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Abstract

In this project, part of the 2015 ATLAS data from
√
s = 13 TeV proton-proton colli-

sions was studied with the TAG Data (TADA) framework. The project also serves as a
general introduction to the data analysis tools used in high-energy physics experiments.
However, since the TADA data had not yet been reviewed by the ATLAS collaboration,
it was omitted in this thesis. It was revealed that some of the distributions were affected
by trigger biases, which were removed by implementing a kinematic cut on the events.
Furthermore, modifications of some TADA scripts were performed in order to successfully
run the analysis. These could be beneficial to other Lund University students.
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1 Introduction

1.1 Aim of the project

The study is part of the ATLAS experimental effort to probe for new physics beyond
the Standard Model (SM ). Today, this model explains much of the known physics at the
elementary level. Nevertheless, the search is motivated by both theoretical shortcomings
and empirical observations unaccounted for in the model. The ATLAS experiment is
based on high-energy proton-proton collisions in the Large Hadron Collider (LHC ) (fig.
1), a synchrotron with a circumference of 27 km [1]. It has recently been upgraded to
provide collisions with centre-of-mass energies,

√
s, of 13 TeV [2]. Following the collisions,

collimated streams of particles called jets are formed [2]. The kinematic properties of the
jets will be analysed by the ATLAS, a multi-purpose particle detector [3]. These results
are then displayed in different distributions, which may be compared with the expected
influence of exotic physics [3, 4].

Figure 1: The LHC accelerator system along with the detectors situated around it. Figure
taken from ref. [5].

In this project, the TAG Data (TADA) Physics Monitoring framework allows for
online analysis of the ATLAS data [6]. This means the results can be analysed directly
upon being recorded [6]. Furthermore, TADA only incorporates a limited amount of
data, which allows the distributions to be produced shortly within data taking [6]. Thus,
hints of new physics signals or potential problems in the distributions may be discovered
quickly [6].

The specific aim of this project is to improve some TADA distributions from the 2015
data at

√
s = 13 TeV. This will be done by determining a selection cut to be applied

on the events. However, since the TADA data has not yet been reviewed by the ATLAS
collaboration, it will not be displayed in this thesis.

The remainder of section 1 is devoted to an overview of the SM and branches of
new physics expected at the LHC. In section 2, the ATLAS detector and the theoretical
framework surrounding the jets are described. The results are then discussed in section
3, with an outlook in section 4 summarising the main findings. Chapter 5 is reserved for
appendix material. Lastly, natural units are used throughout in this thesis.
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1.2 The Standard Model

The fermionic quarks and leptons, which have neither structure nor excited states, repre-
sent the fundamental particles known to date [1]. They interact mutually through four
fundamental interactions: the gravitational force, the electromagnetic (EM ) force, the
weak force, and the strong force [1]. The interactions are mediated between the parti-
cles through gauge bosons [1]. Another component of the model is the Higgs mechanism,
through which the quarks and leptons obtain their masses [1].

The SM is a result of several years of probing for the fundamental constituents of
the Universe. Although the atomic theory was proposed already in Ancient Greece [7],
it was not until 1911 that the nucleus was uncovered experimentally by Rutherford [8].
In 1897, Thomson discovered the electron - the first of six known leptons - through
cathode ray experiments [9]. Additional discoveries of leptons, including that of the
muon in 1936, would continue until the turn of the millennium [1]. Furthermore, between
1967 and 1973, inelastic lepton-proton scatterings provided the first evidence for smaller
components within the nucleus - the quarks [10]. The Higgs mechanism was proposed in
1964, but only in 2012 was the existence of the Higgs boson, an important particle in this
mechanism, verified experimentally at the LHC [11].

1.3 Quantum Chromodynamics

The theory of the strong interaction, which is mediated by the massless gluon, is called
Quantum Chromodynamics (QCD) [1]. Only the quarks and gluons may interact strongly,
and six flavours categorised into three generations have been discovered so far (fig. 2) [1].
The non-fundamental hadrons, which the proton is an example of, are in turn formed
from the quarks [1].

Figure 2: The six known quarks, where: u = up, c = charm, t = top, d = down,
s = strange and b = bottom.

In QCD, the quantum numbers color hypercharge, Y C , and color isospin, IC3 , are
assigned to the quarks and gluons [1]. Furthermore, color confinement prohibits them
from existing individually, and the colour charge allows for self-interactions of the gluons
[1]. The latter gives rise to asymptotic freedom, which suppresses the strength of the strong
force at short distances of propagation [4]. On the other hand, the colour confinement
causes the force to become strong over longer distances of propagation [4].

The process in which jets are formed is known as hadroniztaion [4]. The basics of this
process can be understood by considering a quark and an antiquark interacting through
the strong force. As their mutual separation increases, the colour confinement causes their
mutual potential energy to increase [4]. When the separation is large enough, the creation
of two new quark-antiquark pairs will be energetically favourable [4,12]. A progression of
these events gives rise to hadronization [4].
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During high-energy proton-proton collisions, both quarks and gluons are involved in
the interactions [13]. Thus, the impacts will result in them scattering and hadronizing
into the collimated streams of hadrons called jets [4, 14]. The momentum of a jet is the
sum of the individual momenta of the hadrons, and equals that of the quarks or gluons
from which it originated [1, 15].

1.4 New physics

One empirical finding which the SM fails to explain is the pronounced difference in
strength between the gravitational force and the other three fundamental forces [1]. A
possible model of new physics, which addresses this issue, is the ADD-model [16]. In this
configuration, gravity may act over 4+n dimensions, while the remaining interactions are
restricted to a four-dimensional membrane [16]. A central aspect of the ADD-model is the
relation between the (4+n)-dimensional Planck Mass, at which the strengths of all four
forces become unified, and the n additional dimensions [4, 16]. The hierarchy problem
stems from the four-dimensional Planck Mass being in the order of 1019 GeV [16, 17].
However, the existence of additional dimensions would imply a considerably lower (4+n)-
dimensional Planck Mass [16,17]. Thus, the production of Quantum Black Holes (QBHs)
at the LHC would be possible [4, 17].

If only the known matter in the SM is considered, observations in the 1930s regarding
the observed rotational velocities of galaxies cannot be explained [18]. This motivated
the introduction of Dark Matter (DM ) - a new type of matter beyond the SM [16,18]. It
has been estimated that DM constitutes roughly 85 % of all matter [1], with its identity
possibly attributable to Weakly Interacting Massive Particles (WIMPs) [16]. These were
presumably non-relativistic in the early universe, so-called cold dark matter [16]. WIMPs
represent additional exotic system expected to be detected for energies achievable at the
LHC [16]. One more subdivision of new physics is the four-fermion contact interaction,
which has a characteristic energy scale Λ [3, 19]. This suggests the existence of smaller
components within the quarks, which are fundamental particles according to the SM [3,19].
The influence of the interaction is expected to increase for energies close to the energy
scale Λ [3,19], which ATLAS experiments could potentially help set limits on.

2 Experimental aspects

2.1 Jet kinematics

In the discussion of jet kinematics, the Cartesian x-,y- and z-axes constitute a right-handed
coordinate system originating from the centre of the ATLAS detector [15]. The x-axis
points towards the centre of the LHC ring, the y-axis points perpendicularly upwards
relative to the horizontal line, and the z-axis runs along the tangent to the LHC ring [4].
It is also convenient to introduce the polar angle, θ, and azimuthal angle, φ, which are
measured upwards with respect to the positive z- and x-axes, respectively [4]. (Fig. 1,3)
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Figure 3: Schematic overview of the ATLAS detector. Figure taken from ref. [20].

Furthermore, the rapidity is given by

y =
1

2
ln(

E + pz
E − pz

) (2.1)

where E is the energy of the jet and pz is the z-axis component of the jet momentum [4].
Additionally, y∗ is defined as

y∗ =
1

2
(y1 − y2), (2.2)

with y1 and y2 being the rapidities of the two jets with the highest pT , where pT is
the y-axis component of the jet momentum [3]. In this thesis, the jet with the highest
transverse momentum is referred to as the leading jet, and the jet with the second-to-
highest transverse momentum is called the subleading jet [21]. They will also collectively
be referred to as a dijet [15].

Furthermore, the pseudodrapidity is defined by

η =
1

2
ln(
|p|+ pz
|p| − pz

) = −ln[tan(
θ

2
)] (2.3)

where |p| is the absolute value of the jet momentum [4]. For the pseudorapidities η1,2 of
the leading and subleading jets one defines [4]

η∗ =
1

2
(η1 − η2). (2.4)

It can be seen that the approximation y ≈ η is valid for jets with high absolute momenta
relative to their masses [4].

Another variable to be introduced is

χ = e|y1−y2| = e2|y
∗|, (2.5)

where it is evident that χ ≥ 1 [4]. Lastly, the rapidity boost of the two leading jets relative
to the collision centre of the protons is defined by [22]

yB =
1

2
(y1 + y2). (2.6)
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The dijet invariant mass, mjj, is equivalent to the energy of particles produced at rest in
the collisions, which then decay into dijets [1, 15]. In the dijet invariant mass distribu-
tion, to be introduced later, it is of interest to look for ”bumps” [15]. These are caused
by increased number of events for certain mjj, and could indicate the creation of new
particles, also referred to as resonances [1,15]. The resonances have widths in mjj due to
their finite lifetimes and the Heisenberg uncertainty principle [1].

For the following derivation, a dijet formed from a QCD scattering event at leading
order (LO), with two particles in the initial and final states, is considered [4, 15]. An ex-
pression relating mjj to the transverse momenta pT1 and pT2 of the leading and subleading
jets, respectively, is given by [4]

mjj =
√
pT1pT2

√
e2|y∗| + e−2|y∗| − 2cos(∆φ). (2.7)

Here, ∆φ is the absolute azimuthal angle between the jets [4]. In order to simplify the
calculations, we consider the situation in which the momenta of the colliding particles
cancel. Thus, the jets will be emitted ”back-to-back” in φ and have equal pT . As a result,
the above expression becomes [4, 15]:

mjj =
√
pT ∗ pT

√
e2|y∗| + e−2|y∗| + 2 = pT (e|y

∗| + e−|y
∗|). (2.8)

There are also next-to-leading order (NLO) processes with 3 particles in the final state,
the contributions of which are neglected in the expression above [4, 15].

2.2 The ATLAS detector

The cylindrical geometry of the ATLAS provides an almost complete coverage of all angles
around the collision centre (fig. 3). The innermost component is the inner detector (ID),
which measures the momenta of charged particles [19]. It covers the region |η| < 2.5, with
the surrounding solenoid providing a 2 T magnetic field [23]. The next layer is the EM
calorimeter extending over |η| < 3.2 [4]. This is used to measure the energies deposited
by EM showers [1]. Outside of the EM calorimeter, the hadronic calorimeter measures
the energies deposited by hadronic showers for |η| < 3.2 [4, 19]. This consists of a barrel
region covering |η| < 1.7 and two hadronic end-cap calorimeters (HECs) extending over
1.5 < |η| < 3.2 [23]. The outermost component is the muon spectrometer (MS ), which
measures the momenta of muons for |η| < 2.7 [24]. Lastly, the forward calorimeters
(FCALs) in the region 3.1 < |η| < 4.9 provide calorimetric measurements of both EM
and hadronic showers [23].

A jet finding algorithm is used to reconstruct the jets from the formed particles in
the fragmentation [19, 25]. In the ATLAS detector, three-dimensional topoclusters are
formed around calorimeter cells registering energy deposits with good signal-to-noise ratios
[19,25]. The noise partly stems from electronic fluctuations in the calorimeters and from
pile-up, where events from several proton-proton collisions are detected simultaneously by
the calorimeters [26]. These topoclusters are used as inputs to the anti-kT algorithm [19]:

di,j = min(p−2T i , p
−2
Tj )

∆y2 + ∆φ2

R2
,

di,B = p−2Ti .
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Here, di,j is the distance between particles i and j, with their transverse momenta given

by pT i,T j [19]. The recombination parameter R represents a geometrical section
√
y2 + φ2

in the detector [11]. The differences in rapidity and azimuthal angle between particles i
and j are given by ∆y and ∆φ, respectively [19]. Merging of i and j occurs if di,j < di,B,
where di,B is the distance between particle i and the proton beam [19].

ATLAS uses a system of triggers to discard unwanted events [27]. The level-1 (L1 )
triggers are designed to search for Regions of Interest (ROIs), where jets might be found
[27]. Only those regions will be forwarded to the high level triggers (HLTs) [27]. One
example of a HLT is the HLT j360, which only selects events where the pT of at least
one jet is above the trigger threshold at 360 GeV [4]. This threshold is approximately in
accordance with the scale of offline jets, i.e. reconstructed jets that are not analysed at
the moment of data taking.

The trigger efficiency represents the ratio of the number of events selected by a trigger
to the number of entries selected by a reference trigger. It represents the probability of an
event being selected by the trigger under investigation, given that a jet with a certain pT
is created in the event [4]. Therefore, the trigger efficiency may be evaluated as a function
of the jet pT [4]. The reference trigger must be fully efficient at the energy of interest,
and it must have a lower threshold than the trigger under investigation.

2.3 Dijet distributions and kinematic cuts

One way to evaluate the results is trough the earlier mentioned dijet invariant mass
distribution. Here, the number of registered events are displayed as a function of mjj

[1, 14, 28]. A QCD model for the background mjj distribution, which is described in
ref. [14, 28], is then fitted to the data points. New resonances are expected to cause
significant discrepancies between the data and the fit for narrow intervals in mjj, resulting
in the formation of ”bumps” [15,28]. The BUMPHUNTER algorithm returns the p-value
of the deviation between the data and the model least likely stemming from statistical
background fluctuations [29]. The lower the p-value, the higher the possibility of the
deviation being attributable to a new resonance [29,30].

In the χ distribution, the number of entries are plotted against χ in bins of mjj [31].
Here, new physics is expected to to cause the number of entries to increase as χ decreases
[31]. SM physics, on the other hand, is expected to result in a distribution that is more
or less constant as a function of χ [31]. It is also anticipated that exotics physics will be
prominent for high mjj bins, while QCD processes will dominate for lower mjj bins [31].
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Figure 4: An example of a χ distribution at
√
s = 13 TeV, with the expected influence of

QBHs included. Figure taken from ref. [31].

Furthermore, the Fχ is defined as the ratio of the number of events with central dijets
to the number of events fulfilling the |y∗| cut to be explained later [3, 31]:

Fχ =
N(|y∗| < 0.6)

N(|y∗| < 1.7)
. (2.9)

Here, events with |y∗| < 0.6 are expected to show signs of new physics, whereas QCD
physics become more important as |y∗| approaches 1.7 [3]. In the Fχ distribution, this
variable is evaluated as a function of mjj [3, 31]. A quark contact interaction is expected
to cause an increase in Fχ as mjj approaches the characteristic energy scale Λ of the
interaction [3,31]. By comparison, Fχ should be more or less constant with mjj if no new
physics is involved [3, 31].

The partonic cross-section represents the cross-section of the scattering events between
the quarks and gluons in the proton-proton collisions [4, 15]. This quantity is related to
the number of registered events by the detector [4, 15], and is expected to be altered by
new physics [15]. The sensitivity of the search to the partonic cross-section, and therefore
the influence of exotic physics, can be optimized by limiting the range of yB [15, 19].

Furthermore, a kinematic cut pT,min is enforced to restrict the pT range of the leading
jet. In each trigger, this cut must be set where the trigger efficiency is at least 99.5 %, in
order to avoid trigger biases [4]. Additionally, the cut |y∗|max is applied with respect to the
maximum |y∗| for which the ATLAS can detect jets and to the |yB| cut [4]. By inserting
pT,min and |y∗|max into expression (2.8), the minimum mjj for which the kinematic cuts
do not introduce a bias is determined [4, 15]:

mjj,min = pT,min(e|y
∗|max + e−|y

∗|max). (2.10)

As earlier mentioned, the leading and subleading jets were assumed to have equal pT
in this expression, and only LO QCD scattering events were considered [4, 15]. If NLO
processes are also considered, expression (2.10) must be modified by a factor of

√
2 [4].
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3 Results

3.1 Fitting the trigger efficiency curve with a Python fit routine

The trigger efficiency had already been measured as a function of the jet pT for the
HLT j360, which was used in producing the 2015 dataset at

√
s = 13 TeV. It was of interest

to determine the pT for which the trigger efficiency reached 99.5 %. A modified version,
a∗erf((pT −b)∗GeV −1)+c, of the Gauss error function, erf(x) = (2/

√
π)∗

∫ x
0
e−t

2
dt, with

a,b and c representing fit parameters, was used to fit these data points. For comparison,
an empirically motivated formula, (50 %)∗erf((pT −a)/

√
2 ∗ b2)∗ (1−c)+(50 %)∗ (1−c),

was also utilised as a fit function. The regression was conducted in the Python 2.7.6
language with the native fit routine scipy.optimize.curve fit().

The Python routine was designed to minimise the χ2 of the fit, defined as Σi(yi −
fi)

2/σ2
i . This definition of χ2 would also be used when comparing the accuracies of the

fits. Here, yi represented the data points, fi the efficiency values of the fit functions at the
data points, and σi corresponded to the weights. The errors of the data efficiency values
were used as weights for the fitting. Data points with errors rounded down to zero were
assumed to have unspecified errors. Those data points were thus treated as unweighted,
meaning the corresponding weights were set to 1.

Figure 5: The data points and the solid lines representing the fit functions are shown, with
the upper plot displaying the modified error function and the lower plot displaying the
empirical function. Data points where the offline jet pT was below the trigger threshold
at 360 GeV were rejected.
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The χ2 of the modified error function was computed to 225.39 for 94 degrees of freedom,
and for the empirical function it was calculated to 3.09 (fig. 5). From these results, it
is concluded that the fit with the modified error function was very inaccurate, while
the empirical function agreed well with the data. This was also evident from a rough
comparison of the two fits by eye (fig. 5).

As can be seen, the modified error function fit closely resembled a leap function (fig.
5), which a trigger efficiency curve should theoretically behave as [4]. Therefore, this
regression highlighted the disagreement between theory and the trend displayed by the
data points before the plateau region (fig. 5).

The pT values of the full-efficiency points, where the efficiency values of the fit func-
tions first exceeded 99.5 %, were also determined. These were calculated analytically by
incorporating the returned fit parameters. Consequently, it was calculated to 352.76 GeV
for the modified error function. As for the empirical function, it was calculated to 380.89
GeV.

3.2 Fitting the trigger efficiency curve with a native ROOT fit
routine

While still using Python 2.7.6, the ROOT fit routine TH1 :: Fit() was also used for fitting
the same two functions in the previous section. In this technique, the data points first
had to be converted into histograms for the fitting. The comparison of the two techniques
was motivated by TH1 :: Fit() being more widely used in ATLAS projects.

Figure 6: As in fig. 5, the upper plot displays the modified error function whereas the
empirical function is shown in the lower graph. Again, data points for which the offline
jet pT was below the trigger threshold at 360 GeV were excluded. The number of bins in
the histograms, excluding under- and overflow bins, equalled the number of data points.
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Here, the χ2 for the modified error function was computed to 1003.40, and for the
empirical function it was calculated to 10.00. The full-efficiency points were computed
to 351.91 GeV and 382.74 GeV for the modified error function and empirical function,
respectively. From a study of the curves (fig. 6), as well as χ2, the inadequate agreement
between the data and the modified error function is clear. By contrast, the empirical
function provided a significantly more accurate regression.

The conversion of the data points into TH1 histograms affected the binning of the
offline jet pT during the fits with the ROOT technique, compared with the Python routine.
Furthermore, bins with errors rounded down to zero were excluded from the fits with the
former technique, while all data points were used in the fits with the latter technique.
The two routines also had slightly different built-in definitions of the χ2 to be minimised
in the fits (although the Python definition was used when evaluating the accuracies of
the regressions). These aspects all contributed to the significant disagreements in the χ2

values between the two routines.
Based on the evaluation of χ2, the usage of the empirical function resulted in more

accurate fits than the modified error function with both techniques. Following the same
line of reasoning, the native Python function scipy.optimize.curve fit() provided a better
regression with the empirical fit function. To conclude, the most accurate value for the
full-efficiency point was thus 380.89 GeV. Because of errors in the returned fit parameters,
there were uncertainties in the full-efficiency points. However, estimations of those have
been omitted in this thesis.

3.3 Applying pT cuts on a simulated mjj distribution

By using the Monte Carlo (MC) program PYTHIA 8.1 [12,32], two mjj distributions from
proton-proton collisions at

√
s = 13 TeV were simulated. In one of the distributions, a cut

on the leading jet pT was applied. The purpose was to limit the pT range of the leading
jet to where the trigger efficiency of the HLT j360 was at least 99.5 %. This would have
been done in a real analysis to remove the trigger bias. Since the full-efficiency point
had been determined to 380.89 GeV in the previous subsections, the cut was set to 410
GeV to ensure a larger consistency with other ATLAS analyses. A pT cut at 50 GeV was
enforced on the subleading jet, in order to exclude events where the two leading jets were
too unbalanced in the y- and z-axes. Additional kinematic cuts used by Nele Boelaert
on the 2010 proton-proton collision data at

√
s = 7 TeV were also introduced in both

distributions [4]. Consequently, the restrictions |y∗| < 1.7, |yB| < 0.75 and |η1,2| < 2.8
were utilized. The reasons for the cuts on |y∗| and |yB| in that study were explained in
subsection 2.3. By requiring |η1,2| < 2.8, events in detector regions where the jet energy
scale was not well understood were rejected [4].

The ratios between the number of events in the two distributions, as well as the
corresponding error bars, were obtained with the ROOT function TGraphAsymmEr-
rors::Divide(). In this method, the distribution with the implemented pT cuts was cor-
rectly treated as a subset of the other distribution [33]. Furthermore, a confidence interval
of 68.3 % was used, and the Beta parameters a and b for the prior were both set to 1 [33].
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Figure 7: The two invariant mass distributions, with and without the enforced pT cuts,
have been plotted in the upper graph. Up to the point where the two distributions align,
the topmost data points correspond to the distribution without the implemented pT cuts.
In the lower graph, the ratios NNoCut/NCut between the number of events in the two
distributions are displayed.

The mjj value where the two distributions were equal within a precision of 0.16 % was
determined to 2347 GeV. This was done by scanning the lower graph in fig. 7 from left
to right with a for-loop, in order to find the first data point where the efficiency was 1.
An analytical calculation of the mjj value was also done for comparison, by inserting the
kinematic cuts on |y∗| and on the leading jet pT into expression (2.10):

mjj,min = (410 GeV) ∗ (e1.7 + e−1.7) = 2320 GeV ≈ 2300 GeV.

PYTHIA utilizes LO QCD scattering events with two particles in the initial and final
states [12,32]. The program also includes showers of quarks and gluons in both the initial
and final states, which realistically allows for events with more than two jets [12, 32]. In
the analytical calculation, the restriction to LO scatterings only meant that solely events
with two jets were regarded [4, 15]. Despite this, a good agreement between the results
from the two methods was still obtained. On the other hand, that the two leading MC
jets were required to be fairly well balanced in the y- and z-axes supports why the results
should be somewhat similar. This is because the two leading jets were assumed to have
equal pT in the analytical calculation [4, 15].

However, QCD scattering processes of higher orders were not included in the two
methods [4, 12, 15, 32]. Furthermore, the two leading jets might not be well balanced in
the y- and z-axes in reality. These aspects added some uncertainties to the determined
mjj values. It was thus concluded that, for real data, the bias from the kinematic cuts
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disappeared for mjj above 2.5 TeV. In the next subsection, this would be used as a
kinematic cut in the TADA Fχ distributions.

3.4 Implementing the mjj cut in TADA

The 2015 results from proton-proton collisions at
√
s = 13 TeV at the LHC were studied

with the TADA framework [6]. This procedure made use of several scripts already written
by ATLAS collaborators, which incorporated both Python 2.7.4 and C++ 4.8.4 [6]. Some
of the scripts had to be modified in order to successfully install and run the TADA scripts.
Those changes may be found in Appendix A.

As mentioned in the introduction, the data has been omitted, although the selection
cuts were applied to both the data and the MC samples representing the SM background.
The samples were all generated by PYTHIA 8.1, and the TADA framework also simulated
effects of the ATLAS detector [6]. Only background contributions from events with 3-6
jets were included, as the other contributions were negligibly small.

Figure 8: The invariant mass distribution, where the events were required to satisfy
pT1,T2 > 40 GeV, |η∗| < 0.6 and |η1,2| < 1.7. The cut |η∗| < 0.6 defined the central dijets
as in subsection 2.3, although |η∗| was used here instead of |y∗|. Furthermore, the cuts
|η1,2| < 1.7 meant that only events within the barrel region of the hadronic calorimeter
were included [23].
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Figure 9: The Fχ distribution is shown, where Fχ was defined as N(|η∗| < 0.6)/N(|η∗| <
1.7). Consequently, this definition of Fχ differed from the one in the introduction, since
|η∗| was used rather than |y∗|. Here, the selections pT1,T2 > 40 GeV and |η∗| < 0.6 were
implemented on the events.

Figure 10: The Fχ distribution, where the events had to fulfil pT1,T2 > 40 GeV, |η∗| < 0.6
and |η∗| < 1.7, is displayed.
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Since events with |η∗| < 0.6 were a subset of events with |η∗| < 1.7, the TGraphAsym-
mErrors::Divide() function was used to obtain the Fχ values and associated error bars. As
in subsection 3.3, a confidence interval of 68.3 % was used, and the Beta parameters a and
b for the prior were both set to 1. However, both of the Fχ distributions increased sharply
for lower dijet invariant masses, which should not have occurred for SM physics [3, 31]
(fig. 9,10).

In subsections 3.1 and 3.2, the trigger efficiency curve was fitted for the HLT j360. A
pT cut of 410 GeV, where the trigger efficiency in the most accurate fit exceeded 99.5 %,
was then applied on the leading jet (fig. 5). In subsection 3.3, it was concluded that this
cut would introduce a bias for entries with |y∗| < 1.7 in the interval mjj < 2.5 TeV. Even
though the procedure in subsection 3.3 incorporated y∗ rather than η∗, this dijet invariant
mass range agreed well with the interval of the escalating regions (fig. 9,10). Therefore,
the increases stemmed from the trigger not being close to fully efficient for events with
|η∗| < 1.7 in this mjj interval. In order to remove the trigger biases, only events also
fulfilling mjj > 2.5 TeV should be selected in the Fχ distributions (fig. 9, 10). Lastly, the
increases in the Fχ distributions were sharp because the trigger efficiency dropped rapidly
for jet pT below the plateau region (fig. 5,9,10).

For events with |y∗| < 0.6, a 410 GeV pT cut on the leading jet would only introduce
a bias for events with mjj < 1 TeV, as revealed by a calculation with expression (2.10).
This dijet invariant mass range was found to the far left in the mjj distribution (fig.
8). Despite the difference between y and η, the calculation hints at the obsoleteness in
restricting the pT range of the leading jet in fig. 8.

Figure 11: This Fχ distribution has been obtained with the selections pT1,T2 > 40 GeV
and |η∗| < 0.6. However, only events which also fulfilled mjj > 2.5 TeV were included.
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Figure 12: The Fχ distribution, which was obtained with the selections pT1,T2 > 40 GeV,
|η∗| < 0.6 and |η∗| < 1.7, is displayed. Here, the distribution is also restricted to events
where mjj > 2.5 TeV.

As can be seen, the entire escalating region in fig. 11 has been removed, whereas there
was still a small increase for lower dijet invariant masses in fig. 12. The latter was due
to the additional selection cuts |η1,2| < 1.7, which excluded certain events in the region
|η∗| < 1.7, but no events within |η∗| < 0.6. As the mjj decreases, the background dijet
production rate increases [14, 28]. Therefore, the rejection of entries in the denominator
of the Fχ increased in significance as the mjj decreased in fig. 12.

4 Outlook

In this project, the TADA framework was used to study the 2015 data from proton-proton
collisions at

√
s = 13 TeV. The TADA ran on a limited dataset, which allowed fragments

of potential new physics signals to be seen shortly within data taking [6]. However, the
Fχ distributions unexpectedly increased significantly for smaller dijet invariant masses.
Here, the Fχ was defined as N(|η∗| < 0.6)/N(|η∗| < 1.7).

Firstly, the trigger efficiency curve for the one-jet trigger HLT j360, used in obtaining
the 2015 data, was studied. Then, a pT cut of 410 GeV, well into the plateau region
of the curve, was enforced on the leading jet. Through an MC simulations in PYTHIA
8.1 [12, 32], two mjj distributions were simulated, both with the restriction |y∗| < 1.7,
but only one of them with the pT cut. By comparing the two distributions, as well as
utilizing the cuts on |y∗| and pT in an analytical calculation, it was determined that the
two distributions became equal for mjj > 2.5 TeV. The conclusion was that the trigger
efficiency was insufficient for mjj below 2.5 TeV, which introduced trigger biases in the
Fχ distributions. By only selecting entries with mjj > 2.5 TeV, large portions of the
escalating regions were removed.

In upcoming versions of the TADA software, the restriction to events with mjj >
2.5 TeV should be considered in order to avoid trigger biases in the Fχ distributions.
Furthermore, the changes made to the TADA scripts could potentially be beneficial to
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other LU students. They have therefore been proposed for the inclusion in an updated
version of the README.

In this project, I have seen how data from the cylindrical ATLAS particle detector
can be displayed in different distributions. These distributions incorporate the kinematic
properties of jets, which are used to probe for hints of new physics. I have also learned
about some programming languages used for producing the distributions. Additionally, it
has been seen how technical limitations of the ATLAS detector, among others, motivate
the application of kinematic cuts. The effects of these on some distributions have been
studied in this project.

5 Appendix

A Modifications of TADA scripts

All the scripts mentioned here were found under the folder PhysicsAnalysis/FastPhysMon-
itoring/FastPhysTagMon/trunk at https://svnweb.cern.ch/trac/atlasoff/browser.
The first change, in line 8 of setup athena.sh, concerned the setup process of the TADA
framework:

export RUCIO ACCOUNT=???

Here, ??? should be replaced by the CERN account name of the user in question.
The batch queue for the jobs was also redefined as 1nh. Thus, the changes were as

follows in lines 17-21 of the script setup .sh:

# e x p o r t TADAQUEUE=’ a t l a s t z p r o d ’
# e x p o r t SHORTTADAQUEUE=’ a t l a s t z p r o d ’
# d e f i n e d e f a u l t ba tch queue f o r TADA j o b s
export TADAQUEUE=’1nh ’
export SHORTTADAQUEUE=’1nh ’

Accordingly, in lines 7-8 of trunk/scripts/seqSubmit.py the following alterations were
made:

queue=’ 1nh ’
shortqueue=’ 1nh ’

The scripts used to produce the plots also had to be modified. Firstly, in lines 41-47
of scripts/SFrameWrapper.py, the function fix() was introduced. Consequently, illegal
syntaxes to the Python command xrdcp were avoided, meaning the MC samples could
successfully be imported. The changes were as follows:

def f i x ( arg ) :
arg=arg . r e p l a c e ( ” | ” , ”” )
return ( arg )

# copy input f i l e s
for f in TheSample . F i l e s :

f=f i x ( f )

Furthermore, in lines 259-266 of the same script the function escape() had to be
created:
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def escape ( str ) :
str = str . r e p l a c e ( ” ’ ” , ”&apos ; ” )
str = str . r e p l a c e ( ”<” , ”&l t ; ” )
str = str . r e p l a c e ( ”>” , ”&gt ; ” )
return str

for key in s e l . keys ( ) :
f . wr i t e ( ”<Item Name=\”” + key + s i d + ”\” Value=’” +

escape ( unicode ( s e l [ key ] ) ) + ” ’/>\n” )

The purpose was to replace special characters in XML-files critical for the production of
the raw histograms.

Finally, the following changes were made in lines 64-71 of the script scripts/merge-
SamplesBatch.py :

#from ROOT import ∗
#turn warnings back on
#gErrorIgnoreLeve l=k I n f o

import ROOT
gROOT. SetBatch ( True )
gROOT. Reset ( )

This was necessary in order to prevent a ”segmentation fault” during the post-processing.
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