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Abstract

I replicated the H/A→ τµτhad analysis of the MSSM extension to the stan-
dard model with the ATLAS experiment. I investigated, using a transformed
BDT score for τ -lepton identification with a flat distribution, with more work-
ing points than the standard loose, medium and tight, the sensitivity of the
analysis. I then compared for each of the working points and found new signal
efficiencies that are more sensitive for this analysis than the standard working
points.

Sammanfattning

I detta projekt så återskapade jag H/A→ τµτhad analysen av MSSM utöknin-
gen av standardmodellen med ATLAS experimentet. Jag undersöke, genom
att använda ett transformerad BDT värde från τ -leptonens identifikation med
en likformig fördelning, med fler arbetspunkter än de vanliga lös, medel och
stram, analysens känslighet. Sedan jämförde alla arbetspunkterna och fann
nya som är mer känsliga i den här analysen än de vanliga arbetspunkterna.
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1 Background

1.1 The Standard Model
The standard model (SM) of particle physics has been developed and tested
over the last six decades to describe high energy particle interactions with very
high precision.

The SM consists of two main parts: the electroweak theory (EW) and
quantum chromodynamics (QCD). EW is the theory of electromagnetic and
weak nuclear interactions like charges interacting or the β decay of atomic
nuclei. QCD is the theory of the strong nuclear interaction, and describes how
the quarks form protons, neutrons and other baryons and mesons and how this
interaction is mediated by the gluons.

The development of the SM began in 1960 with the theory by Sheldon
Glashow to unite the electromagnetic and weak nuclear interactions.[1] The
formulation of the EW theory was only the beginning however. In 1964 several
scientist proposed the ABEGHHK’tH (for Anderson, Brout, Englert, Gural-
nik, Hagen, Higgs, Kibble and ’t Hooft) mechanism more commonly known
simply as the Higgs mechanism.[2, 3, 4] This mechanism generates mass by
spontaneous breaking of the electroweak symmetry caused by a scalar field.
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A Quantum Field Theory (QFT) has to be gauge-invariant, but any explicit
mass term in the Lagrangian would break this in variance, and yet we know that
particles have mass. The Higgs mechanism introduces masses to the bosons
and the fermions by spontaneous symmetry breaking. Spontaneous symmetry
breaking occurs when a symmetry of the Lagrangian of a theory is broken in
its ground state. In our case it means that the Lagrangian of the standard
model is gauge invariant, but not its ground state!

During the 1960s and 70s the SM was further developed and tested. In
1968 the proton was discovered to not be elementary at the Stanford Linear
Accelerator Center (SLAC), but was rather found to consist of what was called
partons at the time, which was later associated with quarks in the SM. [5]
The tau lepton was first measured in 1975 also at SLAC.[6] The intermediate
vector bosons, W and Z, were discovered at the UA1 and UA2 experiments
at the European Organization for Nuclear Research (CERN) in 1983[7] and
the top quark was discovered at Fermilab in Illinois, USA at the D∅ and CDF
experiments in 1995.[8, 9]

The last piece of the SM puzzle was the experimental confirmation of a
scalar particle compatible with the Higgs boson hypothesis at the Large Hadron
Collider (LHC) at CERN in 2012, at the ATLAS and CMS experiments[10, 11],
and the theory was awarded the Nobel prize in 2013. Since then more accurate
measurements of the mass of the Higgs boson has been made, but no deviation
from the SM has been found.

1.2 Beyond the Standard Model
The SM is a very successful theory, with very accurate predictions, however, it
cannot explain all observed phenomena.

The universe consists of more matter than anti matter for example. If the
big bang consisted of equal amounts of matter and anti matter then there must
be some physical laws that are different for particles and anti-particles since
the universe mainly consists of matter. The SM cannot account for all of this
so called baryon asymmetry of the universe.

The SM does not consider neutrino oscillations, since they are massless in
the theory, but this has been shown to happen. There is also experimental
evidence for the existence of dark matter, but it is not predicted by the SM.
Gravity is also not included, so theories describing these phenomena are per
definition beyond the standard model (BSM). But usually BSM theories are
attempts at deeper explanation of phenomena described by the SM, by intro-
ducing extensions.[12]

A simple extension to the SM are two-Higgs-doublet models (2HDM). In
these models you introduce two complex doublets, instead of one as in the SM.
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These models are motivated by supersymmetry, the simplest of which is the
Minimally Supersymmetric Standard Model (MSSM).[13]

The introduction of a second Higgs doublet results in more than one Higgs
boson; in fact it results in five physical fields called h, H which are two neutral
CP-even fields, A, which is CP-odd, called a psuedoscalar, and two charged
fields H±. [14]

1.3 Searching for A/H at the LHC in the ττ Final
State
The MSSM has more than 100 free parameters, but at tree level, that is no
loop corrections to calculations of the cross section, they can be reduced to two.
These are usually chosen as the mass of A, mA and the ratio of the vacuum
expectation values of the two doublets, expressed as tanβ. In Figure 1 we can
see the tree level diagrams for the production of A/H. To exclude or confirm
the MSSM its parameter space is explored and limited, in a number of different
benchmark scenarios. For high values of tanβ the branching fractions for τ -
leptons and b-quarks are greater than in the SM which motivates searching for
a scalar boson using the τ+τ− and bb̄ final states.1[14] In this project I focused
on the ττ final state. The bb channel is less sensitive, because the background
at the LHC is dominated by Quantum Chromodynamics (QCD) jets, which
are very similar to bb in the detector.

The search is performed at two decay modes, τlepτhad and τhadτhad, where
τlep represents a τ decaying to a µ or e, and neutrinos and τhad a τ decaying into
one or more hadrons and a neutrino.[14] The branching ratio of the τ -lepton
is 64.8 % for hadronic decay mode τhad and 35.2 for the leptonic decay mode
τlep.[15] This means that for a neutral scalar decay, ττ decays to τlepτhad 45.6
% of the time and to τhadτhad 41.2 % of the time. Because of time restrictions
in the project I actually only performed the τµτhad part of the τlepτhad mode.

1.4 Identifying τ and Boosted Decision Trees
At the LHC the identification of τ -leptons is made using boosted decision trees
(BDTs). A decision tree has a question at each node, and the answers lead
to different nodes. Each tree has a root node where all decisions start, as
well as leaves where a decision is made. In particle physics, the nodes usually
discriminate or cut kinematic variables such as the transverse momentum pT
or the psuedorapidity η of the particle object.

1In the rest of this report, charge of particle-antiparticle pairs are implied, i.e. ττ = τ+τ−
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Figure 1: The tree level diagrams for production of h/H/A.

The BDT method is a machine learning technique that creates a weighted
ensemble of trees with different cuts. In our case we want to use BDTs to
identify τ -leptons from other objects. This is done by training the trees on
pre-defined signal and background events. During the BDT training we search
for cuts that best separate signal from background. The BDTs used by ATLAS
were trained using Monte Carlo (MC) simulated Z → ττ events for signal and
ATLAS data, which consists overwhelmingly of multijet events, as background.
When training is complete an event evaluated by the BDTs will have a value
called the BDT score between 0 and 1. Higher values are more signal like and
lower values are more background like, as evaluated by the BDT method.

In an analysis we must then choose a BDT score on which to cut. A higher
value gives us a higher signal to background ratio but at the cost of cutting
more events, potentially impacting our ability to estimate and validate our
backgrounds. One usually decides how much signal one wishes to retain after
the BDT score cut, called the signal efficiency. A higher BDT score cut gives a
lower signal efficiency. Since the identification process is better, and therefore
gives higher scores, for more energetic τ -leptons the BDT score cut has to vary
with pT,τ to get the same signal efficiency at all energy levels. We also vary the
cut based on the prongness of the τ . The prongness is the number of charged
pions in the hadronic τ decay, and we look only at the 1-prong and 3-prong
modes in this project, which constitute the vast majority of tau decays.

In ATLAS the τ identification has three standard working points, each
of which represent a signal efficiency. These working points are called tight,
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medium and loose and correspond to approximately 45 %, 60% and 70% signal
efficiency respectively.

2 Purpose
In this project

• I implemented the H/A → τµτhad analysis using the ROOT software
package.[16] This involved writing code that read the data sets, imple-
mented the cuts and background estimation and displaying the results.

• I investigated the τ identification working points, to find the most sensi-
tive working point for this search. This is because the standard working
points might not be the most sensitive to a certain search. The goal of
the project is to find the most sensitive working point for the H/A →
τµτhad search.

• I became familiar with important tools used in particle physics research,
I grounded my particle physics studies in practical research and gained a
deeper understanding of what particle physics research consists of.

3 Method

3.1 The ATLAS Detector
The ATLAS detector is 25 m tall and 44 m long, and weighs approximately 7000
tonnes. It is located in a cavern at the LHC at CERN in Geneva, Switzerland
and crosses the border into France. ATLAS uses a right-handed coordinate
system with origin at the interaction point, z-axis along the beam pipe, x-axis
pointing towards the center of the ring from the interaction point and y-axis
pointing upwards. In the transverse plane, cylindrical coordinates are used
with φ as the azimuthal angle around the z-axis. The psuedorapidity is defined
as η = − ln tan (θ/2), where θ is the polar angle.[17]

The ATLAS collaboration is a huge organization that comprises 3000 scien-
tists from 182 institutions, in 38 countries. Together they built and maintain
the detector and publish research which they review together.[18] Together
with CMS they are the biggest experiments at CERN.

The Experiment began to take shape in 1992 after the decision had been
made to build the LHC in the previous year. In 1994 the technical proposal
was published, which was followed by several technical design documents for
each of the detectors parts. In 1997 the ATLAS experiment received formal
approval by the LHC Experiments committee and CERN Director-General
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Chris Llewellyn Smith. Between 1998 and 2003 the cavern that would host the
experiment was excavated, the cavern is 35 x 55 x 40 meters in dimension, and
installation of components began soon after. In October 2008 the construction
was done, and a year later in November of 2009 the first measurement was
conducted.[19]

The ATLAS detector is a huge and complicated machine, consisting of many
components. Closest to the beam is the inner detector, which is in a 2 T mag-
netic field, so charged particles travel in curved paths. The radius of curvature
is then used to determine the speed of the particle. The inner detector con-
sists of pixel detectors and a silicon strip detectors. A pixel detector provides
measurements with very high granularity, which is why these detectors are as
close to the interaction point as possible. Further from the interaction point
are silicon strip detectors, which are not as granular but easier and cheaper to
produce. The inner detector is contained within a cylinder with 1.15 m radius
and is 7 m long.

Next is the electromagnetic calorimeter that measures the energy of elec-
trons and photons. When high energy photons pass through a medium and col-
lide with a nucleus the dominant process is ee pair production. For electrons,
and positrons, the interaction with charged particles cause Bremsstrahlung
emission of photons. This means that both photons and electrons cause a cas-
cade of photons and electrons, called an electromagnetic shower. In the inner
detector the electrons are marked by their curved paths thereby differentiating
them from photons, so the calorimeter only needs to measure the energy of the
shower, and the inner detector can handle identification.

In ATLAS a sampling calorimeter is used, which consists of a passive
medium, Lead, that absorbs energy and a an active scintillating medium, liquid
Argon, in an accordion shape. This means that only the active material actu-
ally measures the electromagnetic shower, while the passive one just absorbs
radiation. From these interspersed measurements a total energy estimation can
be made.

Following that we have the hadronic calorimeter which measures the en-
ergy of hadrons. Hadrons also shower, but because of the strong interaction.
The construction of the detector is conceptually similar to the electromagnetic
Calorimeter. Both of the calorimeters are quite thick to suppress any charged
hadrons from disturbing the muon measurements.

Finally on the outside of the hadronic calorimeter there is a muon spectrom-
eter that measures the energy of µ-leptons in a separate toroidal 4 T magnetic
field. The magnetic field needs to be larger to bend the muon trajectories to
measure charge and transverse momentum.[20]
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3.2 Background Modeling & Event Selection
The background events were generated with the POWHEG-BOX[21] code, and
the τ -showers were made using the PYTHIA8[22] code except for the diboson
events, which were made using SHERPA[23].

My program began by loading samples of the different backgrounds and
selecting events to optimize sensitivity, see motivations below. It then stacked
the different background events on top of each other in histogram stacks, for
each of the interesting variables looked at such as PT,τ or the ET,miss. Overlayed
on top of these histogram stacks was the corresponding signal events. Creating
these selections and correctly dealing with events was the main part of this
project from a time perspective.

Because I performed my search in the τµτhad channel I demand that one
of the τ -leptons decay into a µ lepton, and the other to a hadronic jet. We
look in the τµτhad channel instead of the bigger τlepτhad channel because it is
simpler. I also require that there are no b-tagged jets in the event, the so
called b-veto region. The b-veto region has more events than the b-tag region,
which has one or more b-jets, so it is easier to work with. This means that I
disregarded all b-associated production of A/H in this analysis and focused on
the gluon-gluon-fusion, see Figure 1

The multijets were estimated using a data driven method. In the analysis
we only consider events in the opposite sign region, that is, when the µ-lepton
and the tau jet have opposite electric charge. This is a natural choice since our
A/H is neutral and charge is conserved. To estimate the multijets we looked
in the same sign region instead using the same selection otherwise. From this
other region subtracted our background events from the data and all that
remained was the multi-jet. Since we expect multijet to be the same in both
same- and opposite sign regions this is a good first approximation, and I added
these events as background in the opposite sign region.

I also performed some cuts on the kinematic variables of the events, based
on the usual τlepτhad cuts from ATLAS. These are summarized in table 1. I
made requirements on the transverse momenta pT of the τ -leptons, because
identification is bad for low pt events, thereby increasing our signal to back-
ground ratio. I limited the psuedorapidity ητ to cut forward events where
the detector is not as sensitive, and I required the angular difference in the
azimuthal plane of the τ -leptons ∆φ(τµ, τhad) to be greater than 2.4 to select
only events where the τ -leptons go in opposite directions, because of transverse
momentum conservation.

Using these kinematic cuts I could vary my model to make my study, using
different BDT score cuts, and compare the different sensitivities.
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Variable Cut
pT,τ > 25 GeV
ητ < 2.3

dφµ,had > 2.4
pT,µ > 30 GeV

mT,W < 40 GeV

Table 1: The cuts on kinematic variables in the search, where pT,τ and pT,µ are the
transverse momenta of the τ and µ respectively, ητ is the psuedorapidity of the τ ,
dφµ,had is the angular difference in the azimuthal plane between the two τ and mT,W

is the transverse mass of the W boson, here used to exclude W+jets background
events.

3.3 BDT Score Flattening
I wrote in section 1.4 how the working points corresponded to signal efficiency.
The purpose of this study is to compare the sensitivity of the signal in even
steps of signal efficiency. But our variable is the τ -lepton identification BDT
score, which does not correspond to signal efficiency directly.

To achieve this we first must look at the BDT score distribution of the signal
we want to flatten, and divide it into separate categories depending on the pT
of the tau and the number of π-mesons it decays into, called the prongness. We
consider only a prongness of one or three, to conserve the charge of the τ -lepton.
We then integrate each of the categories to find the total number of events.
By dividing up the events into bins, where every bin has the same number of
events we get a flat distribution, with unevenly sized bins. This transformed
distribution can then be cut on, which corresponds now to a signal efficiency
cut, i.e. a cut on the transformed score at 0.2 cuts 20 % of the events. An event
being cut using this new discrimination is therefore first put into its correct
category, and then cut on the predetermined signal efficiency of that categories
flat BDT score distribution.

The smaller bins we use in the transformation the better the flattening
becomes. In figure 2 we see the use of 7 bins, which does not lead to a very
flat distribution, but illustrates the method. In the project we used 40 bins.

We created a flattening function based on mA = 300 GeV signal events,
before any kinematic cuts were made. After creating this flat distribution
I cut on the signal efficiency to create a set of working points to compare,
including recreating the standard ones, to see which one was the most sensitive
to our analysis. This was done by integrating signal s and background b for
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Figure 2: A figure illustrating the flattening of the BDT score distribution. The
color is to show how the distribution was transformed. This is a rough illustration
of what we did in this project.

each working point and calculating the sensitivity s√
s+b

. After this was done I
compared the sensitivities of all of our points to find the most sensitive.

4 Results and Discussion

4.1 Comparing our Model to Data
We can see in figure 3 that the data is about 80 % of the background estimation
at low pT,τ in our model. For the modelling of pT,µ, ET,miss andmT,total there is
also a similar deficit.. In mainstream ATLAS analysis this modelling is better,
and closer to the data. If it is not, the model and analysis is not approved, and
the data in the intresting region, the signal region, remains blinded until the
collaboration approvies it. The main differences in our model is that we use
MC for W+ jets estimation and a same sign data driven estimation for QCD
background. In the main analysis the more sophisticated data driven method
of fake factors is used for both of these, which most likely accounts for our
deficit.
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4.2 Comparing Different Working Points
In figure 4 I show the pT,τ histograms for 4 of the 40 working points of the
τ -lepton identification signal efficiencies; (a) 80%, (b) 60%, (c) 40% and (d)
20%. Here (b) roughly corresponds to the medium working point, in terms of
signal efficiency, and (c) is slightly tighter than the tight working point. From
these plots it is difficult to draw any certain conclusions, but at low pT,τ the
data is closer to 90% of the background estimation in (c), slightly better than
in the medium point used in 3.

In figure 5 we see that the Loose and Medium working points match up
with our corresponding cut, while the Tight point is quite lower, which is
strange since my sensitivity distribution is smooth. This could be an error in
implementation of the tight cut on my part, or a bug in the actual tight cut
by ATLAS. Either way it merits further investigation that is beyond the scope
of this study. We also see that the sensitivity increases beyond the medium
point. This suggests that tighter working points are better suited for our search,
corresponding to 40 to 60 % signal efficiency.

5 Conclusions
The medium and loose working points of the τ -lepton identification are not
the most sensitive to a A/H → ττ search, a tighter one should be used for
maximal sensitivity. Changing this is not trivial however. For each of the
standard working points the ATLAS collaboration provides systematic uncer-
tainties (scale factors) that each analysis can apply. It is not trivial to calculate
these, and since the optimal working point is different for different analyses it
is a lot of work to do it.

Another challenge is that this project was made using the τµτhad b-veto
channel. Other channels like b-tag or τhadτhad have less statistics, which means
a tighter point will not improve significance because there are so few events.
In these cases the fake factor estimation will also get worse with less events.

The method of flattening the BDT score distribution can give a more sen-
sitive working point. We create our flattening transformation using the signal
before any cuts, this makes our flattening bad for low pT in the 3-prong mode,
since a lot of events in this region gets cut. The flattening transformation de-
pends on the event selection and we should switch to doing the transformation
after a selection that is more similar to the signal region. We should be able
to get an even flatter and maybe more sensitive cut by fixing this. We should
also check if this higher sensitivity translates to more stringent upper limits on
our signal strength, before developing this method further.
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Figure 3: The model at the medium working point. Notice that the data is about 80 % of the background
estimation for all kinematic variables
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Figure 4: pT,τ for different working points, i.e. signal efficiencies.
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