsstrahlung radiation of photons and pro-
duction of electron-positron pairs (see f.ex. Ref. [170]). The overall sketch of ATLAS
calorimetry is shown in Fig. 3.11 and the η-coverage of each sub-system is given in Ta-
ble 3.1.

All calorimeters at ATLAS are of the sampling type, i.e. each calorimeter includes,
first, dense absorber material (lead, iron, copper or tungsten) to fully absorb incident
particles and, second, active material (liquid-argon or plastic scintillations) to produce
an output signal proportional to the input energy. The absorbing medium is interleaved
with detecting material (‘sandwich’ design), as shown in Fig. 3.12.
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Figure 3.12: Sketch illustrating a fragment of (a) LAr electromagnetic calorimeter in
the barrel region and (b) tile hadronic calorimeter. Absorbers and electrodes in (a) are
of the accordion shape, with three layers clearly shown. The η–φ granularity decreases
from first layer to the last one, i.e. first layer is the most fine-grained. Gaps between
absorber and electrode “waves” are filled with liquid argon. For hadronic calorimeter
(b), the various components are shown, including steel absorbers and optical read-out.
The latter is composed of scintillating tiles, light-guiding fibres, and photomultipliers.
Figure from [132].
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Electromagnetic calorimeters

The EM calorimeter uses liquid argon as the active detector and lead as the absorber ma-
terial. When a photon enters the detector, it interacts with the lead plates and produces
electron-positron pair. The electron and positron continue to interact with the mate-
rial in the calorimeter, producing bremsstrahlung photons, which in turn again produce
electron-positron pairs, creating a “shower” of electromagnetic activity (see Fig. 3.13 –
left). These electrons and positrons pass through the active material (liquid argon) and
ionize the argon atoms, releasing ionization electrons which are collected as a current by
applying an electric field. of about 10 kV/cm (see f.ex. Ref. [171]). The visible energy
is scaled by the sampling fraction to obtain the true deposited energy in both the active
material and the absorber. An electron entering the LAr calorimeter will undergo the
same chain reaction as a photon.

The electromagnetic calorimeters share the same vacuum vessel with central solenoid and
are divided into a barrel part and two end-cap components, each housed in their own
cryostat, as described below

• Barrel LAr EM calorimeter (EMB). The barrel EM calorimeter consists of
two identical half-barrels, separated by a small gap (4 mm) at z=0.

• End-cap LAr EM calorimeter (EMEC). Each end-cap EM calorimeter is me-
chanically divided into two coaxial wheels: an outer wheel covering the region
1.375< |η| <2.5, and an inner wheel covering the region 2.5< |η| <3.2.

The total thickness of EM calorimeter is more than 24 radiation lengths (X0) in the barrel
and above 26 X0 in the endcaps. Over the region devoted to precision physics (η <2.5),
the EM calorimeter is segmented in three sections in depth. For the end-cap inner wheel,
the calorimeter is segmented in two sections in depth and has a coarser lateral granularity
than for the rest of the acceptance. In the region of |η| <1.8, a presampler detector is
used to correct for the energy lost by electrons and photons upstream of the calorimeter.
The presampler consists of an active LAr layer of thickness 1.1 cm (0.5 cm) in the barrel
(endcap) region. The η–φ resolution of EM calorimeter varies depending on the η-region
and calorimeter layer and is usually is of the order of 0.025 × 0.025 (in the second layer
of barrel EM calorimeter).

Hadronic calorimeters

The mechanism of hadron interactions with matter differs from that of electrons and
photons. Hadrons typically loose their energy through inelastic collisions with the nuclei
of absorbing material (see Fig. 3.13 – right). However, the principle of operation of
hadronic calorimeters is essentially the same as the electromagnetic one, i.e. charged
particles are produced in the absorber medium and detected in the active material (plastic
scintillator or liquid argon) [173]. The only difference is that the nuclear interaction
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Figure 3.13: Simplified illustration of (left) electromagnetic and (right) hadronic shower
evolution. Electromagnetic showers are governed by two mechanisms – electron-positron
pair production and bremsstrahlung radiation of photons. In hadronic showers, initial
hadron inelastically scatters on the nucleus of medium, producing mainly charged and
neutral pions; charged pions scatter further on the nuclei of medium increasing the
multiplicity of particles in the shower; neutral pions decay to photon pairs giving raise
to electromagnetic contribution (not shown in this figure) in hadronic shower. Figure
from [172].

length λ is larger than electromagnetic radiation length X0
4. Hence the absorbing part

of hadronic calorimeter needs to be denser (deeper). It should be noted also that a
sizeable fraction of the energy deposited in a hadronic shower is electromagnetic – from
production and decay of neutral pions (π0 → γγ). The ATLAS hadronic calorimeter
system comprises the following parts

• Tile hadronic calorimeter (TileCal). It uses steel as the absorber and scintil-
lating tiles as the active material. The tile calorimeter is placed directly outside the
EM calorimeter envelope. Its barrel covers the region |η| <1.0, and its two extended
barrels the range 0.8< |η| <1.7. The total detector thickness at the outer edge of
the tile-instrumented region is 9.7 λ at η=0.

• LAr end-cap hadronic calorimeter (HEC). This uses copper as an absorber
material. The copper plates are interleaved with LAr gaps, providing the active
medium for this calorimeter. It consists of two independent wheels per end-cap,
located directly behind the end-cap electromagnetic calorimeter and sharing the
same LAr cryostats.

• Forward LAr hadronic calorimeter (FCal). FCal consists of three modules in
each end-cap: the first one uses copper as the absorber and is optimised for elec-
tromagnetic measurements, while the other two, made of tungsten, measure pre-
dominantly the energy of hadronic interactions. Each module consists of a metal
matrix, with regularly spaced longitudinal channels filled with the electrode struc-
ture consisting of concentric rods and tubes parallel to the beam axis. The LAr in
the gap between the rod and the tube is the sensitive medium. The depth of FCal

4Electromagnetic radiation length X0 (nuclear interaction length λ) of the material defines the mean
distance over which the the energy of electron (hadron) is reduced by a factor of 1/e as it pass through
that material.
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Figure 3.14: A cut-away view illustrating the layout of muon sub-detectors. Figure
from [132].

is approximately 10 λ and, similarly to EMEC and HEC, it is integrated into the
end-cap cryostats.

3.2.6 The ATLAS muon spectrometer

The outermost sub-detector of the ATLAS is the Muon Spectrometer (MS). It is designed
to detect charged particles exiting the barrel and end-cap calorimeters and to measure
their momentum in the pseudorapidity range |η| <2.7. It is also designed to trigger
on these particles in the region |η| <2.4. The requirement to accurately measure the
curvature of high-pT tracks dictates the size of the MS and thereby defines the overall
dimensions of the ATLAS detector.

The ATLAS muon system is designed to determine the momentum accurately for muons
with 3 GeV < pT < 1 TeV [165]. However, even at the high end of the accessible range,
pT ∼3 TeV, MS still provides adequate momentum resolution and excellent charge identi-
fication. Muon system is composed of four types of detectors, two of them are for precision
measurements – the Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC),
and two are for fast online selection of events (trigger chambers) – Resistive Plate Cham-
bers (RPC) and Thin Gap Chambers (TGC). The η-coverage of each sub-detector is given
in Table 3.2, and the general layout of muon systems is shown in Fig. 3.14.

The muon detectors are are immersed in the magnetic field from the toroid magnet
discussed in Section 3.2.3. The momentum is measured through deflection of muon tracks
in magnetic field. Over the range η <1.4, magnetic bending is provided by the large
barrel toroid. For 1.6< |η| <2.7, muon tracks are bent by two smaller end-cap magnets
inserted into both ends of the barrel toroid. Over 1.4< |η| <1.6, usually referred to as the
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Muon detector η-range
Precision muon tracking

Monitored Drift Tubes (MDT) |η| <2.7
Cathode Strip Chambers (CSC) 2.0<|η| <2.7

Triggering, second muon coordinate
Resistive Plate Chambers (RPC) |η| <1.05
Thin Gap Chambers (TGC) 1.05<|η| <2.7 (2.4 for triggering)

Table 3.2: List of ATLAS muon sub-systems with the corresponding η-regions covered
by these detectors.

Figure 3.15: Cross-section of the muon system in a plane containing the beam axis
(bending plane). Infinite-momentum muons would propagate along straight trajectories
which are illustrated by the dashed lines and typically traverse three muon stations.
Figure from [132].

transition region, deflection is provided by a combination of barrel and end-cap magnetic
fields.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in
planes perpendicular to the beam, also in three layers, as shown in Fig. 3.15. The barrel
chambers are located around the beam axis at radii of approximately r ≈ 5 m, 7.5 m,
and 10 m, while the end-cap muon chambers form large wheels located at distances of
z ≈ 7.4 m, 10.8 m, 14 m, and 21.5 m from the interaction point.
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Precision muon detectors

The precision-tracking muon detectors are MDT and CSC chambers. MDT chambers
consist of three to eight layers of drift tubes, operated at an absolute pressure of 3 bar,
which achieve an average resolution of 80 µm per tube, or about 35 µm per chamber.
The overall layout of the MDTs is projective: the layer dimensions and the chamber sizes
increase in proportion of their distance from the interaction point. The CSC detectors are
multiwire proportional chambers with cathode planes segmented into strips in orthogonal
directions.

The purpose of the precision-tracking chambers is to determine the coordinate of the
track in the bending plane (η). The CSC chambers provide also the φ coordinate, while
there is no measurement of φ performed in MDT detectors. After matching of the MDT
and trigger chamber hits in the bending plane, the trigger chambers coordinate in the
non-bending plane is adopted as the second coordinate of the MDT measurement. This
method assumes that in any MDT/trigger chamber pair a maximum of one track per
event be present, since with two or more tracks the η and φ hits cannot be combined
in an unambiguous way. Simulations have shown that the probability of a track in the
muon spectrometer with pT >6 GeV is about 6× 10−3 per beam-crossing, corresponding
to about 1.5 × 10−5 per chamber [132]. Assuming uncorrelated tracks, this leads to a
negligible probability to find more than one track in any MDT/trigger chamber pair.
When correlated close-by muon tracks do occur, caused for example by two-body-decays
of low-mass particles, the ambiguity in η and φ-assignment will be resolved by matching
the muon track candidates with tracks from the inner detector.

Trigger muon detectors

An essential design criterion of the muon system was the capability to trigger on muon
tracks. The precision-tracking chambers have therefore been complemented by a system
of fast trigger chambers capable of delivering track information within a few tens of
nanoseconds after the passage of the particle. Both chamber types deliver signals with
a spread of 15 − 25 ns, thus providing the ability to tag the beam-crossing. The trigger
chambers measure both coordinates of the track, one in the bending (η) plane and one
in the non-bending (φ) plane.

The trigger system covers the pseudorapidity range |η| <2.4. Resistive Plate Chambers
(RPC) are used in the barrel and Thin Gap Chambers (TGC) in the end-cap regions.
Apart from triggering, these detectors serve also for providing bunch-crossing identifica-
tion, and for measuring the muon coordinate in the direction orthogonal to that deter-
mined by the precision-tracking chambers (φ-coordinate).

Alignment of muon detectors

The overall performance over the large areas involved, particularly at the highest mo-
menta, depends on the alignment of the muon chambers with respect to each other and
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with respect to the overall detector. The accuracy of the stand-alone muon momentum
measurement (without employing track information from inner detector) necessitates a
precision of 30 µm on the relative alignment of chambers both within each projective tower
and between consecutive layers in immediately adjacent towers. The accuracy required
for the relative positioning of non-adjacent towers to obtain adequate mass resolution for
multi-muon final states, lies in the few millimetre range [132].

The stringent requirements on the relative alignment of the muon chamber layers are met
by the combination of precision mechanical-assembly techniques and optical alignment
systems both within and between muon chambers, as reported in Refs. [174,175].

3.2.7 The ATLAS trigger and data acquisition system

At nominal LHC running, bunches of protons collide inside ATLAS every 25 ns (75−50 ns
in 2011 and 50 ns in 2012 data-taking periods). Neither the data acquisition system nor
the resources for doing offline analysis are capable of handling such amounts of data.
Therefore, a trigger system is required to select only the most interesting events to be
written to disk and analyzed further offline. At ATLAS, a three-level trigger system [176]
serves this purpose5. The level-1 (L1) trigger is implemented in hardware, operating
synchronously with the collisions, and uses a subset of detector information to reduce the
event rate from 20 MHz to a maximum level-1 output rate of 75 kHz. This is followed by
two software-based trigger levels, level-2 (L2) and the event filter (EF), which together
reduce the recorded event rate to designed value of ∼ 102 Hz (approximately 300 Hz with
an average event size of about 1.3 Mbyte in 2011 data-taking period).

The general scheme of ATLAS trigger system is shown in Fig. 3.16. Level-2 and event filter
are usually referred to as high-level trigger (HLT). The L1 trigger is implemented using
custom-made electronics, while HLT are almost entirely based on commercially available
computers and networking hardware. The L1 uses information from calorimeter and muon
trigger chambers only, while the HLT algorithms use the full granularity and precision
of calorimeter and muon chamber data, as well as the data from the inner detector,
to refine the trigger selections. Better information on energy deposition improves the
threshold cuts, while track reconstruction in the Inner Detector significantly enhances
the particle identification (for example distinguishing between electrons and photons).
The event selection at both L1 and L2 primarily uses inclusive criteria, for example
high-ET electrons, muons and jets above defined thresholds.

5As discussed before, the rare processes of primary interest to ATLAS are in general characterized
by large momentum transfer in the hard process, resulting in jets and/or leptons with large transverse
momentum (pT), and/or high missing transverse momentum (Emiss

T
). The majority of p–p collisions

exhibit low momentum transfer and, therefore, are discarded by the ATLAS trigger system, keeping only
those events which are of high potential interest for further physics analysis. The decays of W/Z-bosons
yielding high-pT electrons (muons) and/or high Emiss

T
are examples of ‘interesting’ events at ATLAS. The

rate of W boson production is approximately 6 orders of magnitude lower than the total collision rate
at LHC.
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Figure 3.16: ATLAS trigger and data acquisition system.

Level 1 Trigger (L1)

The L1 trigger searches for high transverse-momentum muons, electrons, photons, jets,
and τ -leptons decaying into hadrons, as well as large missing and total transverse mo-
mentum (see Fig. 3.17). Its selection is based on information from a calorimeter and
muon detectors. High transverse-momentum muons are identified using trigger chambers
in the barrel and end-cap regions of the spectrometer. Calorimeter selections are based
on reduced-granularity information from all the calorimeters. Results from the L1 muon
and calorimeter triggers are processed by the central trigger processor, which implements
a trigger ‘menu’ made up of combinations of trigger selections.

In each event, the L1 trigger also defines one or more Regions-of-Interest (RoI), i.e.
the geographical coordinates in η and φ, of those regions within the detector where its
selection process has identified interesting features. The RoI data include information on
the type of feature identified and the criteria passed, e.g. a threshold. This information
is subsequently used by the high-level trigger.

High-level trigger (HLT)

The L2 selection is seeded by the RoI information provided by the L1 trigger over a
dedicated data path. L2 selections use, at full granularity and precision, all the avail-
able detector data within the RoI’s. The L2 menus are designed to reduce the trigger
rate to approximately 3.5 kHz, with an event processing time of about 40 ms, averaged
over all events. The final stage of the event selection is carried out by the event filter,
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Figure 3.17: Block diagram of the L1 trigger. The overall L1 accept decision is made by
the central trigger processor, taking input from calorimeter and muon trigger results.
The paths to the detector front-ends, L2 trigger, and data acquisition system are shown
from left to right in red, blue and black, respectively. Figure from [132].

which reduces the event rate to roughly ∼ 102 Hz. Its selections are implemented using
offline analysis procedures within an average event processing time of the order of few
seconds [132].

Trigger menus and data streams

Data for events selected by the trigger system are written to inclusive data streams
based on the trigger type. There are four primary physics streams, Egamma (electrons
and photons), Muons, JetTauEtmiss (jets, b-jets, τ -leptons, and high missing transverse
momentum), MinBias (strong interactions with small transverse momentum transfer),
plus several additional calibration streams. Some overlap exists between streams, for
example, the highest overlap is observed between Egamma and JetTauEtmiss streams –
up to 15% [177]. The highest rates of recorded events are in the JetTauEtmiss, Egamma
and Muons streams.

The trigger system is configured via a trigger menu which defines trigger chains – a set of
selection criteria that start from a L1 trigger and specify a sequence of reconstruction and
selection steps for the specific trigger signatures required in the trigger chain. A trigger
chain is often referred to simply as a trigger. Some triggers are prescaled – that is, only
some fraction of events fired by the trigger are eventually recorded to permanent data
storages. For example, most of triggers in MinBias streams are prescaled. The trigger
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Trigger Name pT threshold [GeV] Rate Bandwidth
L1 HLT [Hz] [Hz]

Egamma 55
single electron e20 14 20 20
di-electron 7 12 0.5
electron+muon 5(e), 4(µ) 10(e), 6(µ) 3.5
single photon 14 80 1
di-photon 14 20 1.5

Muons 45
single muon mu20 10 20 25
di-muon 4 10 3

JetTauEtmiss 85
jet+Emiss

T 50(jet), 20(Emiss
T ) 75(jet), 45(Emiss

T ) 15
single jet 75 250 3
single tau 30 100 4
di-tau 11 29 4
tau+electron 6(τ), 10(e) 16(τ), 15(e) 3
tau+muon 6(τ), 4(µ) 16(τ), 15(µ) 5

MinBias 10
Exotics 10
Calibration 10

Table 3.3: The approximate bandwidth allocation for different data streams in 2011
data-taking period [177]. Some of the most important unprescaled trigger menus are
shown together with the corresponding mean rate of recorded events.

menus are given in Table 3.3. Single electron and muon triggers are the most relevant for
the analysis presented in this thesis.

Readout drivers and data acquisition system

The data are recorded to permanent storages as follows. After an event is accepted by
the L1 trigger, the data from the pipe-lines are transferred off the detector to the readout
drivers (ROD’s). Digitised signals are formatted as RAW data prior to being transferred
to the data-acquisition (DAQ) system. The first stage of the DAQ, the readout system,
receives and temporarily stores the data in local buffers. It is subsequently solicited by the
L2 trigger for the event data associated to RoI’s. Those events selected by the L2 trigger
are then transferred to the event-building system and subsequently to the event filter
for final selection. Events selected by the event filter are moved to permanent storage
at the CERN computing center and another (so-called Tier-1) center in the worldwide
computing GRID (WLCG). There are 10 Tier-1 centers total.





4
Data analysis

This chapter presents the details of the electron-jet data analysis. It is structured as
follows: first, in Section 4.1, we discuss the simulation of signal and background precesses.
Then, in Section 4.2, we describe the data set which was used for the analysis. The
event selection procedure is described in Section 4.3. The determination of background
contamination in the signal region is described in Section 4.4. Finally, the summary of
all systematic uncertainties and methods for their determination are given in Section 4.5.
The final results and conclusions are summed up in the two subsequent chapters.

4.1 Signal and background simulation

Simulated data samples are used to estimate the signal acceptance and efficiency, to opti-
mize the signal selection criteria and to cross-check our understanding of the backgrounds.
The final background estimate is determined from the data as described in Section 4.4.

The signal Monte Carlo (MC) samples of WH production with Higgs boson decaying to
electron-jets are generated with MadGraph [178] to simulate the Higgs boson produc-
tion and decay to the hidden sector, and BRIDGE [179] to simulate the hidden-sector
cascades resulting in electron-jets. The output of these two programs is then interfaced
to PYTHIA [180] for subsequent hadronization and modelling of the underlying event
(UE). All leptonic decays modes of the W boson (eνe, µνµ, τντ ) are included in the signal
samples.

The most important sources of background are SM W/Z+jets and tt̄ processes. A less
important source of background comes from pair production of bosons, WW/ZZ/WZ,
hereafter referred to as diboson production. These processes result in a lepton + jets
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event topology. In addition, multi-jet events in some instances can be misidentified as
W -bosons.

Samples of simulated W (→ ℓν)+jets and Z(→ ℓℓ)+jets events (ℓ = e/µ/τ) are generated
using ALPGEN [181] with the MLM matching scheme [182] and interfaced to HERWIG

[183] for parton shower and fragmentation processes and to JIMMY [184] for underlying
event simulation. Simulated samples for tt̄ processes are generated with MC@NLO [185]
interfaced to HERWIG for parton showering. To study the possible dependence on the
specific choice of MC generator, alternate W/Z+jets samples are also generated using
SHERPA [186] with an UE modelling according to Ref. [187], and alternate top-quark
production samples are generated with POWHEG [188] interfaced to PYTHIA for
hadronization. The diboson processes are generated with HERWIG. Taus are decayed
with TAUOLA [189] in both signal and background samples.

The event yields for W → ℓν, Z → ℓℓ (ell = e/µ) and tt̄ processes, which give the largest
contribution to background, are scaled using the measured production cross sections
[190, 191]. The contributions from W (→ τν) and Z(→ ττ), which are minor sources of
background, are obtained using next-to-next-to-leading-order cross-section calculations
[192]. The multi-jet background is obtained using normalized data templates [190], since
the rate with which multi-jet events mimic the combined signature of a prompt charged
lepton accompanied by missing transverse momentum is difficult to simulate accurately
(see Section 4.4.1).

TheGEANT4 toolkit [193] is used for a detailed simulation of the detector response [194].
The effect of multiple pp interactions per bunch crossing (pile-up) is modelled by overlay-
ing simulated inelastic proton–proton collisions over the original hard-scattering event.
The simulated events are then passed through the same reconstruction and analysis chain
as the data. All simulated processes used in the analysis are summarized in Tables 4.2
and 4.1.

4.1.1 Simulation of signal process

The kinematic distributions for simulated signal processes are given in Figs.4.1 and 4.2.
As seen in Fig. 4.1, the sought signal features a high multiplicity (&4) of electrons in
electron-jet (a), and soft pT of electrons (c). Moreover, electron pairs in the electron-
jets are highly collimated (see Fig. 4.2). As seen in Fig. 4.1 (a and b) the number of
electrons, reconstructed by the standard algorithms [195] in the ATLAS detector, is only
half as large as the number of truth electrons in signal process1. Furthermore, from
Fig.4.2(c) it is seen that there are no reconstructed electron pairs, having cone separation
between electrons as small as ∆R . 0.02. The standard electron reconstruction procedure
is based on clusters reconstructed in the electromagnetic calorimeter, which then are
associated to tracks of charged particles reconstructed in the Inner Detector [195]. A
typical resolution of electromagnetic calorimeter in the middle layer is 0.025 × 0.025 in
the η–φ plane [195]. Therefore, it is impossible to reconstruct two highly-collimated
electrons using the standard ATLAS algorithms. However, as can be seen from Fig. 4.3,

1See Section 4.3.1 for the description of the standard ATLAS electron reconstruction algorithm.
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Figure 4.1: Number of electrons (tracks) per event in simulated signal process (a);
fraction of truth electrons reconstructed by standard electron algorithm (b); transverse
momenta of two leading-pT truth electrons in the electron-jet (c). “Truth” stands for
electrons coming from a hidden sector cascade (i.e. W → eν electrons are not taken into
account), while “reco” – denotes electrons reconstructed using standard algorithm [195].
Electrons, corresponding to each point in (c) are checked on a truth level to have
originated from one electron-jet (from the same hd,1 particle). Reco electrons, tracks
and “truth electrons with acceptance” are required to pass kinematic acceptance cuts
of |η| < 2.0, pT > 5 GeV, and distance from W → lν lepton ∆R > 0.6. Plots are for
3-step mγd = 100 Mev signal model.
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Figure 4.2: Cone separation between two leading-pT electrons in event in simulated
signal process. “Truth” stands for electrons coming from a hidden sector cascade (i.e.
W → eν electrons are not taken into account), while “reco” – denotes electrons recon-
structed using standard algorithm [195]. Reco electrons, tracks and “truth electrons
with acceptance” are required to pass kinematic acceptance cuts of |η| < 2.0, pT > 5
GeV, and distance from W → lν lepton ∆R > 0.6. Plots are for 3-step mγd = 100 Mev
signal model. Zoom is shown into three regions of interest: (a) ∆R = 0.0 − 0.5, (b)
∆R = 0.0− 0.1, (c) ∆R = 0.0− 0.02.
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Process MC generator Int. lumi. (fb−1) σ ×BR (pb)

W → eν + jets
ALPGEN + JIMMY 0.4, 1.6, 8.5,

10207
(Njet = 0, 1, ..., 5) 8.5, 8.5, 8.3

SHERPA 0.1 10207

W → µν + jets
ALPGEN + JIMMY 0.4, 1.6, 8.5,

10207
(Njet = 0, 1, ..., 5) 8.3, 8.4, 8,5

SHERPA 0.1 10207

W → τν + jets
ALPGEN + JIMMY 0.4, 1.4, 8.3,

10460
(Njet = 0, 1, ..., 5) 8.3, 8.1, 7.5

Z → ee + jets
ALPGEN + JIMMY 9.0, 9.0, 8.8,

945
(Njet = 0, 1, ..., 5) 8.9, 9.4, 9.8

SHEPRA 1.1 945

Z → µµ + jets
ALPGEN + JIMMY 9.0, 9.0, 8.9,

945
(Njet = 0, 1, ..., 5) 8.9, 9.4, 10.1

Z → ττ + jets
ALPGEN + JIMMY 8.7, 8.9, 9.0

945
(Njet = 0, 1, ..., 5) 8.9, 9.7, 12.0

W + bb̄ + jets
ALPGEN + JIMMY 10.0, 5.2, 10.1,

107
(Njet = 0, 1, 2, 3) 10.6

Z → ee + bb̄ + jets
ALPGEN + JIMMY 22.8, 32.2, 44.0,

10.3
(Njet = 0, 1, 2, 3) 25.5

Z → µµ + bb̄ + jets
ALPGEN + JIMMY 22.8, 40.2, 45.1

10.3
(Njet = 0, 1, 2, 3)

W + γ + jets
ALPGEN + JIMMY 6.8, 10.1, 10.2

289
(Njet = 0, 1, ..., 5) 49.0, 50.1, 59.0

Z → µµ + γ + jets
SHERPA

25.9 15.4
Z → ee + γ + jets 25.9 15.4

tt̄
MC@NLO + JIMMY 117.3 97.2
POWHEG + PYTHIA 30.8 97.2

WW
HERWIG

49.9 45
WZ 13.5 18.5
ZZ 41.6 6.0

Table 4.1: Simulated background processes.

one can make use of electron-tracks for identifying electrons (even highly collimated) with
high probability, as discussed in Section 4.3.2.

Comparison of kinematic distributions in 3-step and 2-step signal models (see Section 2.3)
is shown in Fig. 4.5. As seen in the figure, since there are no invisible decays in hidden
sector in 2-step model, there are always 2 electron-jets (b), and the number of electrons
always equals eight in this model (a). Characteristic cone separation of particles in
electron-jet can be seen in Fig. 4.5(c).

According to the analysis in Ref. [70] the sought signal should not produce too much
missing transverse momentum, i.e ET

miss . 50 GeV. This scenario is less constrained,
taking into account the results of OPAL searches for a Higgs boson decaying to invisible
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Process MC generator Int. lumi. (fb−1) σ ×BR (pb)
3-step signal processes, mγd = 100MeV

WH, mH=100 GeV MadGraph + BRIDGE 25.6 0.390
WH, mH=125 GeV + PYTHIA 53.6 0.187
WH, mH=140 GeV 77.3 0.129

3-step signal processes, mγd = 200MeV
WH, mH=100 GeV MadGraph + BRIDGE 25.6 0.390
WH, mH=125 GeV + PYTHIA 53.6 0.187
WH, mH=140 GeV 77.3 0.129

2-step signal processes, mγd = 100MeV
WH, mH=100 GeV MadGraph + BRIDGE 25.6 0.390
WH, mH=125 GeV + PYTHIA 53.6 0.187
WH, mH=140 GeV 77.3 0.129

2-step signal processes, mγd = 200MeV
WH, mH=100 GeV MadGraph + BRIDGE 25.6 0.390
WH, mH=125 GeV + PYTHIA 53.6 0.187
WH, mH=140 GeV 77.3 0.129

Table 4.2: Simulated signal processes.

#tracks/jet

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0

0.1

0.2

0.3

0.4

0.5

0.6
Tracks

Electrons

Track cuts: 
5 GeV≥T   P

2.0≤|η   |
0.08≥HT   f

Electron cuts: 
5 GeV≥T   E

2.0≤|η   |

(a)

#tracks/jet

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0

0.1

0.2

0.3

0.4

0.5

0.6
Tracks

Electrons

Track cuts: 
2 GeV≥T   P

2.0≤|η   |
0.08≥HT   f

Electron cuts: 
2 GeV≥T   E

2.0≤|η   |

(b)

Figure 4.3: Number of tracks and reconstructed electrons in jets in simulated signal MC
samples. Jets and tracks are required to fulfil selection criteria described in Section 4.3.2
(left). In the figure (right) tracks (electrons) pT cut is relaxed to 2 GeV. Electrons are
reconstructed using standard cluster-based algorithm [195], and are required to fulfil
the same kinematic cuts as the tracks.
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Figure 4.4: Reconstructed missing transverse momentum in simulated signal samples
(left); transverse momentum of reconstructed jets in simulated signal and background
(W+jets) samples (right); dashed line indicates the the cut on jet transverse momen-
tum, used in Section 4.3.2

energy [196]. In the 3-step signal model, the amount of decays to invisible particles
in the hidden sector is chosen to fulfil the aforementioned ET

miss requirement. Namely,
the branching fraction of hd,2 decays to stable (invisible) scalars n is set to 20%, while
remaining 80% correspond to branching fraction of hd,2 decaying to dark-photon γd pairs.
This produces the required amount of missing transverse momentum (see Fig. 4.4). At
the same time in the 2-step model there is no missing transverse momentum produced
in the hidden sector, i.e. the branching fraction of hd,2 decaying to invisible scalars n
is zero. We should emphasize that the presence of missing transverse momentum in the
hidden sector only marginally affects the sensitivity of the analysis to the hypothetical
signal, which can be seen by comparing signal efficiencies for 2-step and 3-step models as
the W → ℓν selection is applied. The efficiencies are given in Tables 4.4 and 4.5.

4.1.2 Electron and muon energy (momentum) calibration

To calibrate the electron energy and to match the resolution of the electron energy
and muon momentum observed in data, corrections are applied to electrons in data
and electrons and muons in simulated MC samples according to the prescriptions of
Refs. [195,197].

Corrections were obtained by comparing the predicted shapes of Z → ee (Z → µµ)
dielectron (dimuon) invariant mass distributions with those observed in the data, and
were derived using 40 fb−1of data collected by ATLAS detector in 2010 [195,197]. There
are two types of corrections:
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Figure 4.5: Comparison of 3-step and 2-step models of the signal processes: number
of truth electrons that originate from a Higgs decay (a); number of truth lepton jets
in event (b); cone separation between leading-pT electron and all other electrons in a
truth lepton jet. In case of 3-step model we call “truth lepton jet” a set of electrons
originating from one hd,1 particle, while in case of 2-step model electrons in electron-jet
are required to having originated from one hd,2 particle. The plots are for mγd = 100
MeV.
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• Energy (momentum) scale corrections. The truth and measured electron en-
ergy are expressed through each other via the energy correction factor αi

Emeas = Etruth(1 + αi) (4.1)

where i denotes the electron η and ET region considered for the energy calibration.
The α correction factors were determined by fitting the Z → ee mass peak, more
precisely by minimizing the negative unbinned log-likelihood [165]:

− lnLtot =
∑

i,j

Nevents

i,j
∑

k=1

− lnLi,j

(

mk

1 +
αi+αj

2

)

(4.2)

where one of the electrons from Z → ee decay is in region i and other is in region j,
N events

i,j is the total number of selected Z → ee decays in the data with electrons in
regions i and j, mk is the measured dielectron mass in the given decay, and Li,j(m)
is the probability density function (pdf) quantifying the compatibility of event with
the Z lineshape. This pdf was obtained using PYTHIA MC simulation of Z → ee
processes and was smoothed to get continuous distribution. The electron-energy
correction factors were derived with this procedure for different values of electron
pseudorapidity η, and were found to be within 2% [195]. Following the usual scheme,
we use these correction factors to scale the reconstructed electron energy in the data.

For muons, the accuracy of momentum scale was probed by measuring the average
deviation of the measured dimuon invariant mass from the Z mass world average
(M(Z) = 91.1876 GeV [68]). A good agreement of measured mass with the world av-
erage is indicative of a plausible modelling of muon momentum scale, and therefore
no corrections need to be applied to muon momentum [197].

• Energy (momentum) resolution corrections. The electron energy resolution
can be parametrized as

σ(E)

E
=

a√
E

⊕ b

E
⊕ c (4.3)

Here a, b and c are η-dependent parameters: a is the sampling term, b is the noise
term and c is the constant term [165].

The muon momentum is determined using information form both the MS and ID
subdetectors. The relative resolution on the momentum measurement, σ(p)/p, is
dictated by different effects related to the amount of material that the muon tra-
verses, the spatial resolution of the individual track points and the degree of internal
alignment of the two subsystems [165]. The corresponding momentum resolution
can be parametrized as

σMS(p)

p
=

pMS
0

pT
⊕ pMS

1 ⊕ pMS
2 · pT

σID(p)

p
= pID1 ⊕ pID2 · pT (4.4)
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where pMS
0 , pMS

1 and pMS
2 are coefficients related to the energy loss in the calorimeters

material, multiple scattering and intrinsic resolution terms, respectively; pID1 and
pID2 are the multiple scattering and intrinsic resolution terms, respectively.

The examined quantity, sensitive to energy (momentum) resolution, is the width
of Z mass peak (also J/Ψ resonance is used to calibrate the energy(momentum)
resolution for low-pT leptons). For electrons, the resolutions are derived from fits
to the invariant Z → ee mass distributions using a Breit-Wigner convolved with
a Crystal Ball function in the mass range 80 - 100 GeV (75 - 105 GeV – depend-
ing on pseudorapidity region). The Breit-Wigner width is fixed to the measured
Z width [198], and the experimental resolution is described by the Crystal Ball
function. Studies in Ref. [195] have shown that the measured Gaussian components
of the experimental resolution are always slightly worse than those predicted by
MC. For muons, the Z → µµ invariant mass distributions were obtained separately
for momentum, measured in ID and MS, and were then fitted using a convolution
of the Z lineshape and two Gaussian functions modelling the resolution effects in
these two sub-detectors [197]. An overall discrepancy between simulated and mea-
sured resolution was observed in all detector regions. It is partly understood as a
result of the limited accuracy with which the calibration and alignment constants
were known prior to the first pass reconstruction. For the MS also the material dis-
tribution and magnetic field description can, if inaccurate, contribute to a coarser
resolution at low momenta.

The actual resolution parameters were measured and the correction parameters were
provided for the simulated electron ET and muon pT to reproduce the data [195,
197]. In our analysis, electron energy (muon momentum) in simulated signal and
background samples were smeared using these correction parameters.

4.1.3 Details of pile-up simulation

In order to correctly reproduce the effect of multiple pp interactions (pile-up) the events
in Monte Carlo are re-weighted such the number of primary vertices in Monte Carlo
agrees with the data (see Fig. 4.6). This is done according to official ATLAS pile-up
re-weighting procedure, using official ATLAS algorithms [199]. The two possible options
for pile-up re-weighting are offered in [199]. The difference between these two are in the
way one gets the ”µ distribution” for the data (µ is a measure of how many proton-proton
collisions are expected on average per event). Let’s outline these options here:

• First method uses the µ|LB,BCID value averaged across all bunch crossing IDs
(BCIDs) in the luminosity block (LB).

• Second method uses the distribution of the per BCID, µ|LB(BCID) (averaged across
the LB).

In our analysis we use the first option. The pile-up systematic uncertainty was estimated
by comparing the event yields obtained with two aforementioned methods of pile-up re-
weighting and was found negligible.
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Figure 4.6: Number of primary vertices in data (black histograms) and simulated MC
samples (blue histograms). Simulated samples in the the bottom figures are taken after
pile-up re-weighting.

4.2 Data samples and trigger selection

The data sample for this analysis was collected by the ATLAS detector in proton–proton
collisions at a centre-of-mass energy of 7 TeV in early 2011. The data sample used was
required to be recorded during LHC stable-beam conditions when the ATLAS detector
components relevant to this analysis were operating within nominal parameters. The total
integrated luminosity of the selected data sample is 2.04 fb−1 with a 3.7% uncertainty
[200,201].

For the W → eν channel, at least one reconstructed electron trigger object with trans-
verse energy above 22 GeV in the region of |η| ≤ 2.5 is required. For the W → µν
channel, a muon candidate trigger object in the region of |η| ≤ 2.4 having transverse mo-
mentum above 18 GeV, reconstructed in both the inner detector and muon spectrometer,
is required. The muon trigger object must be consistent with having originated from the
interaction region.
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4.3 Event Selection

Signal events are required to have exactly one reconstructed W boson candidate in the
eν or µν decay channel and at least two jets identified as electron-jets.

4.3.1 W boson selection

A W -decay electron candidate is required to pass the tight electron selection criteria
[190, 195] with pT > 25 GeV and |η| ≤ 2.47. Electrons in the transition region between
the barrel and endcap calorimeters (1.37 < |η| < 1.52) are rejected. A W -decay muon
candidate is required to be identified in both the ID and the MS subsystems and to have
pT > 20 GeV and |η| < 2.4.

To reduce background from multi-jet events, electron and muon candidates are required
to satisfy an isolation criterion: the sum of the pT of all tracks in a cone of ∆R = 0.4
around the electron (muon) divided by the electron (muon) pT is required to be less than
0.3 (0.2).

W boson candidates are required to have missing transverse momentum Emiss
T ≥ 25 GeV

and exactly one isolated electron or muon. Events with two or more isolated same-flavour
leptons are rejected, substantially reducing the background from Drell–Yan production.

The lepton candidate from the W boson decay is required to match the object that
satisfies the trigger selection criteria: the distance between the trigger object and the
reconstructed W → ℓν (ℓ = e/µ) lepton (transverse impact parameter) is required to be
∆R < 0.1.

To reduce the background from cosmic rays, heavy-flavour production and photon con-
versions, the W candidate is required to originate from the primary vertex. In events
with multiple vertices along the beam axis, the vertex with the largest

∑

p2T, where the
sum is over all tracks associated with the vertex, is taken to be the primary vertex of the
event. The longitudinal and transverse impact parameters of the charged-lepton track
with respect to the primary vertex must be less than 10 mm and 0.1 mm, respectively.

Finally, if an event meets the requirements both for the W → eν and the W → µν
channels simultaneously, the event is considered to belong to the W → µν channel, due
to lower potential backgrounds.

Good agreement is observed in W -related distributions between data and MC simulation,
as can be seen from Fig. 4.7. Here the distribution of W → ℓν candidate transverse is
shown, where transverse mass is defined as follows2

m2
T = 2El

TE
ν
T − 2pl

Tp
ν
T (4.5)

The discrepancy at low mT in W → eν channel is due to the large uncertainty on the
shape of mT distribution in the multi-jet data template, and also due to fact that the

2Transverse mass equals normal mass in case if W -decay products have zero longitudinal momenta
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template was scaled to data in the range mT > 40 GeV where its contribution is largest
(see Section 4.4.1). The uncertainties in Fig 4.7 include the variation due to choice of
MC generator, luminosity and cross-section uncertainties, the variation due to choice
of multi-jet background template, and the uncertainties due to electron (muon) energy
scale and resolution corrections (for details, see Section 4.5). In this chapter, the same
set of uncertainties is assumed also in other figures, in which data is compared to MC
simulation, unless otherwise stated.

Details of electron selection

In the electron channel, events were selected online using the trigger EF e22 medium that
required the presence of at least one reconstructed electron with transverse energy above
22 GeV in the region of η ≤ 2.5. In the offline analysis, the electrons are reconstructed
using the standard ATLAS electron reconstruction procedure [169]. It is based on clusters
reconstructed in the electromagnetic calorimeter, which then are associated to tracks of
charged particles reconstructed in the Inner Detector.

Electron reconstruction begins with the creation of a preliminary set of seed clusters. Seed
clusters with energies above 2.5 GeV are formed by a sliding window algorithm, where
the seed clusters are 3 × 5 in η/φ middle layer cell units (0.25 × 0.25). After an energy
comparison, duplicate clusters are removed from nearby seed clusters. In the η-region
relevant to the studies in the thesis (|η| < 2.5), an electron is defined by the existence
of one or more reconstructed tracks matched to a seed cluster. Reconstructed tracks are
matched to seed clusters by extrapolating them from their last measurement point to the
second (middle) layer of the calorimeter. If the ∆R-difference between track and cluster
is below a certain threshold then the track is considered matched to the cluster. Special
care is taken in order to account for Bremsstrahlung losses. Namely, the sign-corrected
threshold on the ∆φ difference between track and cluster is larger on the side where the
extrapolated track bends as it traverses the tracker magnetic field.

Next, there is an inherent ambiguity between a prompt electron (like those fromW -decay)
and a photon converted to an electron-positron pair (conversion photon), since both
objects are characterized by the existence of tracks pointing to an electromagnetic cluster.
Conversions arise from the interaction of photons with the material of the detector. At
photon energies above 1 GeV, the interaction of photons with the tracker and supporting
material is completely dominated by e+e− pair production, while all other processes, such
as Compton or Rayleigh scattering, are negligible. At the electron-reconstruction stage,
almost all converted photons will be treated as electrons, which results in a significant
contamination of the electron sample by converted photons. Photon conversions are
removed at the next step of electron identification, as described below.

Electrons were required to have ET > 25 GeV and η ≤ 2.47; electrons in the transition
region between the barrel and end-cap calorimeter (1.37 < η < 1.52) were rejected.
Next, electrons were required to pass the standard ATLAS “tight” electron selection
criteria [169]. This implies a set of cuts on the ratio of electron ET in the hadronic
calorimeter to ET of the EM cluster (hadronic leakage), ratio of the energy in 3× 5 cells
over the energy in 7× 7 cells centred at the electron cluster position, lateral EM shower
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Figure 4.7: Transverse mass of W boson candidates in W → eν (top) and W → µν
(bottom) decay channels. Data are shown by dots with error bars and are compared to
the expectation from SM processes, given by stacked histograms of different colors. The
hatched bands represent the quadratic sum of statistical and systematic uncertainties
of the SM background prediction described in Section 4.5.
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width, number of hits in Pixel and SCT detectors, cone separation ∆R between track
and EM cluster, total number of TRT hits and fraction of high-threshold TRT hits to the
total number of hits in TRT; to avoid conversion photons, electrons are required to have
at least on hit in the innermost layer of Pixel detector (b-layer), also electrons that are
explicitly matched to the conversion photons are rejected [202].

To reject background multi-jet events, faking W -decay signature, the electron isolation
criteria with respect to inner detector tracks is applied. The sum of transverse momenta
of tracks in the cone of R = 0.4 around electron track divided by the total electron
transverse energy is required to be

∑

∆R≤0.4

pIDT
ET

e ≤ 0.3. (4.6)

Tracks, used to calculate the isolation, are required to have pT > 1 GeV. There are no
quality cuts applied to these tracks, in particular, tracks from photon conversions are
not rejected. Photon conversions are discarded in the standard ATLAS evaluation of
electron isolation. The electron isolation obtained in this way would result in the high
probability of misidentifying electron-jet as a W boson. To avoid this, a custom-made
electron isolation is used in the analysis.

Details of muon selection

In the muon channel, events were selected online using the trigger EF mu18 or
EF mu18 medium – depending on the data collection periods, that required the presence
of a muon candidate reconstructed in the muon spectrometer consistent with having
originated from the interaction region. The STACO algorithm [203] has been used for
muon reconstruction, requiring muons to be identified in both ID and MS subsystems.
This algorithm exploits the statistical combination of two independent measurements
of muon momenta (in ID and MS) by means of their covariance matrices. Namely, if
P1 and P2 are parameter vectors of muon track in ID and MS, respectively, then the
parameter vector of combined track, P , is obtained by minimizing the following chi-
squared distribution

χ2 = (P − P1)
TC−1

1 (P − P1) + (P − P2)
TC−1

2 (P − P2) (4.7)

where C1 and C2 are the covariance matrices of track parameters in ID and MS, re-
spectively. These matrices characterize the degree of correlation between different track
parameters [204]. Initially, the track combination is tried only for pairs of tracks that
show a reasonable matching in the η/φ plane. The track combination is accepted only if
the global χ2 is below a maximal value. Finally, the pair giving the best combined χ2 is
retained, and the corresponding tracks are removed from the initial samples of tracks to
be combined.

In the offline analysis, the muons were required to have pT > 20 GeV and η < 2.4. To
reduce the number of events from non-isolated muons such as those from decays of heavy-
flavour quarks (multi-jet background), the muon isolation criterion with respect to inner
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detector tracks has been applied in a similar way as for electrons:

∑

∆R≤0.4

pIDT
pµT

≤ 0.2 (4.8)

For the numerator, i.e. sum of tracks transverse momenta in the cone, we employ standard
ptcone40 variable [205].

To increase the robustness against track reconstruction mismatches, the difference be-
tween the ID and MS pT measurements is required to be less than 15 GeV [190]. In
addition to the requirements listed, quality criteria are applied to the ID tracks asso-
ciated to muon candidates in order to ensure optimal muon reconstruction. These are
recommended by the ATLAS Muon Combined Performance group (MCP) [205] and are
listed below:

• if hits in the b-layer are geometrically expected, then the muon track must have at
least one b-layer hit;

• NPIX+NDEAD−PIX > 1, where NPIX is the number of pixel hits and NDEAD−PIX is
the number of crossed dead pixel sensors; here and further ‘dead’ means the module
is out of operation.

• NSCT +NDEAD−SCT ≥ 6, where NSCT is the number of SCT hits and NDEAD−SCT

is the number of crossed dead SCT sensors;

• NPIX HOLES +NSCT HOLES < 2, where NPIX HOLES and NSCT HOLES are the num-
bers of holes along the muon track in the pixel and SCT sensors, respectively. The
‘hole’ denotes the absence of detector module along the muon track;

• A successful TRT extension is required in the eta acceptance of the TRT. IfNTRT−HITS

denote the number of TRT hits on the muon track, NTRT−OUTLIERS the number
of TRT outliers3 on the muon track, and NTRT = NTRT−HITS + NTRT−OUTLIERS,
then

– in the interval |η| < 1.9: NTRT > 5 and NTRT−OUTLIERS/NTRT < 0.9 is
required;

– in the interval |η| ≥ 1.9: if NTRT > 5 then NTRT−OUTLIERS/NTRT < 0.9 is
required

Corrections for electron and muon selection efficiency

To account for data/MC disagreement in electron (muon) selection efficiency, scale factors
are applied to the simulated MC samples according to prescriptions of Refs. [195, 197].
Namely, if simulated event meets the requirement of W → eν (W → µν) selection,

3TRT outliers appear in two forms in the track reconstruction, as a straw tube with a signal but
not crossed by the nearby track, or as a set of TRT measurements in the prolongation of a track which,
however, failed to form a smooth trajectory together with the pixel and SCT measurements [206].
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Figure 4.8: Invariant mass of tag-and-probe electron pairs. Data are shown by black
histogram and is compared to MC simulation of Z → ee process, given by the blue
dots. MC simulation is normalized to the data. Vertical dashed lines indicate the
region where tag-and-probe events were selected for the evaluation of electron scale
factors.

then MC weight of this event is multiplied by the corresponding electron (muon) scale
factor. Scale factors are provided as a function of electron (muon) pT and η, and were
derived using full 2010 dataset [207] for muons and partial 2011 dataset for electrons. The
efficiency correction varies depending on electron (muon) transverse momentum, and is
conservatively within 5%.

Furthermore, as described in Section 4.3.1, we employ a custom-made (non-standard)
electron isolation in our analysis. To account for possible miss-modelling of this quan-
tity, the corresponding scale factors are evaluated with respect to electron-isolation cut,
and are applied to simulated physics processes using a procedure, similar to the one de-
scribed above. The same applies also to the electron (muon) impact-parameter selection
criterion. Scale factors are derived using data-driven tag-and-probe method [207] from a
sample of electrons (muons) that originate from Z → ee (Z → µµ) decay. For electrons,
the tight selection criterion, the isolation criterion, and impact-parameter criterion are
applied to tag electron of the Z candidate, while for probe electron the tight criterion is
applied only. After selecting tag-and-probe pair, the probe electron is checked to pass the
combined isolation and transverse impact parameter cut. The corresponding efficiencies
are evaluated both for data and simulated Monte Carlo samples, and the scale factors
are obtained as a ratio of two efficiencies, i.e. ǫdata/ǫMC. They are obtained as a function
of η for different values of electron ET. η and ET regions are chosen similar to that in
Ref. [195]. The distribution of invariant mass of tag-and-probe electron pairs is shown
in Fig. 4.8, and is compared to that obtained form MC simulation. The resulting scale
factors are shown in Fig. 4.9. As seen in the figure, the variations due to these scale
factors are within 10%. The highest values are observed at η ∼1.5 – transition region
between barrel and end-cap EM calorimeters. Systematic uncertainties are assigned to
these scale factors. They are calculated as the difference between scale factors obtained
at high and low pile-up, where former corresponds to subset of tag-and-probe events with
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Figure 4.9: Efficiencies and scale factors for combined electron-isolation and impact-
parameter selection criteria, given as a functions of electron pseudorapidity η in differ-
ent electron-ET regions. All numbers are obtained with the tag-and-probe method as
described in Section 4.3.1.
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Figure 4.10: Efficiencies and scale factors for combined muon isolation and impact-
parameter selection criteria, given as a functions of muon pseudorapidity η in different
muon-pT regions. All numbers are obtained with the tag-and-probe method as described
in Section 4.3.1.
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Figure 4.11: Missing transverse momentum of W -candidate events in W → eν (left)
and W → µν (right) channels.

≤5 reconstructed primary vertices per event, and later – to events with >5 primary ver-
tices, respectively. Similar scale factors are obtained for muons. Here, the muon-quality
criteria, isolation criterion and impact-parameter criterion are applied to tag a muon of
Z → µµ decay, while for probe muon the quality criteria are applied only. The resulting
efficiencies and scale factors with respect to combined muon impact-parameter and iso-
lation criteria are shown in Fig. 4.10. As can be seen from figure, the corrections due to
these scale factors are far below 2%, which is expected, since we use standard (fine-tuned)
muon isolation.

Missing transverse momentum

In ATLAS reconstruction, the missing transverse momentum includes two terms. The
first one is calculated from the contributions of transverse energy deposits in calorimeters,
and second term comes from muons reconstructed in the Muon Spectrometer. The total
missing transverse momentum is [208]

Emiss
T = Emiss, calo

T + Emiss, muons
T (4.9)

The calorimeter term is calculated as follows: first, calorimeter cells are associated with a
parent reconstructed and identified high-pT object, in a chosen order: electrons, photons,
hadronically decaying tau-leptons, jets and muons. Refined calibration of the object is
then used in Emiss

T to replace the initial global calibration of cells. The calibration of
these objects is known to higher accuracy, enabling to improve the Emiss

T reconstruction.
The calorimeter cells are associated with the reconstructed objects through the use of an
association map. This map is filled starting from the reconstructed/identified objects in
the chosen order written above, navigating back to their component clusters and back
again to their cells. If a cell belongs to several kinds of reconstructed objects, only the
first association is included in the map, i.e. the overlap removal is done at cell level. This
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avoids double counting of cells in the Emiss
T calculation. If a cell belongs to more than

one object of the same kind, all associations are included in the map and the geometrical
weight of the cells, accounting for the sharing of energy of cells owned by to two different
topological clusters, are also included to avoid double counting.

The muon term is calculated from the momenta of muon tracks reconstructed with
|η| < 2.7. In order to deal properly with the energy deposited by the muon in calorime-
ters, the muon term is calculated differently for isolated and non-isolated muons. For
isolated muons with matched inner detector track, muon pT is determined from the com-
bined measurement in inner detector and muon spectrometer. In this case the energy
lost by muon in calorimeter is not added to calorimeter term in order to avoid double
counting. In case of non-isolated muons, the muon energy lost in the calorimeter cannot
be distinguished from the nearby jet energy. Therefore, the muon momentum in muon
spectrometer (after energy loss) is used, unless there is a significant mismatch between
combined and MS measurement. In the latter case the combined measurement minus
the parametrized energy deposit in the calorimeter is used. Aside from the loss of muons
outside the acceptance of muon spectrometer (|η| > 2.7), muons can be lost due to limited
coverage of muon spectrometer (around η = 0 and |η| 1.2). In these cases muon inner
detector and calorimeter energy deposits are used to recover their contribution to Emiss

T .
Although the core of Emiss

T is not affected much by the muon term, badly reconstructed
or fake muons can be a source of considerably large fake Emiss

T .

Finally, Emiss
T is calibrated using so-called RefFinal recipe [208]. Distributions of W -

candidate events with respect to missing transverse momentum are shown in Fig. 4.11.
As can be seen from figure, data are in a good agreement with the MC simulation,
within the given uncertainties. The slight excess of number of events observed in the
data with respect to number of predicted events, in the W → µν channel is due to high
normalization uncertainty of multi-jet background in this channel.

4.3.2 Electron-jet pair selection

In this search, the ultimate signature of the Higgs boson decay is two or more electron-jets,
i.e. highly collimated (clustered) sets of electrons. Electron-jet candidates are selected
from jets in the calorimeters, reconstructed by the standard ATLAS algorithm, which
uses the anti-kt jet clustering approach [209] with a radius parameter R = 0.4.

The electrons in an electron-jet are too closely collimated to be identified efficiently with
the standard ATLAS algorithm, used e.g. to identify electrons from W boson decays.
Instead, electron-jets are identified with three discriminating observables, which are de-
scribed in detail below: the jet electromagnetic fraction (fEM), the jet charged particle
fraction (fCH) and the fraction of high-threshold hits originating from transition radiation
in the TRT (fHT).
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Figure 4.12: Display of simulated event of associate WH production with W boson
decaying to electron and neutrino and Higgs boson decaying to a pair of electron-jets.
The calibrated energy deposits in the calorimeter are shown with respect to η and φ.
Each ‘tower’ corresponds to the energy measured in the η× φ = 0.1× 0.1 region in the
calorimeter. The red, green and blue circles represent the electron from W boson decay
and two electron-jets, respectively.

Reconstruction of jets

The jets are reconstructed following the standard ATLAS scheme [204]. First, energy de-
posits in the calorimeter are projected in the η/φ plane with the granularity of 0.1× 0.1,
forming the “towers” in the calorimeter (see Fig. 4.12). Various calorimeter compart-
ments have different degrees of non-compensation and different amount of dead material
(supporting constructions, envelopes, etc.) in front of the calorimeter. As a result, the
observed energy differs from the truth particle energy. Furthermore, this energy response
is usually nonlinear. The energy calibration procedure is applied to account for these ef-
fects [204]. The calorimeter towers are required to have calibrated ET higher than 2 GeV
(more precisely, the cut value varies in the range 2−3 GeV depending on the η region and
energy calibration procedure used). Next, calorimeter towers are passed to the anti-kt
clustering algorithm, which combines these towers into jets. The clustering algorithms
usually comprise the following stages [209]:

• The “distances” are defined for N input objects to be combined

Dij = min
(

E2p
Ti, E

2p
Tj

)∆R2
ij

R2
, Di = E2p

Ti (4.10)
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• The minimal distance is computed

d = min |i,j=1...N (Dij, Di) (4.11)

– If d = Dij – then i and j objects are combined;

– If d = Di – then object i is defined as a final jet and is removed from the
sample of objects to be combined;

• Reiterate first two steps until the input sample is empty.

Here R is the radius parameter. For p = 0 one recovers a simple cone algorithm, which
confines any objects if their relative distance is lower than R. The two other cases,
p = 1 and p = −1, correspond to kt and anti-kt algorithms, respectively. The two latter
algorithms are essentially similar to the cone algorithm, with the only difference that,
in case of kt algorithm, the objects are combined into jets starting from the lowest ET

object to highest, and vice-versa in case of anti-kt algorithm. As jets are reconstructed,
they are further identified using the three discriminating observables, described below.

Identification of electron jets

In electron-jets, the electrons typically deposit all of their energy in the electromag-
netic calorimeter, so that the fraction of the jet energy deposited in the electromagnetic
calorimeter divided by the total jet energy deposited in both the electromagnetic and
hadronic calorimeters, fEM, is typically close to unity (see Fig. 4.13a). The slight degra-
dation of fEM towards lower values is due to the occasional leakage of electromagnetic
showers into the hadronic calorimeter, calorimeter noise and electron-jets overlapping
with ordinary jets. Hadronic jets reaching the calorimeters mainly consist of π± and pho-
tons from π0 decays. Most π± deposit a sizable fraction of their energy in the hadronic
calorimeter, while photons deposit almost all their energy in the electromagnetic calorime-
ter. The distribution of fEM is further broadened by fluctuations of the electromagnetic
and hadronic showers in the detector. The pedestal corrections for noise in the hadronic
calorimeter can sometimes lead to reconstructed energies in the hadronic calorimeter that
are less than zero, resulting in a value of fEM slightly higher than unity. The simulation
models this situation accurately. The distribution of fEM for hadronic jets peaks around
0.85, with a few percent of these jets having fEM ≥ 0.99.

Since fEM only provides a limited background rejection, additional variables are exploited.
The quantity fCH is defined as the fraction of the jet energy deposited in calorimeter cells
that are associated with tracks within the jet:

fCH =

∑

“track−cells”

Ecell

Ejet
. (4.12)

A track is associated with a jet if it is within a distance of ∆R = 0.4 from the jet axis
and has pT ≥ 400 MeV. The “track-cells”, i.e. calorimeter cells associated with tracks
within the jet, consist of the cells within a cone of ∆R = 0.2 around each of the tracks
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Figure 4.13: Distribution of the jet electromagnetic, fEM(a), jet charged particles frac-
tion, fCH (b), and 2-dimensional distribution of jets in combined fEM–fCH plane (c).
Electron-jets in simulated signal process (red histogram), hadronic jets in simulated
W+jets background process (dark-blue histogram) and jets matched to electron that
originate from W → eν-decay (black histogram) are shown. All jets are required to
fulfil ET and η selection criteria of Section 4.3.2. The simulated MC sample for three-
step model, mγd = 100 MeV is taken to present the electron-jets signal. Dashed lines
indicate the electron-jets selection criteria.
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Figure 4.14: Distribution of number of tracks that have fHT ≥ 0.08 in electron-jets
(blue histogram), hadronic jets (red histogram), and jets matched to electron that
originate from Z → ee-decay (black histogram). Simulated MC sample for three-step
model, mγd = 100 MeV, is taken for electron-jets. Two other types of jets are taken
in simulated W → eν and Z → ee MC samples respectively. Dashed line indicates the
region where electron-jets are sought.

associated with the jet, giving the sum of energy deposits of charged particles within the
jet in both the electromagnetic and hadronic calorimeters.

Signal electron-jets consist exclusively of electrons and should have large fEM and fCH.
Hadronic jets with large fEM are expected to contain mostly neutral pions decaying to
photons and, therefore, fewer charged tracks and low fCH. Photons that convert to
electron–positron pairs in the material they traverse before entering the calorimeter in-
crease the value of fCH. Normalized fEM and fCH distributions of electron-jets in simulated
signal process and hadronic jets in simulated background process are shown in Fig. 4.13.
Two-dimensional distribution of jets in combined fEM–fCH plane is shown as well.

Additional rejection of hadronic jets is achieved by exploiting the identification of elec-
trons using transition radiation. The discriminating quantity is the fraction of TRT hits
on a track, fHT, that exceed the high discriminator threshold in the read-out electronics
of the TRT straws. Detailed studies of this quantity are reported in Refs. [163,195]. This
high-threshold setting corresponds to the size of the large energy deposit from transition
radiation in the straw-tube gas. The distribution of fHT for tracks from electrons has
a maximum at fHT ∼ 0.2, while it peaks at zero and then decreases monotonically for
charged hadron tracks. A requirement that fHT ≥ 0.08 has an efficiency of over 95% for
electrons in the momentum range relevant to this analysis and at the same time effectively
rejects charged hadrons. Normalized distribution of electron-jets, hadronic jets, and jets
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Data Expected Expected Eff.
background signal, mH=125 GeV

W → eν channel

W → eν selection 4351732 4330000 ± 250000 46.7 ± 1.8(stat) 13%

≥2 jets

pT ≥30 GeV,
|η| ≤ 2.0 173551 183000 ± 16000 25.6 ± 1.4(stat) 7.1%
fEM ≥0.99 837 1070 ± 200 10.8 ± 0.9(stat) 3.0%
fCH ≥0.66 39 35 ± 8 6.3 ± 0.7(stat) 1.7%
Ntrack ≥ 2 0 0.10 + 0.11

− 0.10 5.3 ± 0.6(stat) ± 0.4(syst) 1.5%
W → µν channel

W → µν selection 8870713 8620000 ± 350000 60.3 ± 2.3(stat) 17%

≥2 jets

pT ≥30 GeV,
|η| ≤ 2.0 326956 353000 ± 33000 31.5 ± 1.7(stat) 8.8%
fEM ≥0.99 1008 1240 ± 180 13.9 ± 1.2(stat) 3.9%
fCH ≥0.66 45 41 ± 16 7.5 ± 0.9(stat) 2.1%
Ntrack ≥ 2 1 0.11 + 0.13

− 0.11 6.0 ± 0.8(stat) ± 0.4(syst) 1.7%

Table 4.3: The expected number of background and signal events in 2.04 fb−1 of data,
as well as the number of events observed in the data, after applying the various signal
selection criteria for the W → eν and W → µν channels. The “≥2 jets” in the first col-
umn denotes the requirement of two or more jets per event, satisfying the corresponding
selection criteria. The signal predictions correspond to the three-step model with mH

= 125 GeV and mγd=100 MeV. The signal efficiencies are the fraction of signal events
satisfying all the selection criteria up to and including that particular criterion. They
are given with respect to the signal sample including all three decay modes of the W
boson (eνe, µνµ, τντ ). The background expectations include statistical and systematic
uncertainties, and are determined using the MC method (see Section 4.4.1). The sta-
tistical uncertainty shown for the signal is due to Monte Carlo statistics; the systematic
uncertainty is only given for the final event selection and its detailed composition is
given in Table 4.9.

matched to electron that originate from Z → ee decay, with respect to number of tracks
having fHT ≥ 0.08, in simulated signal and background MC samples, is shown in Fig. 4.14.
As seen in figure, in addition to substantial reduction of background from hadronic jets
(by factor of ten), this requirement also reduces the background from single electrons,
like those from Z → ee decay, by two orders of magnitude. The remaining irreducible
background from single electrons is due to hard bremsstrahlung photons emitted by such
electrons and that are converted to electrons in the material of detector.

Exploiting the selection criteria described above, a jet is classified as an electron-jet if it
satisfies the following requirements:

• jet pseudorapidity |η| ≤ 2.0,

• jet transverse momentum pT ≥ 30 GeV,

• jet electromagnetic fraction fEM ≥ 0.99,
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• jet charged particle fraction fCH ≥ 0.66 and

• number of tracks associated with the jet Ntrack ≥ 2, where the tracks must satisfy
the following criteria:

– track pseudorapidity |η| ≤ 2.0,

– track transverse momentum pT ≥ 5 GeV,

– number of hits in the pixel detector NPIX ≥ 2,

– total number of pixel and SCT hits NPIX +NSCT ≥ 7,

– fraction of high-threshold TRT hits fHT ≥ 0.08.

Good agreement is observed between data and MC simulation in the fEM, fCH and track-
related distributions at the different stages of selection, as can be seen in Figs. 4.15
and 4.16. The number of events observed in the data and the yields expected for the
background and the signal as the selection criteria are applied are shown in Table 4.3.
The background yield given here is determined by MC, and signal yield is determined for
3-step model with mH = 125 GeV and mγd = 100 MeV.

The expected signal yields for all signal models are given in Tables 4.4 and 4.5. From
the tables it is seen that the number of events after applying trigger selection in W → eν
channel is higher than that of the W → µν channel. The reason is because, in addition
to electrons from W -decay, electron-jets can also pass the trigger selection criterion.
However, it has been checked that, due to electron-isolation requirement (Section 4.3.1),
the probability of electron-jet to fulfil W → eν selection criteria is almost negligible
(below 1%). Or, equivalently, electrons from W -decay are distinguished from electron-
jets with ≥99% probability. Thus, by using the electron-isolation requirement in W → eν
selection, we avoid the possible situation when electron-jet would be falsely considered as
electron from W -decay, and, because of this, the considered event wouldn’t pass the final
selection.

The efficiencies of electron-jet selection are shown in Figs. 4.17 and 4.18. As can be seen,
efficiency drops sharply at |η| ∼1.5, the transition region between the barrel and end-cap
EM calorimeters.

4.4 Background estimation

The dominant background in this search is the associated production of a W boson
with hadronic jets which mimic the electron-jet signature. Detailed MC studies of the
background contamination from hadronic jets faking electron-jets have shown that the
high electron content in those jets originates either from final-state photon radiation or
from π0 decays with subsequent photon conversions in the material of the detector. A
background prediction from MC simulation would depend on the modelling of final-state
photon radiation and parton showering and hadronization, which would introduce large
uncertainties in the background rate. Instead, the background contamination in the
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Figure 4.15: Distribution of the jet electromagnetic fraction, fEM, after the W → eν
selection (a), the jet charged particle fraction, fCH, after the fEM selection (b) and the
number of associated tracks, Ntrack, fulfilling the criteria of Section 4.3.2 after the fEM
and fCH selection (c). Data are shown as dots with error bars and are compared to the
expectation from Standard Model processes, given by stacked histograms of different
colors. The signal distributions in the three-step model of a hidden sector with dark
photon mass mγd = 100 MeV are presented as dashed histograms with arbitrary scale
(a and b) and with the nominal scale (c), where nominal scale implies the SM value
for WH production cross section and 100% branching ratio of a Higgs boson decaying
to electron-jets. The hatched bands represent the quadratic sum of statistical and
systematic uncertainties of the Standard Model background prediction described in
Section 4.5.
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Figure 4.16: Distribution of the jet electromagnetic fraction, fEM, after the W → µν
selection (a), the jet charged particle fraction, fCH, after the fEM selection (b) and the
number of associated tracks, Ntrack, fulfilling the criteria of Section 4.3.2 after the fEM
and fCH selection (c). Data are shown as dots with error bars and are compared to the
expectation from Standard Model processes, given by stacked histograms of different
colors. The signal distributions in the three-step model of a hidden sector with dark
photon mass mγd = 100 MeV are presented as dashed histograms with arbitrary scale
(a and b) and with the nominal scale (c), where nominal scale implies the SM value
for WH production cross section and 100% branching ratio of a Higgs boson decaying
to electron-jets. The hatched bands represent the quadratic sum of statistical and
systematic uncertainties of the Standard Model background prediction described in
Section 4.5.
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3-step model (Eff.) 2-step model (Eff.)
mγd = 100MeV mγd = 200MeV mγd = 100MeV mγd = 200MeV

Higgs mass 100 GeV
Before all cuts 755.9 755.9 755.9 755.9
Electron trigger 374.4 ± 5.6 311.1 ± 5.5 553.2 ± 4.9 470.3 ± 5.4

W → eν 82.6 ± 3.5 87.8 ± 3.7 98.7 ± 3.8 108.1 ± 3.9

≥2J

pT ≥30 GeV, 37.9 ± 2.4 41.5 ± 2.6 55.6 ± 3.0 61.2 ± 3.0
|η| ≤ 2.0
Ntrack ≥ 2 18.2 ± 1.7 20.1 ± 1.8 28.0 ± 2.2 30.3 ± 2.2
fCH ≥0.66 8.4 ± 1.2 9.2 ± 1.2 14.0 ± 1.6 18.1 ± 1.7
fEM ≥0.99 5.3 ± 1.0 6.2 ± 1.0 9.2 ± 1.2 12.4 ± 1.4

Higgs mass 125 GeV
Before all cuts 361.8 361.8 361.8 361.8
Electron trigger 199.6 ± 2.7 158.5 ± 2.6 271.7 ± 2.3 238.8 ± 2.5

W → eν 46.7 ± 1.8 46.0 ± 1.8 54.8 ± 2.0 51.8 ± 1.9

≥2J

pT ≥30 GeV, 25.6 ± 1.4 23.4 ± 1.3 33.4 ± 1.6 32.6 ± 1.5
|η| ≤ 2.0
Ntrack ≥ 2 14.4 ± 1.0 12.8 ± 1.0 17.9 ± 1.2 20.1 ± 1.2
fCH ≥0.66 8.7 ± 0.8 7.5 ± 0.8 11.2 ± 0.9 11.2 ± 0.9
fEM ≥0.99 5.3 ± 0.6 5.4 ± 0.7 7.1 ± 0.7 7.3 ± 0.8

Higgs mass 140 GeV
Before all cuts 250.7 250.7 250.7 250.7
Electron trigger 143.7 ± 1.8 121.1 ± 1.8 190.2 ± 1.6 169.1 ± 1.7

W → eν 37.0 ± 1.3 35.3 ± 1.3 35.5 ± 1.3 37.2 ± 1.3

≥2J

pT ≥30 GeV 21.6 ± 1.1 20.2 ± 1.0 23.5 ± 1.1 23.3 ± 1.1
|η| ≤ 2.0
Ntrack ≥ 2 12.3 ± 0.8 11.8 ± 0.8 12.8 ± 0.8 14.3 ± 0.9
fCH ≥0.66 7.2 ± 0.6 6.7 ± 0.6 9.4 ± 0.7 8.9 ± 0.7
fEM ≥0.99 5.3 ± 0.5 4.4 ± 0.5 6.1 ± 0.6 6.2 ± 0.6

Table 4.4: The expected number of signal events in W → eν channel after applying
various selection criteria. The ”≥2J” in the first column denotes the requirement of
two or more jets per event, satisfying the corresponding jet selection criteria. The
uncertainties are statistical only.
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3-step model (Eff.) 2-step model (Eff.)
mγd = 100MeV mγd = 200MeV mγd = 100MeV mγd = 200MeV

Higgs mass 100 GeV
Before all cuts 749.9 749.9 749.9 749.9
Muon trigger 188.2 ± 5.5 190.5 ± 5.5 181.3 ± 5.5 179.3 ± 5.4
W → mν 129.4 ± 4.8 130.5 ± 4.9 122.3 ± 4.7 121.4 ± 4.7

≥2J

pT ≥30 GeV 56.7 ± 3.4 53.7 ± 3.3 70.4 ± 3.7 68.6 ± 3.7
|η| ≤ 2.0
Ntrack ≥ 2 24.6 ± 2.2 25.2 ± 2.4 37.6 ± 2.8 35.6 ± 2.7
fCH ≥0.66 14.1 ± 1.7 9.3 ± 1.5 17.5 ± 1.9 17.5 ± 1.9
fEM ≥0.99 9.0 ± 1.4 ± 0.7 6.2 ± 1.2 13.4 ± 1.7 11.1 ± 1.5

Higgs mass 125 GeV
Before all cuts 358.9 358.9 358.9 358.9
Muon trigger 86.3 ± 2.6 90.6 ± 2.6 86.7 ± 2.6 92.0 ± 2.7
W → mν 60.3 ± 2.3 62.7 ± 2.3 59.9 ± 2.3 63.5 ± 2.3

≥2J

pT ≥30 GeV 31.5 ± 1.7 32.9 ± 1.8 37.7 ± 1.9 41.6 ± 2.0
|η| ≤ 2.0
Ntrack ≥ 2 17.2 ± 1.3 17.7 ± 1.3 19.7 ± 1.4 24.7 ± 1.6
fCH ≥0.66 9.6 ± 1.0 9.6 ± 1.0 13.0 ± 1.2 15.3 ± 1.3
fEM ≥0.99 6.0 ± 0.8 ± 0.4 5.3 ± 0.8 9.1 ± 1.0 10.8 ± 1.1

Higgs mass 140 GeV
Before all cuts 248.7 248.7 248.7 248.7
Muon trigger 58.9 ± 1.8 59.9 ± 1.8 60.3 ± 1.8 59.9 ± 1.8
W → mν 40.0 ± 1.6 41.7 ± 1.6 42.9 ± 1.6 43.3 ± 1.6

≥2J

pT ≥30 GeV 22.1 ± 1.2 23.2 ± 1.2 29.4 ± 1.4 29.2 ± 1.4
|η| ≤ 2.0
Ntrack ≥ 2 12.5 ± 0.9 13.9 ± 1.0 17.2 ± 1.1 18.9 ± 1.1
fCH ≥0.66 6.9 ± 0.7 7.9 ± 0.7 11.0 ± 0.9 11.7 ± 0.9
fEM ≥0.99 4.3 ± 0.6 ± 0.3 4.6 ± 0.6 7.6 ± 0.7 7.7 ± 0.7

Table 4.5: The expected number of signal events in W → µν channel after applying
various selection criteria. The ”≥2J” in the first column denotes the requirement of
two or more jets per event, satisfying the corresponding jet selection criteria. The
uncertainties are statistical only.



94 Chapter 4 Data analysis

 [GeV]
T

 p
d

γLeading 
0 20 40 60 80 100

re
c

∈

0

0.2

0.4

0.6

0.8

1

1.2

1.4

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

ATLAS Simulation

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

(a)

η 
d

γLeading 
-2 -1 0 1 2

re
c

∈

0

0.2

0.4

0.6

0.8

1

1.2

1.4

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

ATLAS Simulation

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

(b)

φ 
d

γLeading 
-4 -3 -2 -1 0 1 2 3 4

re
c

∈

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

ATLAS Simulation

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

(c)

 [GeV]
T

 p
d

γLeading 
0 20 40 60 80 100

F
ra

ct
io

n 
of

 je
ts

 / 
2 

G
eV

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

ATLAS Simulation

=100 MeV
d

γ=100 GeV, m
h

3-step, m

=200 MeV
d

γ=100 GeV, m
h

3-step, m

=100 MeV
d

γ=100 GeV, m
h

2-step, m

=200 MeV
d

γ=100 GeV, m
h

2-step, m

(d)

Figure 4.17: Electron-jet reconstruction efficiency as a function of various parameters
of leading-pT dark photon in the electron-jet: transverse momentum ,pT (a), pseudo-
rapidity, η (b), and azimuthal angle, φ (c). For convenience, distributions of leading
dark-photon pT in electron-jet is shown in (d) for all considered signal models. All
distributions are for mH = 100 GeV. Errors are statistical only.
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Figure 4.18: Efficiency of electron-jet selection criteria up to and including particular
criterion: transverse momentum and pseudorapidity (a), number of associated tracks,
Ntrack (b), jets charged particles fraction, fCH (c), and jet electromagnetic fraction, fEM
(d). Distributions (d) are the same as in Fig. 4.17. Errors are statistical only.
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signal region is estimated from the data using a simplified matrix method [210] which
is completely data-driven. Two alternative background estimates were tried and found
to be consistent with the matrix method result. One of these estimates – referred to
as the ABCD method below – is based on data; the second estimate is based on Monte
Carlo simulation. The methods are described in a reverse order in this section, starting
from the Monte Carlo based method. This is useful in order to estimate the relative
yield of different physics processes that are expected to contribute to the background
contamination.

4.4.1 Background sources and its estimation using Monte Carlo sim-

ulation

In this method, the background prediction is obtained by using data templates and sim-
ulated samples with the appropriate cross sections scaled by the measured integrated
luminosity, as described in Section 4.1. All potential backgrounds are summarize below

• W → lν + jets (l = e/µ). This is the dominant source of background with the
production of W and hadronic jets faking electron-jet signature.

• W → τν + jets. This process is expected to contribute via leptonic τ decays,
τ → lνν, to both electron and muon final states in W selection.

• Z → µµ + jets. Z → µµ decays with one muon outside of the muon-spectrometer
acceptance generate apparent missing transverse momentum and constitute a fake
signature of W → µν decay. Similar to W → µν process, accompanying hadronic
jets can mimic electron-jet signature.

• Z → ee + jets. Effects of energy miscalibration in electromagnetic and hadronic
calorimeters and electrons traversing the transition regions in EM calorimeter, in
some fraction of Z → ee decays, generate fake missing transverse momentum. Then,
potentially, one of the electrons that originate from Z → ee fulfils the W → eν-
selection requirement, while the other fails. Then, the ‘failed’ electron, due to
emission of hard bremsstrahlung photon and its subsequent conversion into electron-
positron pair, fulfils the electron-jet selection criteria. The remaining hadronic jets
can also mimic electron-jets. As it is shown in this section, this process contributes
to background as considerably as W → eν process does.

• Z → ττ + jets. Contribution to background is smaller than from W → τν+jets
process.

• tt̄. The production of top pairs contributes to both W → eν and W → µν search
channels due to the high multiplicity of jets and presence ofW bosons, that originate
from decays of top quarks.

• Wbb̄ + jets. In addition to hadronic jets, decays of b quarks can produce electrons,
which can mimic electron-jets.
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• Diboson (WW , WZ and ZZ). All sources of multilepton final states, accompa-
nied by missing transverse momentum, are potential backgrounds in the electron-jet
search. For example, fully leptonic WZ decay with W decaying to electron (muon)
plus neutrino and Z decaying to e+e−. The contribution of diboson process to back-
ground is lower than that of W/Z+jets and tt̄, due to a small diboson production
cross section.

• Multi-jet (QCD background). Hadronic jets in some cases can mimic a signa-
ture of isolated electron. This, for example, can be due to the high content of π0

in the jet and their subsequent decay to photons, giving a high energy deposition
in the electromagnetic calorimeter, similar to that of an isolated electron. In other
cases, hadronic jets that penetrate to muon spectrometer can be mis-reconstructed
as muons. Furthermore, single isolated leptons can also be produced in the decays of
heavy-flavour quarks. All this, accompanied by fake missing transverse momentum,
large enough to pass W selection criterion, can result in the signature of W → eν
or W → µν decay. Despite the low probability of such events, appreciating the
high cross section of multi-jet production, the contribution of this background is
approximately half as large as that of W+jets.

The Monte Carlo programs, used to simulate background processes, are listed in Table 4.1
of Section 4.1.

For the multi-jet physics process, the contribution to background in both W → eν and
W → µν channels is obtained directly from the data by using normalized data templates.
The multi-jet data template is a sample of events obtained from the real data, with
kinematic characteristics similar to that of the signal region, and selected such that, the
contribution of processes other than multi-jet ones, in particular electroweak processes,
is expected to be negligible in the sample. The same technique is used, for example, for
background determination in the measurement of W production cross section, performed
in Ref. [190]. In W → eν channel, the multi-jet template is derived by relaxing the
tight electron-selection criteria to medium one. More precisely, the requirements on the
ratio of cluster energy to track momentum, on the number of hits in the TRT, and
on the ratio of high-threshold TRT hits are omitted [195]. Events with tight electrons
are vetoed, ensuring the low electroweak contamination in the multi-jet data template.
The normalization of multi-jet background is obtained by fitting the transverse mass
distribution in the range 40 GeV< mT <60 GeV to that in the data, with subtracted
contribution from simulated processes (see Fig. 8.3(a)). In W → µν channel, the multi-
jet template is obtained by relaxing the muon isolation criterion. Events with isolated
muons are vetoed. The normalization is derived by fitting transverse mass distribution
to that in the data, in the range mT < 40 GeV (see Fig. 8.3(b)).

Although the number of simulated MC events that are used in this analysis reaches in
some cases up to fifty million, this statistics is still not enough to get an adequate number
of events that survive the electron-jet pair selection (Section 4.3.2). Thus, to estimate the
background yield that originate from a given physics process X after the final selection,
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W → eν channel W → µν channel
Source Events with 2 LJs Source Events with 2 LJs

W → eν+jets 0.021 W → µν+jets 0.030
Z → ee+jets 0.020 Z → µµ+jets 0.001
W → τν+jets 0.002 W → τν+jets 0.005
Z → ττ+jets < 0.001 Z → ττ+jets 0.003
W + bb̄+jets < 0.001 W + bb̄+jets 0.003
Z + bb̄+jets 0.001 Z + bb̄+jets < 0.001
W + γ+jets 0.001 W + γ+jets 0.001

tt̄ 0.037 tt̄ 0.046
WW/WZ/ZZ 0.009 WW/WZ/ZZ 0.003

QCD 0.005 QCD 0.021
TOTAL 0.096 TOTAL 0.113

Table 4.6: Expected background yields for each contributing SM process, obtained
using Eqs. 4.13 and 4.14.

the following probabilistic formulae are exploited

NX
B = ǫ2hadr ×

nmax
∑

n=2

NX
n

n!

2!(n− 2)!
(4.13)

or, in case of Z → ee process

NZ→ee
B = ǫhadr · ǫe ×

nmax
∑

n=2

NZ→ee
n (n− 1), (4.14)

where ǫhadr (ǫe) is the probability to misreconstruct hadronic jet (single electron) as an
electron-jet, and NX

n is the number of events in simulated MC sample (multi-jet data
template), featuring exactly n hadronic jets per event. Candidate jets (electrons) are
required to fulfil the ET and η selection criteria (Section 4.3.2).

ǫhadr = 4.5± 0.5 × 10−4

ǫe = 3.0± 1.0 × 10−3

ǫhadr and ǫe are obtained using W+jets and Z → ee MC samples respectively. Uncer-
tainties include statistical and systematic components and are conservatively rounded up.
Few different MC generators were used and the corresponding variation of ǫ was taken as
a systematic uncertainty of determination of ǫ.

The expected background yields for all contributing SM processes, obtained using Eqs. 4.13
and 4.14, are listed in Table 4.6. Closure tests are performed to estimate the system-
atic uncertainty of background determination with the Monte Carlo approach. Namely,
fCH , fEM and track pT selection criteria were relaxed, and observed yields after the final
selection were compared to yields, obtained using Eqs. 4.13, 4.14, in all considered MC



Chapter 4 Data analysis 99

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

1

1.5

2

2.5

3

3.5

4

mean = 2.19

std = 0.28

 ee + jets→Z

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

1

1.2

1.4

1.6

1.8

2

mean = 1.29

std = 0.07

WW/WZ/ZZ Relaxed electron-jet selection 
criteria: 

 0.90≥ 
EM

 0.60,  f≥ CH:  f

 0.85:  ≥ 
EM

 0.60,  f≥ CH:  f

2 GeV≥
T

 0.90, track P≥ 
EM

 0.61,  f≥ CH:  f

2 GeV:≥
T

 0.85, track P≥ 
EM

 0.61,  f≥ CH:  f

I

II

III

IV

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

mean = 1.19

std = 0.06

) + jetsν e→W(

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

0.85

0.9

0.95

1

mean = 0.90

std = 0.02

tt

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

1

1.5

2

2.5

3

mean = 1.83

std = 0.31

QCD

(a)

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

mean = 1.33

std = 0.20

 + jetsµµ →Z

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

1

1.2

1.4

1.6

1.8

2

mean = 1.29

std = 0.04

WW/WZ/ZZ

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

mean = 1.24

std = 0.06

) + jetsνµ→W(

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

0.85

0.9

0.95

1

1.05

1.1

mean = 0.93

std = 0.03

tt

Region

I II III IV

# 
tr

ig
ge

re
d 

/ #
 c

om
pu

te
d

1

1.1

1.2

1.3

1.4

1.5

mean = 1.13

std = 0.06

QCD

(b)

Figure 4.19: The ratio of number of events observed in W → eν (a) and W → µν (b)
selection channels and satisfying the the relaxed electron-jet pair selection criteria, to
the number of events, obtained using Eqs. 4.13 and 4.14. Electron-jet selection criteria
are relaxed according to one of four configurations, given in the legend. Each plot
corresponds to one of simulated MC processes (multi-jet data templates).
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samples and multi-jet data templates. The selection criteria were relaxed according to
one of four configurations

• I: fCH ≥ 60, fEM ≥ 090;

• II: fCH ≥ 60, fEM ≥ 085;

• III: fCH ≥ 61, fEM ≥ 090, tracks pT ≥ 2 GeV;

• IV: fCH ≥ 61, fEM ≥ 085, tracks pT ≥ 2 GeV;

The highest deviation of about 100% is observed in Z → ee MC sample, as can be seen
in Fig. 4.19. The second-leading source of systematic uncertainty in this method is due
to mismodelling of fHT parameter (see Section 4.5). Finally, combining W → eν and
W → µν selection channels, the expected background yield is

nbckg = 0.21± 0.21 (method) ± 0.10 (fHT miss-modelling)± 0.05 (stat)

4.4.2 Background determination with the ABCD method

The ABCD technique is based on counting events in control and signal regions. In this
method, two signal selection criteria, (1) and (2), are considered, and events are classified
into four regions depending on whether or not events meet either criterion: signal region
A – events fulfils both criteria, control region B – event fulfils the first criterion and fails
to pass the second criterion, control region C – event fails to pass the first criterion and
fulfils the second criterion, and control region D – events fails to pass both criteria. The
kinematic distribution of events with respect to parameter (1) is required to be similar in
both regions where events pass and do not pass the selection criterion (2), and vice-versa.
In other words, in the perfect case, the two selection parameters must be uncorrelated.
The background in the signal region is extracted from the yield in the control regions. In
this analysis, events are assigned to one of four regions according to whether or not the
jets meet the fEM and the track-quality conditions of the electron-jet classification (see
Fig. 4.20). These two conditions are chosen because they are less correlated than other
selection variables that could have been used. The background yield in the signal region
is thus given by

nbkgd = Npredicted
A =

NB ·NC

ND

· cMC , (4.15)

where cMC = 0.36 is the correction factor determined from MC simulation that corrects
for the effect of the correlations between the two selection criteria. Ni is the number of
events observed in region i.

The regions are defined as:

(A) Signal region: Two jets with fEM ≥ 0.99 are required; for both jets Ntrack ≥ 2,
i.e. the number of tracks associated with the candidate jets and fulfilling the re-
quirements of the electron-jet selection must be greater than two (see Section 4.3.2).
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Figure 4.20: Distribution of jets in the combined plane of the fEM and Ntrack param-
eters. Jets are required to have at least one track, fulfilling the quality criteria of
Section 4.3.2, plus at least one additional track with the relaxed fHT selection criterion
associated with a jet. Track pT requirement is loosened to 2 GeV. Electron-jets in
simulated signal process (red histogram) and hadronic jets in simulated W+jets back-
ground process (dark-blue histogram) are shown. Simulated MC sample for three-step
model, mγd = 100 MeV, is taken for electron-jets. Dashed lines indicate the electron-
jet selection criteria. In the ABCD method of background determination, events in the
data are assigned to one of four regions depending on whether or not jets in event meet
the fEM and Ntrack selection criteria, as described in Section 4.4.2.

(B) Anti-track quality region: At least one jet must fail the associated track require-
ments of the electron-jet selection. Each of the two candidate jets must have two
associated tracks separated by ∆R < 0.1, both tracks satisfying looser requirements
pT ≥ 2 GeV and fHT > 0. At least one of these tracks must fail the requirement
fHT > 0.08.

(C) Anti-fEM region: At least one jet must fail the condition fEM ≥ 0.99.

(D) Anti-track quality and anti-fEM region: Both conditions “B” and “C” are ful-
filled.

4.4.2.1 Monte Carlo correction factor, cMC

In ABCD method it is important that the two considered selection criteria are uncorre-
lated. In some cases, however, it is impossible to find completely uncorrelated variables,
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as is the case in our analysis. Here, the two selection criteria are fEM and the track-
quality conditions. These two were checked to have the minimal correlation than other
pairs of variables that could have been used, for example, fEM and fCH pair. The residual
correlation is taken into account using modified ABCD formula

Ndata
A /NMC

A

Ndata
C /NMC

C

=
Ndata

B /NMC
B

Ndata
D /NMC

D

(4.16)

or

Npredicted
A ≡ Ndata

A =
Ndata

B Ndata
C

Ndata
D

× NMC
A

NMC
C

NMC
D

NMC
B

(4.17)

Hence, the essence of correction factor in Eq. 4.15, cMC, can be seen

cMC ≡ NMC
A

NMC
C

NMC
D

NMC
B

(4.18)

Equivalently, one can determine the correction factor by re-weighting fEM distributions of
jets fulfilling anti-track quality requirement in the data. The weights are obtained from
Monte Carlo simulation as a relative difference between fEM distributions of jets in the
region with nominal track-quality selection and those in the anti-track quality one. As can
be seen in Fig. 4.21, as re-weighting is applied, the shapes of fEM distributions in the data,
with nominal and anti-track quality selections, agree well within statistical uncertainties.
In other words, the fEM distributions become “decorrelated”. The correction factor is
determined as follows

cMC =
f leading
A,C

f leading
B,D

f second
A,C

f second
B,D

(4.19)

where f denotes the relative fraction of jets fulfilling fEM selection requirement. For
convenience, leading-pT and second-leading jets are treated separately, and are taken
after W selection, fCH selection, and either track-quality selection (A,C) or anti-track
quality selection (B,D). The numbers are obtained using simulated samples (multi-jet
data templates), taken with the appropriate normalization.

4.4.2.2 Alternate ABCD splitting

To estimate the possible dependence on the specific choice of regions in this method,
alternate splitting of regions is performed with omitted requirement of cone separation
between tracks in anti-track quality selection. As can be seen in Fig. 4.22, in that case, the
difference between shapes of fEM distributions with track-quality and anti-track quality
selections is higher than that of the baseline anti-track quality definition. In other words,
the correlation between fEM and track-quality jet selection criteria is much higher in this
case, and the correction factor is cMC = 0.08. The event yields in all regions are given in
Table 4.7 for two considered types of ABCD selection. The predicted background yields
in the signal region are shown in Fig. 4.23 with the corresponding statistical uncertainties
originating from small number of events in region ‘B’. Finally, the background prediction
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Figure 4.21: Distribution of jet electromagnetic fraction, fEM, for leading-pT (left) and
second-leading-pT (right) jets, after the W selection. Red histograms correspond to
events where jets fulfil nominal track-quality selection criteria, while black histograms
correspond to events falling into anti-track quality region. Jets are required to fulfil ET

and η requirements. The distributions are shown for (a) data, (b) for combination of
properly normalized simulated MC samples and multi-jet data templates, and (c) for
data after re-weighting fEM jet distributions in anti-track geniality region, as described
in Section 4.4.2.1.
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Figure 4.22: Distribution of jet electromagnetic fraction, fEM, for leading-pT (left) and
second-leading-pT (right) jets, after the W selection. Red histograms correspond to
events where jets fulfil nominal track-quality selection criteria, while black histograms
correspond to events falling into anti-track quality region. Jets are required to fulfil
ET and η requirements. The distributions are shown for (a) data, (b) for combina-
tion of properly normalized simulated samples and multi-jet data templates, and (c)
for data after re-weighting fEM jet distributions in anti-track geniality region (c), as
described in Section 4.4.2.1. Anti-track quality region with omitted ∆R-requirement
(Section 4.4.2.2) is used here.
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Figure 4.23: The predicted background yield as obtained with ABCD method, given
with respect to two different selection of ABCD regions, considered in the analysis. The
first selection is taken as a baseline, since the MC correction factor is minimal in this
case. The difference between two yields is treated as a systematic uncertainty of the
method.

Data Expected Expected
background signal, mH = 100 GeV

Baseline ABCD selection (I)
A Signal region 0.17 ± 0.07 14.3 ± 1.7
B 2 1.44 ± 0.44 0.4 ± 0.3
C 3913 4287 ± 450 8.6 ± 1.3
D 6071 7885 ± 981 1.0 ± 0.4

Cross-check ABCD selection (II)
A Signal region 0.17 ± 0.07 14.3 ± 1.7
B 8 7.06 ± 1.07 -
C 3913 4287 ± 450 8.6 ± 1.3
D 5993 7686 ± 1143 0.2 ± 0.2

Table 4.7: The expected number of background and signal events in 2.04fb−1of data,
as well as the number of events observed in the data, in each region of ABCD selec-
tion. Two types of ABCD selection are shown. Baseline and cross-check selections are
described in Sections 4.4.2 and 4.4.2.2 respectively. The signal predictions correspond
to the three-step model with mH=100 GeV and mγd=100 MeV. The background ex-
pectations include statistical and systematic uncertainties. The uncertainties shown for
signal are statistical only.
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with this method is

nbckg = 0.46± 0.32 (stat) ± 0.09 (signal contamination) ± 0.02 (ABCD selection)

4.4.3 Background determination with the matrix method

In the matrix method, one defines a “loose” electron-jet selection criterion by relaxing
the minimum track pT requirement from 5 GeV to 2 GeV. The fraction f is the ratio of
the number of background jets passing the nominal signal selection NT to that passing
the loose selection NL:

f =
NT

NL

. (4.20)

The following equations, usually referred to in the matrix method [211,212], take place









nTT

nTL

nLT

nLL









=









r2 rf fr f 2

r(1− r) r(1− f) f(1− r) f(1− f)
(1− r)r (1− r)f (1− f)r (1− f)r
(1− r)2 (1− r)(1− f) (1− f)(1− r) (1− f)2
















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







(4.21)
Here, r is the ratio of the number of electron-jets in a signal sample passing the nominal
signal selection to that passing the loose selection. nTT , nTL, and nLL denote respectively
the number of events in the data with two jets fulfilling the tight requirement, with one
jet fulfilling tight requirement and other one fulfilling loose and failing tight requirement,
and with two jets, both fulfilling loose and failing tight requirement. nRR, nFR and nFF

denote the number of events with two jets that satisfy loose criteria, with both jets being
electron-jets, with one electron-jet and one background jet, and with both background
jets respectively. Next, the relative fraction of events featuring one electron-jet and one
background jet that pass the loose selection criterion is zero in our signal

nRF = nFR = 0 (4.22)

Hence, equation 4.21 is simplified











nTT = r2nRR + f 2nFF

nTL + nLT = 2r(1− r)nRR + 2f(1− f)nFF

nLL = (1− r)2nRR + (1− f)2nFF

(4.23)

The number of fake electron-jet background events passing the nominal selection criteria
for two electron-jet candidates and entering the signal region is therefore:

nbkgd = f 2nfake, (4.24)

where nfake ≡ nFF is the number of background events passing the loose criterion for both
electron-jet candidates. On the other hand, neglecting the signal term (1− r)2nRR in the
third line of Eq 4.23, the number of fake electron-jet events in which neither electron-jet
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Figure 4.24: Invariant mass of electron matched to W → eν decay and jet that is
required fulfil loose electron-jet selection criterion of Section 4.4.3, after W → eν se-
lection. Dashed lines indicate the mass window where jets are selected for evaluation
of f̄e parameter. Data are compared to the expectation from SM processes, given by
stacked histograms of different colors.

candidate passes the nominal selection criterion is

nloose = (1− f)2nfake. (4.25)

where nloose ≡ nLL. Combining Eqs. (4.24) and (4.25) yields

nbkgd =
f 2

(1− f)2
nloose = f̄ 2nloose, (4.26)

where f̄ is referred to below as the fake factor. In this way the number of background
events is derived directly from the data events failing to pass the nominal criteria for both
electron-jet candidates (nloose), where the signal contamination has been checked to be
small.

The fake factor f̄ is measured from background-enriched data samples where the signal
contamination is checked to be completely negligible. The first sample is obtained by
reversing the W -candidate electron or muon selection criteria to select a sample of multi-
jet background with kinematic characteristics similar to those of the signal sample. A
fake factor is obtained from the jets in this sample. In the second sample, the fake factor
is determined from a sample of jets that originate from electrons in Z → e+e− decays.
The tight selection criteria and the lepton isolation criteria are applied to one leg of the
Z boson candidate, and the invariant mass of this electron and the candidate jet, me,jet,
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Method of background estimation Estimated background yield
Matrix (baseline) 0.41 ± 0.29 (stat) ± 0.12 (syst)
ABCD (cross-check) 0.46 ± 0.32 (stat) ± 0.10 (syst)
MC (cross-check) 0.21 ± 0.05 (stat) +

−
0.23
0.21 (syst)

Table 4.8: Estimated number of background events after the final selection, including
statistical and systematic uncertainties, from three different methods. The matrix
method is used for the background estimate while the ABCD and MC methods provide
a cross-check of the matrix method.

is required to fall in the range 80 GeV < me,jet < 100 GeV.

f̄hadronic =
172

426
= 0.40± 0.03 from multi-jet data template in W → eν channel

f̄hadronic =
716

1594
= 0.45± 0.02 from multi-jet data template in W → µν channel

f̄e =
214

457
= 0.47± 0.03 from data template as shown in Fig. 4.24

The two fake factors (hadronic and single-electron) are found to be consistent within
statistical uncertainties: 0.44± 0.02 (stat) and 0.47± 0.03 (stat), respectively. The first
value is used in the analysis and the difference between these two estimates is taken
as a systematic uncertainty in the fake factor. The resulting value is f̄ = 0.44 ± 0.04,
where the uncertainty is the sum of the statistical and systematic uncertainties added in
quadrature.

Finally, taking nloose = 2 obtained form the data, the predicted background yield with
this method is

nbckg = 0.41± 0.29(stat)± 0.09(fake factor)± 0.08(signal contamination)

The resulting background yields, together with the evaluated statistical and systematic
uncertainties, are given in Table 4.8. The estimates from the different background eval-
uation methods agree well within the uncertainties.

4.5 Systematic uncertainties

The systematic uncertainties considered for the signal are given in Table 4.9 and described
in detail below:

1. Monte Carlo statistics: The uncertainty due to the limited number of Monte
Carlo signal events is 13%.

2. Luminosity: The uncertainty in the integrated luminosity is determined to be
3.7% [200,201].
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3. Signal cross sections: The uncertainty of the SM WH production cross section
at Higgs mass mH = 125 GeV is +3.7%

−4.3% [213]. For 100 GeV and 140 GeV Higgs mass
the corresponding uncertainties are ±4% [213].

4. Electron and muon efficiency: The combined uncertainty on the efficiency of the
lepton trigger, identification and isolation as well as transverse impact parameter
requirements is found to be 5% for electrons and 3% for muons. The uncertainties
were derived using data-driven methods [195,197].

5. Jet electromagnetic and charged particle fractions (fEM and fCH): The
uncertainty due to possible mismodelling of these parameters, which impacts the
signal acceptance, are studied by comparing the measured fEM and fCH line shape
for jets, which are matched to electron from W -decay, to the one predicted by the
simulation. They are found to be 3% and 0.1% for fEM and fCH, respectively.

6. Fraction of high-threshold hits in the TRT (fHT): Mismodelling of the fHT

distribution in the simulation has been previously studied [163, 195]. The impact
of this mismodelling on the signal efficiency was checked using the data samples,
enriched with highly collimated pairs of electron tracks, as described in Section 4.5.3,
and is found to be less than 1%.

7. Electron and muon energy/momentum scale and resolution: These un-
certainties are evaluated by varying the corresponding correction factors, described
in Sections 4.1 and 4.3.1, within their systematic uncertainties. This results in
the corresponding uncertainties of 0.2%, 0.5% and 0.5% for electron/muon energy
resolution and electron energy scale respectively.

8. Pile-up impact: The effect of additional inelastic collisions overlapping with the
primary hard scatter (pile-up) on the signal efficiency has been evaluated using
simulated signal samples and found to be negligible.

The systematic uncertainties on the background determinations are given in Table 4.10
and are estimated in the following ways:

• Matrix method: The uncertainty is assessed by varying the fake factor within
its uncertainty and is summed in quadrature with the statistical uncertainty on the
number of events observed in the loose region. An uncertainty due to possible signal
contamination is also taken into account. These result in an 80% uncertainty in the
background yield.

• ABCD method: The uncertainty is assessed by employing different region se-
lections in the ABCD method and the difference between yields is treated as a
systematic uncertainty. The uncertainty due to limited statistics in region B is also
considered. The resulting uncertainty in the background yield is 75% with this
method.

• MC method: The largest contributions to the uncertainty on the background
yield are the systematic uncertainty on the MC-based prediction on the probability
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Systematic Source Systematic Uncertainty
(1) Monte Carlo statistics 13%
(2) Luminosity 3.7%
(3) σ × BR +3.7

−4.3%
(4) Electron efficiency 5%
(4) Muon efficiency 3%
(5) fEM modelling 3%
(5) fCH modelling 0.1%
(6) fHT modelling 1%
(7) Electron energy scale 0.5%
(7) Electron energy resolution 0.2%
(7) Muon momentum resolution 0.5%
(8) Pile-up <0.1%

Total 15%

Table 4.9: Systematic uncertainties for the signal. The numbers in parentheses refer to
the descriptions in the numbered list in the text. All uncertainties are applied to the
combination of W → eν and W → µν channels; the only exceptions are the specific
electron and muon uncertainties in items (4) and (7), and are applied separately. The
total uncertainty is conservatively rounded and is given for the combination of channels.

of two or more jets to be incorrectly identified as electron-jets (100%), modelling of
fHT (50%), fCH (10%), fEM (10%). The choice of MC generators and multi-jet data
templates contributes about 10% each, as described in Section 4.5.1. The assigned
theoretical uncertainties on the cross sections are 4% (W → ℓν, Z → ℓℓ), 5%
(W → τν, Z → ττ , WZ/ZZ) and 7% (tt̄, WW ), respectively [190, 191]. Limited
MC sample sizes contributes a 5% uncertainty. The total uncertainty of background
estimation with MC method is 110%.

4.5.1 Choice of MC generator and multi-jet data template

A considerable fraction of background comes from the QCD multi-jet production. The
systematic uncertainty related to the choice of multi-jet data template is estimated from
the comparison of two data templates, corresponding to different ways of relaxing the
muon (electron) isolation criteria (see Figs. 4.25c and 4.25d).

To take into account the possible variation of the background on the parton shower,
underlying event and fragmentation models, further MC samples were checked in addition
to that generated with the baseline MC generators. Namely, SHERPA [186] is compared
with ALPGEN [181], which is used as a primary MC generator for W+jets (Z+jets)
processes, and POWHEG [188] was compeered with M@NLO [185], which is the primary
ATLAS choice for tt̄ processes (see Figs. 4.25a and 4.25b).

The relative difference from two MC generators (two different multi-jet data templates)
is taken as the systematic uncertainty. These uncertainties are used in all figures where
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Systematic Source Systematic Uncertainty

Matrix method (baseline)
Statistics of events in loose region 71%

Possible signal contamination in loose region 20%
Fake factor 22%

Total 80%

ABCD method (cross-check)
Statistics in region B 71%

Possible signal contamination in region B 20%
Selection of ABCD regions 5%

Total 75%

MC method (cross-check)
Uncertainty of probabilistic approach 100%

fHT modelling 50%
fEM modelling 10%
fCH modelling 10%

σ × BR

4% (W → ℓν/Z → ℓℓ)
5% (W → τν/Z → ττ)
7% (tt̄)
7% (WW )
5% (WZ/ZZ)

Luminosity 3.7%
Electron reconstruction efficiency 2%

Electron energy resolution 0.2%
Electron energy scale 0.5%

Electron isolation + impact parameter 4%
Muon isolation + impact parameter 2%

Muon reconstruction efficiency 1.8%
Muon momentum resolution 0.2%

Choice of multi-jet data template 10%
Choice of W/Z+jets MC generator 10%

Choice of tt̄ MC generator 5%
Monte-Carlo statistics 5%

Total 115%

Table 4.10: Systematic uncertainties for the background using three methods of back-
ground determination. All uncertainties are applied to the combination of W → eν and
W → µν channels; the only exceptions are the specific electron and muon uncertainties
in the MC method, and are applied separately. The total uncertainty is conservatively
rounded and is given for the combination of channels.
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Figure 4.25: Distribution of the transverse mass of W candidates, mT (left), transverse
momentum of jests after W selection, pT (middle), and jet electromagnetic fraction
after W selection, fEM (right). Distributions are shown for W+jets simulated samples
(a), tt̄ simulated samples (b), multi-jet data templates used in W → µν channel (c),
and multi-jet data templates of W → eν channel (d). Different MC generators are
compared with each other and the relative difference (dark shaded area) is taken as
a systematic variation due to the choice of particular MC generator (multi-jet data
template).
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data are compared with Monte Carlo predictions, and also in the background estimation
with the MC method.

4.5.2 Modelling of fEM and fCH parameters

The impact of possible mismatches in the modelling the jet fEM and fCH parameters on
the efficiency of signal selection is studied in this section. We make use of the fact that the
distribution of jet fEM and fCH parameters for electron-jets are similar to that of single
high-pT electrons, and, in particular, to that of the jets that are matched to electrons
from W -decay, as shown in Fig. 4.26. To estimate the systematic uncertainty, the toy
Monte Carlo signal samples are generated as shown in Fig. 4.27. They are produced
using either regular fEM (fCH) distribution or the one, corrected for data/MC difference,
which is taken from Fig. 4.26. The distribution of jet fEM and fCH in toy MC samples
are shown in Fig. 4.26(a). About 100 toy Monte Carlo signal samples are generated
for each parameter using regular and corrected distributions (400 samples total). The
relative difference between two yields, obtained before and after the correction, is taken
as a corresponding systematic uncertainty, and is found to be about 0.1% and 3% for fCH

and fEM parameters respectively.

4.5.3 Modelling of fHT parameter

The observed probability of high-threshold (HT) hits in TRT is not modelled perfectly in
the MC simulation. The HT probability in data is measured to be significantly higher than
in MC, resulting in a better than expected electron identification performance [163,195].
This effect is most evident at |η| > 0.6. In our analysis we employ the fraction of HT hits
in TRT, fHT, for identifying tracks from electrons in electron-jets. Since the hypothetical
signal comprises pairs of highly collimated electrons, it is of high importance to check
whether fHT parameter is properly modelled in case of close-by electron-tracks, and to
study the impact of possible mismodelling on the efficiency of signal selection. The
data template, enriched with Z → ee events, is used for this purpose. Selected events
are required to have transverse momentum Emiss

T ≤ 25 GeV, at least one tight isolated
electron per event, as that of Section 4.3.1, and at least one jet, where jets must satisfy
the electron-jet selection criteria (see Section 4.3.2) with the omitted Ntrack requirement.
The invariant mass of selected electron and jet, me,jet, is required to fall into the range
80 GeV< me,jet <100 GeV. As seen in Fig. 4.28, the sample is dominated by Z → ee
events, while the contribution of other processes is negligible. The distribution of jets in
this sample with respect to fHT of leading-pT track in the jet is shown in Fig. 4.29, for
different η regions. The mismodelling of fHT is clearly seen.

Next, to get a data sample, enriched with highly-collimated electron pairs, the further
selection is applied to the jets in the sample considered above, requiring at least one
companion track with pT ≥5 GeV in addition to leading-pT track in the jet. The cone
separation between leading and second-leading tracks is required to be ∆R < 0.02, similar
to what is expected for sought signal. The additional tracks in the selected sample
originate from bremsstrahlung photons that are radiated by hard electrons and that
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Figure 4.26: Distribution of the jet fEM (top) and fCH (bottom) parameters for jets
that are matched to electrons of W candidate. Jets are required to fulfil ET and η
selection criteria of Section 4.3.2. Dashed lines indicate the values of fEM and fCH

electron-jet selection criteria.
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Figure 4.27: (a) distribution of the jet electromagnetic fraction, fEM, and jet charged
particles fraction, fCH (right) in the toy Monte Carlo signal samples. (b) the distribu-
tion of toy Monte Carlo signal samples with respect to the number of events observed
in the signal region, after the final selection of Section 4.3.2. Solid lines correspond to
toy Monte Carlo samples generated using regular fEM (left) and fCH (right) distribu-
tions, and dashed lines are for that generated with corrected fEM (left) and fCH (right)
distributions.
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Figure 4.28: Invariant mass of tight isolated electron and jet, after fEM and fCH selec-
tion, and Emiss

T ≤ 25 GeV requirement (left), and pseudorapidity of jet, η, after invari-
ant mass requirement (right). Dashed lines indicate the mass window where events are
selected for studies of fHT parameter, as described in Section 4.5.3.

convert to electron-positron pairs in the material of the detector. The data to MC ratios
of fHT distributions are shown in Fig. 4.30 for leading-pT and sub-leading-pT tracks in
the jets in the considered sample. Different η regions are considered, similar to that in
Fig 4.29. As can be seen from the figure, the same mismodelling as for single-electron
tracks also takes place for highly-collimated pairs of electron-tracks.

To estimate the systematic uncertainty of signal efficiency due to fHT missmodelling,
toy signal MC samples are generated, using either regular fHT distributions, or those,
corrected for data/MC discrepancy, as shown in Fig. 4.31. The relative difference between
signal yields obtained with and without correction is taken as a systematic uncertainty
of fHT modelling, and is found to be 0.1%. In spite of the fact that mismodelling of fHT

is high, the uncertainty of signal selection efficiency due to this effect is small. This is
because the requirement of fHT ≥ 0.08 has a high efficiency for electrons, retaining most
of the signal. This is not the case for the background. Namely, the fHT selection criteria
rejects hadrons with about 90% efficiency, keeping only those, which are in the tail of fHT

distribution. Therefore, the uncertainty of background determination with MC method
due to this effect is as large as 50% (see Table 4.10).
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Figure 4.29: The distribution of fraction of high-threshold TRT hits, fHT, for leading-
pT track in the jets, after the fEM, fCH and invariant mass selection, as described in
Section 4.5.3. Five η regions are considered, |η| < 0.625 (top-left), 0.625 < |η| < 1.07
(top-middle), 1.07 < |η| < 1.304 (top-right), 1.304 < |η| < 1.752 (bottom-left), and
1.752 < |η| < 2.0 (bottom-right). The η regions are chosen similar to that in Ref. [195].
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Figure 4.30: Data versus MC ratio for fHT distributions of tracks in the jets in the
Z → ee-enriched data sample. Each figure correspond to one of η regions, similar to
those in Fig. 4.29. Black dots correspond to leading-pT tracks in the jets, which are
shown as well in Fig. 4.29, while red (blue) dots correspond to leading-pT (sub-leading-
pT) tracks in the jets, where jets are required to have at least one companion track in
addition to the leading track, as described in Section 4.5.3.
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Figure 4.31: Distribution of the fHT of electron-tracks in the toy MC signal samples,
for five η regions (a – e), and the distribution of toy MC samples with respect to the
event yield, observed in the signal region (d). Toy MC samples are generated using
either default (solid line) or corrected (dashed line) fHT distributions, as described in
Section 4.5.3.





5
Results

5.1 Final yields

The observed and predicted event yields after the final selection are shown in Table 5.1
and Fig. 5.1. The event yield in the signal region is consistent with the background-only
hypothesis, with one data event passing the final selection in the W → µν channel and no
data events passing the final selection in the W → eν channel. The display of candidate
data event is shown in Appendix 7.2.

Consequently one estimates a 95% confidence limit on the signal strength, σ(WH) ×
BR(H → e-jets)/σSM(WH), where σ(WH) denotes the WH production cross section
times the sum of the branching ratios for the W boson decaying to leptons (eνe, µνµ, τντ )

Signal three-step model two-step model
mH (GeV) mγd = 100 MeV mγd = 200 MeV mγd = 100 MeV mγd = 200 MeV

100 14.3 ± 1.7 ± 0.8 12.4 ± 1.6 ± 0.7 22.6 ± 2.1 ± 1.2 23.5 ± 2.1 ± 1.2
125 11.3 ± 1.0 ± 0.6 10.7 ± 1.1 ± 0.6 16.2 ± 1.2 ± 0.9 18.1 ± 1.4 ± 1.0
140 9.6 ± 0.8 ± 0.5 9.0 ± 0.8 ± 0.4 13.7 ± 0.9 ± 0.8 13.9 ± 0.9 ± 0.8

Background 0.41 ± 0.29 ± 0.12
Data 1

Table 5.1: Numbers of expected and observed events after final selection. Expected
signal yields are provided for both the three-step and two-step models with dark photon
masses of 100 and 200 MeV. Statistical (first) and systematic (second) uncertainties are
presented separately. The results are given for the combination of the W → eν and
W → µν channels. One candidate event is observed in the data in the W → µν channel.
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Figure 5.1: Distribution of events after (top) W → eν and (bottom) W → µν selection
with respect to the number of tagged electron-jets per event. Data are shown by dots
with error bars and are compared to the expectation from Standard Model processes,
given by stacked histograms of different colors. The signal distribution in the three-
step model of a hidden sector with dark photon mass mγd = 100 MeV is presented as
a dashed histogram with a nominal scale, i.e., assuming SM value for WH production
cross section and 100% branching ratio of a Higgs boson decaying to electron-jets.
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Signal three-step model two-step model
mH (GeV) mγd = 100 MeV mγd = 200 MeV mγd = 100 MeV mγd = 200 MeV

100 15.5 ± 1.7 ± 0.8 12.6 ± 1.6 ± 0.7 15.7 ± 1.7 ± 0.9 18.6 ± 1.8 ± 1.0
125 11.2 ± 1.0 ± 0.6 10.0 ± 1.0 ± 0.6 11.9 ± 1.0 ± 0.6 13.3 ± 1.1 ± 0.7
140 9.4 ± 0.8 ± 0.5 9.2 ± 0.8 ± 0.5 10.5 ± 0.8 ± 0.6 10.0 ± 0.8 ± 0.5

Background 0.28 ± 0.20 ± 0.06
Data 0

Table 5.2: Numbers of expected and observed events after final selection using alter-
nate electron-jet identification, described in Appendix 7.1. Expected signal yields are
provided for both the three-step and two-step models with dark photon masses of 100
and 200 MeV. Statistical (first) and systematic (second) uncertainties are presented
separately. Background yield is determined with the matrix method. No candidate
events are observed in the data.

and σSM(WH) is the corresponding SM expectation [213] for this quantity (σSM(WH) =
223+8

−10 fb for the Higgs boson mass of 125 GeV). BR(H → e-jets) denotes the branching
ratio for Higgs boson decays to electron-jets. Limits are derived using the CLs technique
[214], as described below.

5.1.1 Final yields using the alternate electron-jet identification

In addition to the baseline analysis, the alternate analysis using complementary electron-
jet identification was performed, as described in Appendix 7.1, requiring three tracks per
electron-jet instead of two of baseline analysis, with lower pT cut of tracks. This analysis
was performed in order not to miss the potential signal, featuring very high multiplicity
of electrons in the electron-jet (about ten electrons per electron-jet and higher).

The event yields for alternate analysis are shown in Table 5.2, with no events passing
the final selection, consistent with the background-only hypothesis. The results of the
alternate analysis are not taken into account for the limit setting, and are aimed to
complement the baseline results only.

5.2 Limits

5.2.1 Description of CLs method

There are a few different ways of interpreting results in high-energy physics experiments.
These are usually tied to either Bayesian or frequentist approaches (for a useful discussion
see Ref. [215]). It has been argued in [214] that the CLs method, which is the frequentist
approach by construction, is the appropriate method if the absence of sought signal is
clear and one is interested in setting limit on a particular signal model. The CLs method is
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usually employed for this purpose in the ATLAS experiment. For brevity, let us introduce
the following notations

CLs+b ≡ P (ns+b ≤ n0)

CLb ≡ P (nb ≤ n0) (5.1)

CLs ≡ P (ns+b ≤ n0|nb ≤ n0) =
P (ns+b ≤ n0)

P (nb ≤ n0)

where n0 is the number of events observed in the data, CLs+b is the probability of ob-
serving ns+b ≤ n0 events under signal+background hypothesis, CLb is the probability of
observing nb ≤ n0 under the background-only hypothesis, and CLs is the probability of
observing ns+b ≤ n0 events given there are already nb ≤ n0 background events under
signal+background hypothesis.

At this point, one can usually hear of “the signal strength µ = x is excluded at a 95%
confidence level”, where x is some particular number. That is, CLs < 5% – for any
signal strength µ ≥ x, where µ = 1 corresponds to the nominal signal hypothesis1. In
the idealized case when signal and background hypothesis do not comprise systematic
uncertainties, the signal and background yields are described by the Poison statistics.
The systematic uncertainties are introduced as a nuisance parameters

P (n|s) =
∫

(Λs · α)ne−(Λs·α)

n!
fs(α)dα,

P (n|b) =
∫

(Λb · β)ne−(Λb·β)

n!
fs(β)dβ, (5.2)

∫

αfs(α)dα =

∫

βfb(β)dβ = 1

where P (n|s) (P (n|b)) is the probability of obtaining n signal (background) events, Λs

(Λb) is the expected signal (background) yield, and α (β) is the signal (background)
nuisance parameter, which represents the corresponding signal (background) systematic
uncertainty2 with the corresponding probability density function fs(α) (fb(β)). The prob-
ability of obtaining n events in the combined signal plus background hypothesis is there-
fore

P (n|s+ b) =
n
∑

ns=0

P (ns|s)P (n− ns|b) (5.3)

Then, CLs is expressed through P (n|s+ b) and P (n|b) as follows

CLs =

∑n0

n=0 P (n|s+ b)
∑n0

n=0 P (n|b) (5.4)

1In case of our analysis, the signal strength is

µ ≡ σ(WH)× BR(H → e− jets)/σSM(WH)

where nominal signal hypothesis refers to the SM value for WH production cross section and 100%
branching ratio of a Higgs boson decaying to electron-jets.

2For clarity, it is assumed that there is only one source of systematic uncertainty.
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Figure 5.2: An illustration of limit setting procedure. Red and blue histograms de-
pict the probability densities of log-likelihood ratio, obtained from pseudo-experiments
using signal + background and background-only hypotheses, respectively. The black
vertical line indicates the value of log-likelihood ratio observed in the experiment. The
background yield is determined as described in Section 4.4 and signal corresponds to
the three-step model with mH = 100 GeV and mγd = 100 MeV. Each plot corresponds
to one of ten values of signal strength, with signal strength ranging from zero (top-left)
to unity (bottom-right).

In practice, for limit setting purpose it is more convenient to deal with the so-called
likelihood ratio, Q = P (n|s + b)/P (n|b), or log-likelihood ratio, −2 ln(Q), instead of n0.
This is due to the fact that usually the result of experiment can not be expressed in
terms of one single observable (number of events in the single-count experiment). In a

more general case, the likelihood ratio, Q( ~X) is the ratio of the probability densities for

a given experimental result ~X for two alternate hypothesis. In searches for new physics
an appropriate likelihood ratio is Q = L( ~X, s+ b)/L( ~X, b), that is the ratio of probabil-
ity density for the signal+background hypothesis to the signal-free or background-only
hypothesis [215]. This enables one to map the experimental result ~X onto one single vari-

able, Q( ~X). Given the particular value of likelihood ratio, Q0, obtained in the experiment,
the CLs is therefore

CLs =

∫∞
Q0

Ps+b(Q)dQ
∫∞
Q0

Pb(Q)dQ
(5.5)

where Ps+b(Q) and Pb(Q) are the probability densities of likelihood ratio, obtained from
the pseudo-experiments generated using signal plus background and background-only hy-
potheses, respectively. An illustrative example is shown in Fig. 5.2, where the probability
densities are depicted as a functions of −2 ln(Q) together with the values of log-likelihood
ratio, −2 ln(Q0), observed in the experiment. Literally, the CLs for each plot in the figure
is the ratio of the dashed red area to the dashed blue area. The meaning of log-likelihood
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Model mγd (MeV) Observed Expected -1σ +1σ -2σ +2σ
three-step 100 0.39 0.37 0.30 0.53 0.28 0.73
three-step 200 0.45 0.44 0.36 0.63 0.34 0.81
two-step 100 0.29 0.28 0.24 0.35 0.19 0.55
two-step 200 0.24 0.24 0.25 0.36 0.23 0.55

Table 5.3: The 95% CL upper limits on the signal strength, σ(WH) × BR(H → e-
jets)/σSM(WH), for a Higgs boson mass of 125 GeV for different choices of the hidden-
sector model parameters. Here, σ(WH) is the WH production cross section times
the sum of the branching ratios for the W boson decaying to leptons (eνe, µνµ, τντ ),
σSM(WH) is the corresponding SM expectation and BR(H → e-jets) is the branching
ratio for Higgs boson decays to electron-jets.

ratio becomes intuitively clear if one think of it as follows: the “signal-like” outcome of
experiment tends to have low value of −2 ln(Q), while that of background-only is more
likely to occur at the higher end of the log-likelihood ratio range.

For the nuisance parameter, either truncated Gauss, Gamma or LogNormal probability
density functions are usually employed [216]. When the uncertainty of predicted event
yield is dominated by the statistical uncertainty of counting events in a control region, like
in the matrix method (Section 4.4.3), it is a most accurate to describe the systematic un-
certainty with a Poisson distribution. It is shown in [216] that Poisson probability density
together with a uniform prior leads to a Gamma posterior, thus, this type of nuisance-
parameter constrain is often called a “gamma”. This type of constrain is incorporated
for the systematic uncertainties in the present analysis.

5.2.2 Limit setting results

The limits on a signal strength are presented in Fig. 5.3 and Table 5.3 for both the three-
step and two-step models. As can be seen from Fig. 5.4, the results are compatible within
the statistical uncertainty of the signal for both dark photon masses mγd = 100 MeV and
200 MeV. The likelihoods are given by the Poisson distribution for the total number of
events in the signal region and are calculated using the number of expected and observed
events, whereby the results of the electron and muon channels are summed and enter
the likelihood function together. The corresponding signal and background systematic
uncertainties are incorporated into the likelihoods as nuisance parameters with Gamma
probability density functions [216]. Assuming that the WH cross section has the SM
value, for the specific set of hidden-sector parameters chosen here, the analysis excludes
Higgs boson branching ratios to electron-jets between 24% and 45% for mH = 125 GeV
at 95% confidence level.
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Figure 5.3: Observed and expected 95% CL upper limits on the signal strength,
σ(WH) × BR(H → e-jets)/σSM(WH), as a function of the Higgs boson mass for the
(a) three-step and (c) two-step models of a hidden sector with a dark photon mass
mγd = 100 MeV, and for the (b) three-step and (d) two-step models of a hidden sector
with a dark photon mass mγd = 200 MeV. The dark (light) shaded band contains 68%
(95%) of the outcomes of pseudo-experiments generated under the background-only
hypothesis.
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Figure 5.4: Observed and expected 95% CL upper limits on the signal strength,
σ(WH) × BR(H → e-jets)/σSM(WH), as a function of the Higgs boson mass for the
(left) three-step and (right) two-step models of a hidden sector with a dark photon mass
mγd = 100 MeV. The dark (light) shaded band contains 68% (95%) of the outcomes of
pseudo-experiments generated under the background-only hypothesis. For convenience,
the observed limits for the same signal models with a dark photon mass mγd = 200
MeVare shown as well (red line).



6
Conclusions

A search is presented for a light Higgs boson decaying to a light hidden sector and
subsequently into highly collimated jets of electrons, which are expected to be seen in
the detector as distinct objects called “electron-jets”. The analysis has been performed
using 2.04 fb−1 of proton–proton collision data at

√
s=7 TeV, collected with the ATLAS

detector at the LHC in 2011.

The search is performed in the WH production mode with the choice of hidden-sector pa-
rameter space resulting in Higgs boson decaying into prompt electron-jets. The electron-
jet identification method presented here provides good discrimination against background
sources and avoids sensitivity to the detailed topology of the electrons within the electron-
jet.

The observed data are consistent with the Standard Model background hypothesis. Con-
sequently, 95% confidence level limits are set on the WH production cross section times
the branching ratio into electron-jets, assuming the two benchmark models of a hidden
sector and the condition of a dark photon mass below 210 MeV.

So far, no direct evidence of a Higgs boson decaying to lepton-jets has been seen. This
fact is yet another confirmation that the Higgs boson, recently observed by ATLAS and
CMS collaborations, is more likely to be the Standard Model Higgs boson. However,
at the moment this dissertation was finished, the ATLAS experiment has completed
collecting a data set of proton–proton collision at

√
s=8 TeV, which comprises ten times

more statistics than that, upon which the presented analysis is done. The analysis of
this data would allow to probe a lower branching fractions of a Higgs boson decaying
to electron-jets, and, hence, to seek for a more subtle hidden-sector effects. Moreover,
the order-of-magnitude higher statistics also encourages to look for electron-jets in ZH
production channel, in addition to WH. While it has about ten times lower cross-section
than WH, the background is substantially lower in this case. Also, due to the fact that
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the leptonic decays of Z boson have no invisible decay products, one can reconstruct the
invariant mass of the Higgs decay products. As a result, this mode provides much cleaner
environment for lepton-jet analysis.

In addition to electron-jets, it is of high importance to look also for muon-jets. There seem
to be no clear preference on either electron or muon decay modes in hidden-sector models,
although some authors even claim the models with muons fit the the data somewhat
better [217].

Finally, an important ingredient of lepton-jet investigation is the search for the direct
Higgs production with a Higgs boson decaying to lepton-jets. This channel has orders of
magnitude higher cross-section, though with a substantially higher relative background.
It also represents a challenge to experimentalists, since triggering on lepton-jets that are
produced in the Higgs decays is a highly non-trivial task.

In conclusion, we should note that the lepton-jet search programme has just made its
first – although very important steps. A small part of data collected by the ATLAS
detector have been analysed so far, and a broad activity is now underway at ATLAS,
targeted at the analysis of the full data set. The models featuring hidden sector remain
among the most natural candidates for the dark matter, capable of simultaneous elegant
explanation of various astrophysical observations. Hence, it is important to keep track of
possible manifestation of hidden sectors at colliders – of lepton jets.



7
Appendices

7.1 Data analysis with alternate electron-jet identification

In the 3-step model the multiplicity in the electron jets may vary up to about ten electrons
per lepton jet [70,71]. The average transverse momentum of electrons is in this case much
lower than in case of the 2-step model. To ensure we do not miss this peculiar signal, an
analysis with alternate electron-jet identification was performed in addition to baseline
analysis. It is completely identical to the baseline analysis with the only exception for
track selection criteria. In the alternate analysis the track pT requirement is relaxed to
2 GeV (instead of 5 GeV) and at-least 3 tracks are required per electron-jet (instead of
2).

The background in this case is estimated using ABCDmethod only. Events are assigned to
one of four regions according to whether or not the jets meet the fEM and the track-quality
conditions of the electron-jet classification. The regions B and D are defined similar to
that of Section 4.4.2, A is the signal region, and C is the region where one or both
jets fail fEM selection requirement. Similar to baseline analysis, the residual correlation
between two considered selection criteria is removed by re-weighting fEM distributions of
jets fulfilling anti-track quality requirement in the data. The weights are obtained from
Monte Carlo simulation as a relative difference between fEM distributions of jets in the
region with nominal track-quality selection, and those in the anti-track quality one. As
the re-weighting is applied, the shapes of fEM distributions in the nominal and anti-track
quality regions agree well within statistical uncertainties (Fig. 7.1). The event yields
in different ABCD regions are given in Table 7.1. The background prediction with this
method is

nbckg = 0.28± 0.20 (stat) ± 0.06 (signal contamination) ± 0.01 (ABCD selection)
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Data Expected Expected
background signal, mH = 100 GeV

A Signal region 0.23 ± 0.09 15.5 ± 1.8
B 2 1.44 ± 0.44 0.4 ± 0.3
C 4447 4630 ± 592 8.5 ± 1.3
D 6071 7885 ± 981 1.0 ± 0.4

Table 7.1: The expected number of background and signal events in 2.04fb−1of data,
as well as the number of events observed in the data, in each region of ABCD selection.
The alternate electron-jet selection is used (Section 7.1). The signal predictions corre-
spond to the three-step model with mH=100 GeV and mγd=100 MeV. The background
expectations include statistical and systematic uncertainties. The uncertainties shown
for signal are statistical only.

The expected signal and background yields as the final selection is applied are given in
Section 5 for comparison.

7.2 Event displays

The event display of candidate W → µν+2 electron-jets event is shown in Fig.7.2. The
illustration of simulated signal event is shown in Fig. 7.3.
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Figure 7.1: Distribution of jet electromagnetic fraction, fEM, for leading-pT (left) and
second-leading-pT (right) jets, after the W selection. Red histograms correspond to
events where jets fulfil alternate-nominal track-quality selection criteria (Section 7.1),
while black histograms correspond to events falling into anti-track quality region. Jets
are required to fulfil ET and η requirements. The distributions are shown for (a)
data, (b) for combination of properly normalized simulated MC samples and multi-jet
data templates, and (c) for data after re-weighting fEM jet distributions in anti-track
geniality region. The re-weighting procedure is described in Section 4.4.2.1.
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Figure 7.2: ATLAS event display of the candidate W → µν+2 electron-jets event
observed in the data. Tracks with pT ≥ 2 GeV are shown. The electron-jet candidates
are displayed with red and green wedges and the muon candidate is shown with a blue
line crossing the muon spectrometer. Missing transverse momentum is shown with the
yellow arrow in the left and bottom sub-plots and with the orange tower in the lego-
plot. The blue tower in the lego-plot marks the muon and the green ones are the EM
clusters. The calorimeter cells are tagged as follows: yellow – LAr cells, green – tile
calorimeter cells, magenta – forward calorimeter.
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Figure 7.3: ATLAS event display of simulated event of W → eν + Higgs decaying
to electron-jets. The three-step model with dark photon mass 100 MeV is used to
produce the event. Tracks with pT ≥ 2 GeV are shown. The electron-jets are displayed
with green and blue wedges and the red wedge corresponds to electron from W-decay.
Missing transverse momentum is shown with the yellow arrow in the left and bottom
sub-plots and with the orange tower in the lego-plot. The EM clusters are shown with
the green towers in the lego-plot. The calorimeter cells are tagged as follows: yellow –
LAr cells, green – tile calorimeter cells, magenta – forward calorimeter.





8
Povzetek doktorskega dela

8.1 Uvod

Nova doba v fiziki se je začela, ko so v Velikem hadronskem trkalniku (Large Hadron
Collider, LHC, CERN, Ženeva) začeli krožiti prvi stabilni žarki protonov. Trenutno je
Standardni model (SM) zelo uspešna teorija narave na energijskih skalah do okoli 100
GeV in vzdrži različne eksperimentalne teste z izjemno natančnostjo. V lanskem letu
so fiziki na eksperimentih ATLAS [1] in CMS [2] na LHC objavili odkritje Higgsovega
bozona – to je prvi osnovni delec s spinom, drugačnim do sedaj znanih umeritvenih
bozonov s spinom 1 in fermionov s spinom 1/2 - zadnji manjkajoči košček v Standardnem
modelu. Navkljub uspehu pa obstajajo vidiki, ki jih v SM ne moremo obravnavati.
Kot prvo je Standardni model kombinirana teorija elektrošibke in močne interakcije in
tako ne vključuje opisa gravitacije. Naslednja pomanjkljivost je, da ne razloži rezultatov
astrofizikalnih eksperimentov. Iz opazovanj gibanja oddaljenih galaksij in iz rezultatov
gravitacijskega lečenja sklepamo, da snov, ki jo lahko vidimo, predstavlja samo približno
20% mase v vesolju [6,7], pri čemer izvor preostalih 80% ostaja neznan. Ta neznana snov
se imenuje temna snov (TS) in ni opisana v SM. Zaznamo jo samo preko gravitacijskih
vplivov na gibanje galaksij in svetlobe, ki prehaja skozi. Temna in vidna snov skupaj
predstavljata približno 25% energije v vesolju, medtem ko drugih 75% prinaša temna
energija, ki je odgovorna za to, da se naše vesolje širi s pozitivnim pospeškom [7,9]. Izvor
temne snovi in temne energije ostaja skrivnost.

Najbolj privlačni kandidati za temno snov so slabo interagirajoči masivni delci (Weakly
Interacting Massive Particle – WIMP), ki se najbolj naravno pojavljajo v supersimetričnih
modelih. Za te delce se domneva, da imajo maso do 10 TeV in sodelujejo samo v šibkih
interakcijah. Sipalni presek anihilacije temne snovi na elektrošibki skali avtomatično
ustvarja pravo količino temne snovi v današnjem vesolju. To dejstvo je znano kot WIMP
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čudež [64]. Vendar pa je vrsta eksperimentov s kozmičnimi žarki in z iskanjem temne
snovi v zadnjem desetletju prinesla nove rezultate, ki jih je težko razložiti v običajnih
WIMP modelih. Iz med teh so najpomembneǰse meritve toka elektronov in pozitronov, pa
tudi meritve relativnega deleža pozitronov glede na elektrone v kozmičnih žarkih [10–14].
Običajni WIMP modeli ne morejo razložiti elektronske (pozitronske) anomalije iz dveh
glavnih razlogov: kot prvo, sipalni presek anihilacije temne snovi mora biti dva reda
velikosti večji kot sipalni presek ki ustvari pravo količino temne snovi v današnem vesolju;
kot drugo, temna snov se mora anihilirati samo v leptone, ne pa tudi v hadrone.

Arkani-Hamed [19] je predlagal privlačno rešitev, da bi uskladili nesoglasja med as-
trofizikalnimi anomalijami, ki so jih nedavno opazili, in običajnimi modeli temne snovi.
Predlagan je bil obstoj novega sektorja delcev, skriti sektor. Polja skritega sektorja ne
sodelujejo v interakcijah, ki obstajajo v Standardnem modelu. Vendar pa delci skritega
sektorja interagirajo s fotonom, Z bozonom, in Higgsovim bozonom Standardnega modela
preko tako imenovanih portalov. Najbolj pomemben portal je tako imenovano kinetično
mešanje [20], ki povezuje hipernaboj Standardnega modela z umeritvenim bozonom, ki
ustreza Abelovi grupi skritega sektorja. Ta bozon se imenuje temni foton. Pomembna
predpostavka je, da temna snov sodeluje v interakcijah skritega sektorja. Dalje, če je
temni foton masiven in njegova masa približno 100 MeV – 1 GeV, potem: (1) zaradi
interakcije s skritim sektorjem se temna snov anihilira ali razpade samo v leptone (elek-
trone ali mione), ne pa tudi v hadrone; (2) zaradi prisotnosti masivnega temnega fotona
se sipalni presek anihilacije poveča preko Sommerfeldovega mehanizma [21] in tako lahko
opǐse visok tok elektronov in pozitronov ki ga eksperimentalno opazimo.

Pomemben atribut modelov skritega sektorja so tako imenovani leptonski pljuski. To so
kolimirani snopi elektronov ali mionov, ki nastanejo v razpadih temne snovi ali delcev
Standardnega modela preko interakcij s skritim sektorjem. Potencialno odkritje lepton-
skih pljuskov na LHC bi lahko namigovalo na izvor temne snovi ter pokazalo signal nove
fizike.

Iskanje leptonskih pljuskov je zelo pomembno tudi z vidika nedavnega odkritja Higgsovega
bozona [1,2]. Odkritje je skladno z opazovanjem Higgsovega bozona Standardnega mod-
ela [22–24]. Okrepitev ali zavrnitev hipoteze Higgsovega bozona Standardnega modela
je trenutno izjemno pomebna in s tem iskanje razpadov Higgsovega bozona, ki v Stan-
dardnem modelu ne obstajajo, zlasti razpadov v leptonske pljuske. Poleg Higgsovega
bozona pa lahko obstaja tudi druga vrsta skalarnih polj, ki se pojavljajo v Higgsovem
sektorju v številnih razširitvah Standardnega modela, in leptonski pljuski lahko predstavl-
jajo pomeben kanal za odkritje nove fizike.

V doktorskem delu je predstavljeno iskanje razpadov Higgsovega bozona v
elektronskih pljuskih v WH kanalu produkcije Higgsovega bozona. To je prvo
iskanje tovrstnih signatur. Doktorsko delo vsebuje podrobno študijo, na kateri
temelji članek [25].
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Slika 8.1: Diagrami, ki ponazarjajo razpad Higgsovega bozona na delce skritega sektorja
preko tristopenjske kaskade (levo) in dvostopenjske kaskade (desno). Vsak delec hd,2
lahko razpade na dva temna fotona γd ali na dva stabilna skalarja nd, z razvejitvenimi
razmerji, ki so prikazani v tabeli 8.1.

8.2 Teoretični model

V tem delu upoštevam dva modela, obravnavana v viru [71]. Modela se razlikujeta
v načinu, kako Higgsov bozon razpade; preko tristopenjske kaskade (slika 8.1 levo) ali
dvostopenjske kaskade (slika 8.1 desno) v skritem sektorju. V obeh modelih so obravna-
vane mase delcev skritega sektorja znatno nižje od mase Higgsovega bozona, s čimer ima
topologija razpada Higgsovega bozona dva pljuska. Ti modeli vsebujejo temni foton γd, ki
se kinetično meša s fotonom Standrdnega modela [79, 80], nevtralni šibko-interagirajoči
skalar, nd, in dva skalarja skritega sektorja, hd,1 in hd,2. Če je vrednost kinetičnega
mešanja več od 10−5, imajo temni fotoni zelo kratek življenjski čas. Zato izbrana vrednost
kinetičnega mešanja 10−4, priporočena v viru [71], zagotavlja, da so razpadi razpadnih
produktiov Higgsovega bozona takoǰsnji. Masa temnega fotona v teh modelih mora biti
manj kot 2 GeV, da bi lahko uspešno opisali rezultate eksperimentov s kozmičnimi žarki
in z iskanjem temne snovi [11–14], ki opazijo nepričakovan presežek elektronov in poz-
itronov v kozmičnih žarkih, medtem ko ne opazijo nobenega presežka protonov. Če ima
γd maso pod 210 MeV, razpade izključno v e+e− pare. V tem delu obravnavam temne
fotone z maso 100 oziroma 200 MeV.

Signal ima posebno topologijo, ki vsebuje dva elektornska pljuska, kjer ima vsak pljusk
približno 4 elektrone, ki so zelo kolimirani. Parametri skritega sektorja so navedeni v
tabeli 8.1. Izbrane mase Higgsovega bozona so 100, 125 in 140 GeV. Pričakujemo, da
bodo rezultati analize neodvisni od izbire mase skalarjev hd,1 in hd,2, dokler so te mase
bistveno manǰse od mase Higgsovega bozona, torej mase hd,1 in hd,2 manj kot 10 GeV.
Zlasti če so mase hd,1 in hd,2 veliko manǰse od mase Higgsovega bozona, so hd,1 in hd,2

“potisnjeni” in njihovi razpadni produkti zelo kolimirani, kar se kaže v dveh leptonskih
pljuskih. Tudi v tristopenjskem modelu se pričakuje, da bodo rezultati analize neod-
visni od izbire vrednosti razvejitvenega razmerja razpada delca hd,2 v šibko interagirajoče
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Parameter
mhd,1

10 GeV
mhd,2

4 GeV
mnd

90 MeV
mγd 100, 200 MeV
ǫ 10−4

tristopenjski model
BR(hd,1 → hd,2hd,2) 1
BR(hd,2 → γdγd) 0.8
BR(hd,2 → ndnd) 0.2

dvostopenjski model
BR(hd,2 → γdγd) 1
BR(hd,2 → ndnd) 0

Tabela 8.1: Parametri modelov skritega sektorja: mase delcev skritega sektorja;
kinetično mešanje in razvejitvena razmerja v tristopenjskem in dvostopenjskem modelu
skritega sektorja.

nevtralne delce, nd, dokler je razvejitveno razmerje manj kot 20%. Za to vrednost razve-
jitvenega razmerja delci hd,1 razpadejo v vidne produkte z več kot 90% verjetnostjo. Za
večje razvejitveno razmerje bomo imeli preceǰsen del dogodkov, v katerih samo en (ali
noben) delec hd,1 razpade v vidne delce.

8.3 Opis eksperimenta: eksperiment ATLAS na Velikem

hadronskem trkalniku

Veliki hadronski trkalnik je najmočneǰsi in najsodobneǰsi pospeševalnik za raziskave v
fiziki visokih energij [127, 128]. To je sinhrotron, ki je med rednim obratovanjem v letih
2010 – 2012 pospeševal in trkal žarke protonov z izjemno visoko težǐsčno energijo do 8
TeV. ATLAS in CMS sta glavna eksperimenta na LHC. ATLAS [132] je večnamenski
detektor osnovnih delcev z naprej-nazaj simetrično cilindrično geometrijo in sestoji iz
več detektorskih komponent, ki so opisane v nadaljevanju. Notranji detektor ATLASu
(Inner detector – ID) omogoča natančno rekonstrukcijo sledi nabitih delcev. Sestavljen
je iz treh silicijevih pixel detektorjev blizu trkalne cevi, štirih silicijevih mikrostrip detek-
torskih modulov v cilindrični regiji s pari enostranski senzorjev (Semiconductor Tracker
– SCT), ki zagotavljajo približno 8 zadetkov na poti delca, in detektorjev prehodnega
sevanja (Transition Radiation Tracker – TRT) na zunanjem radiju, ki zagotavljajo okoli
35 zadetkov na poti delca. TRT ponuja veliko diskriminatorne moči med elektroni in
hadroni v širokem razponu gibalnih količin (med 0.5 in 100 GeV) z detektiranjem rent-
genskih žarkov, ki jih proizvaja prehodno sevanje. Notranji detektor je obdan s tankim
superprevodnim magnetom, ki proizvaja aksialno magnetno polje v velikosti 2T. Naslednji
del ATLASa sta elektromagnetni (EM) in hadronski (Had) kalorimeter, ki merita energijo
in položaj elektromagnetnih in hadronskih kaskad. Skupna debelina EM kalorimetra je
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Slika 8.2: Ilustracija detektorja ATLAS. Dimenzije detektorja so 25 m v vǐsino in 44 m
v širino. Skupna teža detektorja je približno 7000 ton. Slika iz [132].

več kot 24 sevalnih dolžin X0. Zadnji del detektorja ATLAS je mionski spektrometer
(MS), ki meri gibalno količino in naboj mionov. Shema detektorja ATLAS je prikazana
na sliki 8.2.

ATLAS ima tristopenjski prožilni sistem, ki izbere dogodke, primerne za analizo [176].
Prva stopnja sprožilca (Level-1) se izvaja v strojni opremi, ki deluje sinhrono s trki
in uporablja del informacij detektorja za zmanǰsanje frekvence dogodkov z 20 MHz na
približno 75 kHz. Temu sledita dve programski stopnji proženja: druga stopnja sprožilca
in filter dogodkov, ki skupaj zmanǰsata frekvenco dogodkov na približno 300 Hz.

8.4 Analiza podatkov

V tej analizi ǐsčemo dogodke, ki morajo imeti natančno enega rekonstruiranega kandidata
za bozon W v elektronskem ali mionskem kanalu razpada in najmanj dva pljuska, opre-
deljena kot elektronska pljuska. Obravnava kanala produkcije WH Higgsovega bozona
omogoča, da dosežemo visoko učinkovitost za izbiro dogodkov in visoko diskriminacijo
signala od ozadja.

Vzorec podatkov za to analizo je bil pridobljen z detektorjem ATLAS pri trkih protonov
s težǐsčno energijo 7 TeV v začetku leta 2011. Skupna integrirana luminoznost izbranega
vzorca podatkov je 2.04 fb−1 s 3.7% negotovostjo [200, 201]. Prožilni sistem se sproži
zaradi prisotnosti elektrona ali miona s transverzalno gibalno količino, večjo od 22 GeV
oziroma 18 GeV.
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Za oceno sprejemljivosti in učinkovitosti signala, optimizacijo rezov za izbiro signala
in oceno razumevanja ozadja smo uporabili simulirane vzorce podatkov (Monte Carlo).
Oceno končnega ozadja smo določili iz podatkov, kot je opisano v poglavju 8.4.3.

8.4.1 Izbira bozonov W

Kandidat za elektron mora prestati tesno (‘tight’) selekcijo [190, 195] s pT > 25 GeV in
|η| < 2.47. Elektroni v prehodnem območju med cilindričnimi in pokrovnimi kalorimetri
(1.37 < |η| < 1.52) so zavrnjeni. Mionski kandidat mora biti identificiran tako v ID kot
v MS in mora imeti pT > 20 GeV ter |η| < 2.4. Razlika med meritvama pT v ID in
MS mora biti manǰsa od 15 GeV, da bi povečali odpornost proti napačni rekonstrukciji
mionov [190]. Da bi zmanǰsali ozadje zaradi hadronskih pljuskov, od elektronskih in
mionskih kandidatov zahtevamo, da izpolnjujejo tudi merila izolacije: vsota pT vseh sledi
v stožcu R = 0.4 okoli elektrona (miona), deljena z elektronsko (mionsko) pT , mora biti
manj kot 0.3 (0.2).

Od kandidatov za bozon W zahtevamo manjkajočo transverzalno gibalno količino, večjo
kot 25 GeV, poleg tega zahtevamo natanko en izoliran elektron ali mion. Dogodki z
dvema ali več izoliranami leptoni istega okusa so zavrnjeni, da bi znatno zmanǰsali ozadje
iz dogodkov Drell-Yan. Za leptonski kandidat iz razpada bozona W zahtevamo, da ima
razdaljo od prožitvenega objekta manj kot 0.1.

Da bi zmanǰsali ozadje iz kozmičnih žarkov, hadronskih pljuskov, ki izvirajo iz kvarkov
težkega okusa, in fotonskih pretvorb, mora kandidat za bozon W izvirati iz interakci-
jske točke (primarno vozlǐsče). Pri dogodkih z več kot eno interakcijsko točko vzdolž
osi protonskega curka za primarno vozlǐsče štejemo vozlǐsče, v katerem je vsota vseh
tansverzalnih gibalnih količin sledi, ki izhajajo iz tega vozlǐsča, največja. Vzdolžni in
prečni vpadni parameter sledi nabitega leptona glede na primarno vozlǐsče morata biti
manj kot 10 oziroma 0.1 mm.

Primerjava porazdelitev kandidatov W , izmerjenih z detektorjem ATLAS z napovedmi
generatorjev trkov Monte Carlo, je prikazana na sliki 8.3. Kot je razvidno iz slike, med
podatki in simulacijami MC opazimo dobro ujemanje.

8.4.2 Rekonstrukcija leptonskih pljuskov

Kandidati za elektronske pljuske so sestavljeni iz pljuskov, rekonstruiranih v kalorimetrih,
z uporabo algoritma “anti-kt” za pljuske [209] s parametrom R = 0.4.

Elektroni v elektronskem pljusku so preveč tesno kolimirani za učinkovito identifikacijo z
algoritmom, ki se uporablja za identifikacijo elektronov iz razpadov bozonov W . Namesto
tega so leptonski pljuski opredeljeni s tremi parametri identifikacije: elektromagnetni
delež (fEM), delež nabitih delcev v pljusku (fCH), in delež zadetkov na poti delca z
visokim pragom prehodnega sevanja v TRT (fHT). Pljusk je identificiran kot elektronski
pljusk, če izpolnjuje naslednje pogoje:
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Slika 8.3: Transverzalna masa kandidatov za bozon W v razpadnih kanalih W →
eν (zgoraj) in W → µν (spodaj). Podatki so prikazani s pikami in so prikazani v
primerjavi s pričakovanji procesov Standardnega modela, ki so prikazani z zloženimi
histogrami različnih barv. S poševnimi črtami je prikazan kvadratni seštevek statistične
in sistematične negotovosti, kot je opisano v podpoglavju 8.4.3.
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Slika 8.4: Porazdelitev elektromagnetnega deleža pljuskov, fEM, po W → eν izboru
(a), deležu nabitih delcev, fCH, po izbiri fEM (b) in števila sledi, povezanih z pljuskom,
Ntrack, po fEM in fCH izboru (c). Podatki so prikazani s pikami in so prikazani v
primerjavi s pričakovanji SM procesov, ki so prikazani z zloženi histogrami različnih
barv. Signalna porazdelitev ustreza za tristopenjskemu modelu skritega sektorja z maso
temnega fotona mγd = 100 MeV. S poševnimi črtami je prikazan kvadratni seštevek
statistične in sistematične negotovosti.
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• pT > 30 GeV

• |η| < 2.0

• fEM ≥ 0.99

• fCH ≥ 0.66

• število sledi, povezanih s pljuskom, mora biti Ntrack ≥ 2, kjer posamezna sled izpol-
njuje naslednje pogoje:

– |η| < 2.0

– pT ≥ 5 GeV

– število zadetkov v pixel detektorju, Npix ≥ 2

– skupno število zadetkov v pixel in SCT detektorjih, Npix +NSCT ≥ 7

– delež zadetkov z visokim pragom prehodnega sevanja v TRT, fHT ≥ 0.08

Med podatki in simulacijami MC opazimo dobro ujemanje v fEM, fCH in številu sledi,
povezanih s pljuskom, kot je razvidno iz slike 8.4.

8.4.3 Določitev ozadja in sistematske negotovosti

Prevladujoče ozadje v iskanju tega signala izhaja iz produkcije bozonaW skupaj s hadron-
skimi pljuski, ki v detektorju posnemajo signaturo elektronskih pljuskov. Podrobna sim-
ulacija MC tega ozadja je pokazala, da visoka vsebnost elektronov v teh pljuskih izvira
iz sevanja končnega stanja oziroma razpadov nevtralnih pionov in kasneǰse pretvorbe
fotonov v pare elektrona in pozitrona. Napoved ozadja iz simulacije MC bi bila odvisna
od modeliranja sevanja končnega stanja in hadronizacije partona, ki bi pripeljala do velike
negotovosti. Namesto tega je prispevek ozadja v področju signala ocenjen iz podatkov,
ki uporabljajo tako imenovano matrično metodo [210], ki temelji izključno na podatkih
(nobena simulacija ni uporabljena). Rezultate matrične metode smo preverili še z dvema
drugima metodama določitve ozadja in ugotovili, da se rezultati ujemajo. Ena od teh
ocen ozadja – ABCD metoda – temelji na podatkih, druga ocena pa na simulaciji MC.
Rezultati ocene ozadja, skupaj z ocenjenima statističnio in sistematično negotovostjo,
so podani v tabeli 8.2. Ocene iz različnih metod se ob upoštevanju negotovosti dobro
ujemajo med sabo. Sistematične negotovosti za signal so navedene v tabeli 8.3.

8.5 Rezultati

Opazovani in napovedani donosi dogodkov po končnem izboru so prikazani v tabeli 8.4 in
na sliki 8.5. Število dogodkov v signalni regiji je v skladu s predpostavko, da k dogodkom
prispevajo samo procesi SM, z enim dogodkom, opaženim v končnem izboru v W → µν
kanalu, in brez opaženih dogodkov v končnem izboru v W → eν kanalu.
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Slika 8.5: Porazdelitev dogodkov v kanalih W → eν(zgoraj) in W → µν (spodaj) glede
na število leptonskih pljuskov na dogodek. Podatki so prikazani s pikami s črtami in
so primerjani s pričakovanji procesov Standardnega modela, ki so prikazani z zloženimi
histogrami različnih barv. Signalna porazdelitev je prikazana kot črtkan histogram in
ustreza tristopenjskemu modelu skritega sektorja z maso temnega fotona mγd = 100
MeV. Pri tem predpostavljamo, da sipalni presek signala ustreza vrednosti SM za pro-
dukcijo WH in 100% razvejitveno razmerje razpadov Higgsovega bozona v elektronske
pljuske.
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Na podlagi tega ocenimo 95% mejo intervala zaupanja za velikost signala, σ(WH) ×
BR(H → e-jets)/σSM(WH), kjer σ(WH) označuje produkt sipalnega preseka produkcije
WH in razvejitvenega razmerja za razpad bozona W v leptone (elektron, mion, tau)
in σSM(WH) ustreza pričakovanju SM [213] za te količine. BR(H → e-jets) označuje
razvejitveno razmerje za razpad Higgsovega bozona v elektronske pljuske. Rezultati so
predstavljeni na sliki 8.6 in v tabeli 8.5 za tristopenjski in dvostopenjski model skritega
sektorja. Rezultati se znotraj statistične negotovosti signala ujemajo za obe masi temnih
fotonov mγd = 100 in 200 MeV. Meje so določene z uporabo tehnik CLs [214]. Verjetnosti
so podane s Poissonovo porazdelitvijo za skupno število dogodkov v signalni regiji in
so izračunane z uporabo števila pričakovanih in opaženih dogodkov, pri čemer rezultati
elektronskih in mionskih kanalov v verjetnostni funkciji nastopajo hkrati. Sistematične
negotovosti signala in ozadja so vključene v verjetnostno funkcijo kot moteči parametri z
uporabo funkcije gama verjetnostne gostote [216]. Ob predpostavki, da ima sipalni presek
produkcije WH vrednost SM, za posamezen sklop parametrov skritega sektorja, ki smo
ga tukaj izbrali, analiza izključuje razvejitveno razmerje Higgsovega bozona v elektronske
pljuske med 24 in 45% za mH = 125 GeV v 95% mejah zaupanja.

Metoda določitve ozadja Predvideno število dogodkov ozadja
Matrična (osnovna) 0.41 ± 0.29 (stat) ± 0.12 (syst)
ABCD (navzkrižno preverjanje) 0.46 ± 0.32 (stat) ± 0.10 (syst)
MC (navzkrižno preverjanje) 0.21 ± 0.05 (stat) +

−
0.23
0.21 (syst)

Tabela 8.2: Predvideno število dogodkov ozadja po končnem izboru, vključno s
statističnimi in sistematičnimi negotovostmi, pridobljeno s tremi različnimi metodami.
Matrična metoda je osnovno orodje za določanje ozadja. Dve drugi metodi smo upora-
bili kot navzkrižno preverjanje.

Vir sistematične negotovosti Prispevek (%)
Majhna statistika simuliranega signala 13%
Luminoznost pospeševalnika 3.7%
Sipalni presek signala, σ × BR +3.7

−4.3%
Učinkovitost izbora elektronov 5%
Učinkovitost izbora mionov 3%
Modeliranje parametra fEM 3%
Modeliranje parametra fCH 0.1%
Modeliranje parametra fHT 1%
Skala energije elektrona 0.5%
Resolucija energije elektrona 0.2%
Resolucija gibalne količine miona 0.5%
Večkratne protonske interakcije na trk curkov (pile-up) <0.1%
Skupaj 15%

Tabela 8.3: Sistematične negotovosti za signal.
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Slika 8.6: Opažena in pričakovana 95% meja intervala zaupanja za velikost signala,
σ(WH) × BR(H → e-jets)/σSM(WH), je prikazana kot funkcija mase Higgsovega bo-
zona za tristopenjski (a) in dvostopenjski (c) model skritega sektorja z maso temnega
fotona mγd = 100 MeV, tristopenjski (b) in dvostopenjski (d) model skritega sektorja z
maso temnega fotona mγd = 200 MeV. Temni (svetli) pas vsebuje 68% (95%) rezulta-
tov psevdoeksperimentov, ustvarjenih v okviru predpostavke, da k dogodkom prispevajo
samo procesi SM.
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8.6 Sklepi in razprava

Predstavljeno je iskanje razpadov Higgsovega bozona v skriti sektor in nadalje v zelo
kolimirane snope elektronov, za katere pričakujemo, da bodo v detektorju videti kot
samostojni objekti, imenovani elektronski pljuski. Analiza je bila izvedena na vzorcu
podatkov z integrirano luminoznostjo 2.04 fb−1, zbranih v protonskih trkih pri težǐsčni
energiji 7 TeV z detektorjem ATLAS na LHC v letu 2011.

Iskanje je bilo izvedeno v kanalu WH produkcije Higgsovega bozona z izbiro parametrov
skritega sektorja, kjer Higgsov bozon razpada v takoǰsnje elektronske pljuske. Za namen
tega dela smo razvili metode identifikacije elektronskih pljuskov, ki zagotavljajo dobro
diskriminacijo signala od ozadja in hkrati preprečujejo občutljivost na podrobne topologije
elektronov v elektronskih pljuskih.

Opaženi podatki so skladni s predpostavko, da k dogodkom prispevajo samo procesi SM.
Zato smo ocenili 95% mejo intervala zaupanja za velikost produkta sipalnega preseka
produkcije WH in razvejitvenega razmerja za razpad Higgsovega bozona v elektronske

Signal tristopenjski model dvostopenjski model
mH (GeV) mγd = 100 MeV mγd = 200 MeV mγd = 100 MeV mγd = 200 MeV

100 14.3 ± 1.7 ± 0.8 12.4 ± 1.6 ± 0.7 22.6 ± 2.1 ± 1.2 23.5 ± 2.1 ± 1.2
125 11.3 ± 1.0 ± 0.6 10.7 ± 1.1 ± 0.6 16.2 ± 1.2 ± 0.9 18.1 ± 1.4 ± 1.0
140 9.6 ± 0.8 ± 0.5 9.0 ± 0.8 ± 0.4 13.7 ± 0.9 ± 0.8 13.9 ± 0.9 ± 0.8

Ozadje 0.41 ± 0.29 ± 0.12
Podatki 1

Tabela 8.4: Število pričakovanih in opaženih dogodkov po končnem izboru. Pričakovani
donosi signalov so prikazani tako za tristopenjski kot za dvostopenjski model skritega
sektorja z masama temnega fotona 100 in 200 MeV. Statistična (prva) in sistematična
(druga) negotovost sta predstavljeni ločeno. Rezultati so podani za kombinacijo kanalov
W → eν in W → µν. En kandidat za signalni dogodek je opažen v podatkih v kanalu
W → µν.

Model mγd (MeV) Opazovana Pričakovana -1σ +1σ -2σ +2σ
tristopenjski 100 0.39 0.37 0.30 0.53 0.28 0.73
tristopenjski 200 0.45 0.44 0.36 0.63 0.34 0.81
dvostopenjski 100 0.29 0.28 0.24 0.35 0.19 0.55
dvostopenjski 200 0.24 0.24 0.25 0.36 0.23 0.55

Tabela 8.5: 95% meja intervala zaupanja za velikost signala, σ(WH) × BR(H → e-
jets)/σSM(WH), za maso Higgsovega bozona 125 GeV za različne izbire parametrov
modela skritega sektorja. Tukaj σ(WH) označuje produkt sipalnega preseka produkcjie
WH in razvejitvenega razmerja za razpad bozona W v leptone (elektron, mion, tau).
σSM(WH) ustreza pričakovanju SM te količine in BR(H → e-jets) ustreza razvejitven-
emu razmerju razpadov Higgsovega bozona v elektronske pljuske.
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pljuske ob predpostavki za tristopenjski oziroma dvostopenjski model skritega sektorja
in maso temnega fotona pod 210 MeV.

Doslej nismo opazili nobenega neposrednega dokaza o razpadu Higgsovega bozona v lep-
tonske pljuske. To dejstvo je še ena potrditev, da je Higgsov bozon, ki so ga opazili
fiziki na eksperimentih ATLAS in CMS, bolj verjetno Higgsov bozon Standardnega mod-
ela. Vendar pa se je ob zaključku pisanja te disertacije na ATLAS-u končalo zbiranje
podatkov v trkih protonov s težǐsčno energijo 8 TeV in novi vzorec zbranih podatkov
vsebuje desetkrat več statistike kot vzorec, na katerem je izvedena predstavljena analiza.
Analiza teh podatkov bi omogočila raziskovanje nižjega razvejitvenega razmerja razpada
Higgsovega bozona v elektronske pljuske in s tem testiranje bolj subtilnih učinkov skritega
sektorja. Poleg tega velikostni red večja statistika nudi priložnost za preučevanje elek-
tronskih pljuskov v kanalu produkcije ZH, poleg WH. Navkljub temu, da ima ta kanal
približno desetkrat manǰsi sipalni presek kot WH, je tu ozadje je bistveno manǰse. Ker
leptonski razpadi bozona Z nimajo nevidnih razpadnih produktov, je mogoče rekonstru-
irati invarianto maso Higgsovega bozona, kar omogoča precej čisteǰse okolje za analizo
leptonskih pljuskov.

Poleg elektronskih pljuskov je zelo pomembna tudi analiza z mionskimi pljuski. Zdi se,
da sta v modelih skritega sektorja elektronski ali mionski način razpada enako verjetna,
čeprav nekateri avtorji trdijo, da modeli z mioni razložijo podatke nekoliko bolje [217].

Končno, pomemben vidik analize leptonskih pljuskov je njihovo iskanje v kanalu direktne
produkcije Higgsovega bozona. Ta kanal ima dva velikostna razreda vǐsji sipalni presek,
čeprav z bistveno vǐsjim relativnim ozadjem. Prav tako tudi predstavlja izziv za eksperi-
mentalne fizike, saj proženje na leptonskih pljuskih, ki nastanejo v razpadih Higgsovega
bozona, ni enostavna naloga.

Na koncu moramo omeniti, da je program za iskanje leptonskih pljuskov pravkar napravil
svoje prve – čeprav zelo pomembne korake. Doslej je bil analiziran samo majhen del
podatkov, zbranih z detektorjem ATLAS, in v tem trenutku je na ATLAS-u v teku
široka dejavnost, namenjena analizi celotnega nabora podatkov. Modeli ki vsebujejo
skriti sektor, ostajajo med najbolj naravnimi kandidati za temni snov, saj lahko sočasno
elegantno razložijo različna astrofizikalna opazovanja. Zato je pomembno, da ǐsčemo
morebitne manifestacije skritih sektorjev na trkalnikih – leptonske pljuske.
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