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Abstract
The focus of this experiment was to validate the processes by which the
Higgs to b b̄ decay is tagged, using methods such as single-b tagging and
X→ b b̄ tagging. Data was taken from proton-proton collisions during the
2017 LHC run at

p

s = 13 TeV and total luminosity of approximately 47 f b −1 .

Comparisons were made to the Z boson decay into b b̄ , with traditional cut
based analysis of results.
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1

Introduction

1.1

The Standard Model of Particle Physics

Currently, our best understanding of the known fundamental particles and
most of the fundamental forces is best summarized in the Standard Model
(SM) of particle physics. Spilt into different generations, depending on their
respective masses, the SM has become a well proven model to understand the
universe that we inhabit. Describing the interactions in which the weak, strong,
and electromagnetic forces behave in,there are two main branches of particles
which make up the SM- the fermions and the bosons.

Figure 1: The Current Standard Model of Physics [3]

1.1.1

Fundamental Classes

As seen Fig. 1, the standard model is spilt into two main sections- the first
being the fermions. Fermions consist of six different quark flavours - up (u),
down (d), top (t), bottom (b), strange (s), and charm (c). There are also the six
leptons, which consist of the electron (e- ), muon (µ), tau (τ), and their respective
neutrinos which are denoted by the symbol ν.
Bosons make up the rest of the SM, which act as the force-carrier particles
that the fundamental forces exchange. Currently the four main boson are the
+
gluon (g), photon (γ), Z0 and W − . Also in the boson sector exists the famed
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Higgs Boson (H), which is one of the main focuses of this experiment and will
be explained with more detail later on in the report.
While the SM does describe most of the known universe very well, it certainly
has its flaws. Such problems that arise are that experiments have measured
the mass of neutrinos while the SM states that they do not possess any, as
along with efforts being made to implement the gravitational force into the SM
but so far not being possible. All these issues and more led to the formulation
of theories of physics of beyond our standard model (BSM)- examples of such
including supersymmetry, extra dimensions, neutrinos with mass, etc.
1.1.2

Mass Scale

Masses of the SM particles become essential to know within all the experiments
in the LHC, since mass becomes one of the more distinguishing properties to
tell all the particles apart. As all the particles are moving at speeds very close to
the speed of light, comparing the different masses of the various jets becomes
essential. The mass scale in Fig. 2 outlines all the fundamental particles in
the SM, both fermions and bosons. For this experiment, it’s important to know
the mass of the bottom quark (~4 GeV), the Z boson (~90 GeV), and the Higgs
boson (~125 GeV).

Figure 2: Mass Scale of the Fundamental Particles
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1.2

CERN, the LHC and ATLAS

Founded in 1954 with the purpose of advancing the frontier of both science and
technology, CERN (the European Organization for Nuclear Research) is home
to the Large Hadron Collider (LHC). Being the largest particle accelerator in
the world- a 27km ring of superconducting magnets, various types of detectors
and trigger systems- the LHC is easily one of the most impressive technological
achievements ever constructed.

Figure 3: Diagram of the Large Hadron Collider and associated experiments [7]

While the LHC is home to many different projects and is connected to research being conducted at other facilities, there are four main experiments CMS, ALICE, LHCb, and ATLAS. Those last two projects are the main functioning particle detectors at the LHC at the moment. This project is being done in
collaboration with the ATLAS experiment.
ATLAS, which stands for A Toroidal LHC ApparatuS, is responsible for
all the data and Monte-Carlo (MC) supplied for this paper. As one of those
aforementioned main particle detectors, ATLAS published a paper in 2012
alongside the CMS collaboration about the discovery of a particle in the 126 GeV
mass range, consistent with the theorized Higgs Boson. ATLAS is roughly 46m
long, 25m in diameter, and approximately 7000 tons. While all the components
of it can be seen in Fig. 4, it is most important to know of the Inner Detector
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Figure 4: The ATLAS Detector[1]

(ID) and the Calorimeters. The ID’s main function is the measurement of the
direction, momentum, and charge of any electrically charged particle which
moves through the detector. On the other hand, the calorimeters - which are
the liquid argon calorimeter (LAr Calorimeter) and the Tile calorimeter (TileCal)
- are responsible for measuring the energies of the particles.

2

Data and Monte Carlo Samples

Data worked with in this experiment came from proton-proton collisions which
p
occurred in the 2017 LHC run, at a center of mass energy of around s = 13
TeV. A total integrated luminosity of approximately 47 fb-1 was recorded by
ATLAS during this period of time, and a full plot of the recorded data can be
seen in Fig. 5.
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Figure 5: Data taken from proton-proton collisions during a LHC 2017 run

The main MC signal in this event is the Z (→ b b̄) in association with a γ.
Main background noise to be taken into account here includes the W +γ and
QCD (γ+ jets) backgrounds. There are also some contributions from jet faking
photons, electrons faking photon and t t̄ , but all of those processes are negligible
in the scope of this experiment. Fig. 6(a) and 6(b) show the leading Feynman
diagrams for the main signal decay and some of the various background decays
that could occur, respectively.

(a) Z Boson Decay into b b̄ pair in
association with a γ

(b) Possible Background Decays

Figure 6: Leading Feynman Diagrams of Z decay and Various Background Decays

8

3
3.1

Tagging Methods
The Z→ b b̄ decay

The main goal of this experiment is to take the tagging techniques which have
been used to identify the Higgs to b b̄ decay and validate their efficiency and
usage. While there are many other different decay possibilities for the Higgs,
the b b̄ decay is the one to work with and its important to understand why.
Branching ratios (BR) for a particle represents the probability for said particle
to decay into a series of other particles. In the context of this experiment we
will be looking at the different BRs of the Higgs decay, which all the decay
product possibilities may be seen in Fig. 7, as a plot of the BR vs. mass of
the Higgs. The plot does include all of the BRs which have been measured by
researchers, but are not necessarily all of the possible decays for the Higgs as
more could possibly be measured in future analysis. At the value where m H =
125 GeV, the currently measured mass for the Higgs, the dominant branching
ratio is the H decay to b b̄ , with a BR of about 58%.

Figure 7: Some Branching Ratios for the Higgs Bosons

With the b b̄ being the most common decay for the Higgs, validating the
techniques of its’ tagging requires another particle with a very similar decay.
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This is when the Z boson is introduced, as the b b̄ decay is also the most
dominant BR for it, with a BR of ~14%. Both the Higgs and Z boson are
different particles, Higgs being a scalar boson while the Z is a vector boson, but
they are similar enough in the lab frame of the LHC, and the only distinguishing
property needed to be known is mass.
The Z → bb decay is then perfect to act as a standard candle to Higgs tagging,
and will be the process by which the tagging techniques used on the Higgs
decay will be tested and validated.

3.2

Tagging Methods

There are the two main tagging techniques which are being tested on the Z
decay- single b hadron tagging and X → b b̄ tagging. Both are dependent on
two different variables and algorithms, and also applied to different types of
particle jets. Jets refer to clusters of objects that can be observed- tracks in
the ID, deposits in the calorimeters, etc. The two types of jets which pertain to
these tagging methods are the track jets and the large-R jets, and are explained
alongside their respective method.
3.2.1

Single B Hadron Tagging

Single b-hadron tagging acts upon the track jets present in an event, tagging
them individually on whether or not they contain a hadron composed of a b
quark. These variable-R track jets, also simply known as track jets,are clusters
of jets which are measured in the ID with the purpose to reconstruct the
b-jets resulting from a Higgs decay. As per their name the radius of these
jets fluctuate, described by Eq. 1. Not only is the radius dependent on the
transverse momentum of the jet, but also on a constant ρ that is roughly equal
to 30 GeV.
R=

ρ
pT

(1)

The main point to take away from the equation is that as the jet increases in
transverse momentum, the smaller its’ radius becomes. Inversely, as the pT
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Figure 8: Structure of a Variable-R Track Jets

goes lower, the radius of the jet becomes wider. There is maximum radius
of 0.4 for a jet to be considered a track jet, otherwise the constituents are
too separated. It also takes into account various properties of the track jets
themselves, including the decay length and primary and secondary vertices.
All of these and more substructure properties of track jets are labeled in Fig. 8.
Individually tagging these track jets is done by the use of a commonly used
variable in b-tagging, MV2c10. Taking into account different properties of the
b hadrons, such as their mass (~5 GeV) and lifetime of around 1.5 ps, MV2c10
is a multivariate discriminant variable that helps to determine if a track-jet
is indeed coming from a b-quark (or c quark or a light quark). Fig. 9 shows
the different types of jets which there could be and the efficiency at which
MV2c10 is able to distinguish them. Since the b jets have a higher value as it
tends to a +1 MV2c10 output value, the MV2c10 is most effective at identifying
b-hadronic jets.
Working points (WPs) at 77% and 70% ² (efficiency) of the variable were
utilized, WPs which have become the standard baselines for past b-tagging.
Using lower efficiencies would lead to not as much signal being identified which
results to a lower number of tagged jets, while a higher efficiency includes more
of the background noise which could result in more faking of the signal and
less reliable results.

11

Figure 9: MV2c10 Variable Effectiveness for Different Flavoured Jets

3.2.2

X→ b b̄ Tagging

The second technique of tagging, X→ b b̄ , goes another route in tagging as
compared to single b hadron tagging. Whereas the first technique tagged track
jets individually, this method utilizes a dedicated Higgs tagger trained against
QCD jets (γ+ jets background), using 60% efficiency working point of tagging.
Simply put, this method of tagging looks upon large-R jet as a whole, tagging
all of the track jets within together. Large-R calorimeter jets, also known as
large-R jets or fat jets, are detected in the calorimeters and whose substructure
consist of track jets; a clear illustration of this can be seen in Fig.10 , where
the black arrows represent the inner track jets and the dotted green line is the
outline of the large-R jet. Where the track jets could have a maximum ∆ R =
0.4, jets whose ∆ R are equal to 1.0 are considered to be large-R ones.
An essential property that these large-R jets must have is that they must be
boosted. Boosted jets are those that have greater transverse momentum than
compared to if they came from rest, and as a result of being boosted it causes
for the decays product of those resonances to get bunched together in the lab
frame. These boosted large-R jets are sought out for in the tagging of boosted
heavy bosons such as the Higgs, W or Z and top quarks. If these bosons were
not boosted, the observed large-R jets would not contain their decay products
and the desired process would not be observed.
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Figure 10: Large-R Jet Structure

Just as with single b-tagging, there is a variable which enables X→ b b̄ tagging
to identify the b b̄ decay pair- D2 . Not specific to b-tagging such as the MV2c10
variable is, D2 differs in that it doesn’t looks at the track jets, but tags the
large-R jet as a whole. Using only calorimeter information, and defined by
energy correlation functions shown in Fig. 11, D2 is mainly used to identify
jets that have a two-pronged substructure. Two-pronged substructures refers
to a jet which consists of only two constituents/sub-jets, in this case one that
only consists of two track jets. Selecting two-pronged jets is needed since the Z
boson, and the Higgs boson, decays into the b b̄ pair - which would be observed
as a jet with one track jet per b quark.

Figure 11: N-point Energy Correlation Functions

It is worth to note that the X→ b b̄ method can tag up to three-pronged jets.
Purpose for that being, contrary to the fact only two-pronged structures are
being sought for, it helps with the better recognition of background events and
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the discrimination against them- this could include t t̄ decays and some final
state radiation (FSR).

4
4.1

Analysis
Selecting (Z → b b̄ ) + γ events

With the knowledge of the two tagging methods and the variables that go into
each, the selection of wanted events is next. The main events that are being
sought after are Z→ b b̄ large-R jets produced in association with a photon.
There has to be one photon and a least one large-R jet, which must be the
leading photons and large-R jet- ones with the highest pT . Some of the more
important cuts made onto the MC are written in Table 1, dealing with limits on
properties such as the ET and pT of the photons and large-R jets. The ∆ R cut
on the photons ensures that they cannot be within the large-R jet. There is
also a single-photon trigger in use, with a transverse energy cut for ET > 140
GeV, along with some loose photon identification requirements.
Photon
ET >175 GeV
∆(R) >1.0

Large-R Jet
pT >200 GeV
|η| >2.0
mjet >30 GeV

Table 1: Photon and Large-R Jet Selections

There is also a D2 cut placed on the b-tagged region, with D2 > 1.3. Used
in past experiments, the cut isn’t placed on the X→ b b̄ region as the X→ b b̄
technique already takes the D2 variable into account, being a mass correlated
tagger.

4.2

Large-R Jet Mass Post-Tagging

The following plots show the different regions in which the mass of the large-R
jets were simulated- pretagged (Fig.12), single b tagging (Fig. 13), and X→ b b̄
tagging (Fig.14). Using the pretagged region, the mass being that of the leading
large-R jet (one with the highest pT ), most of the background can be seen to be
of the γ+ jets. What also becomes prevalent here and the rest of the mass plots
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is the discorrelation between the data and MC background, specifically with the
γ+ jets background. For that reason, scale factors (SF) had to be implemented
as to have the data and MC as 1:1 as possible. Scale factors differed for each
of the three regions due to the event selections made, resulting in a SF of 1.34
for the pretagged region, 1.40 for the b-tagging region, and 1.49 on the X→ b b̄
region.

Figure 12: Mass of the Leading Large-R Jets

As of being the pretagged region, there is no peak in the signal to be seen in
Fig. 12. Most of the jets in this region have a smaller mass than that of around
50 GeV, and the number of jets exponentially decrease at larger values .
After tagging is done there are some resonances identified, in which both
methods were able to distinguish a peak in the signal at around the mass range
of 90 GeV. With the Z boson mass being around 90 GeV as well, it is with great
certainty to conclude that both the single b-tagging and X→ b b̄ tagging were
able to identify the 2 b-hadron track jets that stemmed from the decay of a
Z boson. Main difference to be noticed between the techniques is how with
the X→ b b̄ , with both efficiencies in Fig. 14(a) and (b), is that the MC is more
narrowly distributed at the peak, differing from the broader distribution seen
in Fig. 13(a) and (b) of the single b-tagging. This most likely results from the
fact of X→ b b̄ being a mass correlated tagger, taking into account D2 , so that it
would be more focused on the mass window compared to single b-tagging.
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(a) Tagging at 70% ²

(b) Tagging at 77% ²

Figure 13: Mass of Large-R Jet after Single B-Hadron Tagging

(a) Tagging at 70% ²

(b) Tagging at 77% ²

Figure 14: Mass of Large-R Jet after X→ b b̄ Tagging

4.3

Signal Comparisons

With the tagging techniques showing a peak of the Z +γ signal in the expected
90 Gev mass range, knowing which tagging method is the most efficient is
also important. The three regions - pre tagged, single b hadron, and X→ b b̄ each had the ratio of signal to background, S/B, in the entire range of the
tagging and also then in just the mass window of 70 GeV to 100 GeV. The ratio
values were calculated only for the 77 % ², along with the b-tagged region being
without the additional D2 cut.
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Signal / Background
Pre-Tagged Jet
S/B
0.004
S/B in Mass Window 0.010

2b-Tagged
0.038
0.097

Xbb
0.079
0.149

Table 2: Signal / Background for Different Tagging Regions

As can be seen in Table 2, X → b b̄ results being the most effective tagging
method compared to the 2b-Tagging approach, with the highest value for S/B
both outside and in the mass window. Another big takeaway from these values is
that the amount of background to signal is substantially more, with not a single
value breaking even 0.2- this will have to be something future experiments take
in to consideration.
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Conclusions

In summary the main goal of this experiment was to validate the tagging
techniques used in the identification of the Higgs to b b̄ decay by using them
in the tagging of the Z → b b̄ decay. The two tagging techniques utilized, single
b-tagging and X→ b b̄ tagging, were put against Z→ b b̄ decay data and MC taken
from ATLAS proton-proton collisions in 2017. A peak in signal via both tagging
techniques was noticed in the large jet mass range of around 90 GeV, indicative
of the success of the techniques to reconstruct the two b quarks stemming
from a Z boson decay.
Something additionally noticed is the normalization of the γ+ jets MC not being
known very well, changing depending on the tagging region- hence why the
different scale factors are needed. This normalization error may stem from not
knowing what the flavor composition of the jets in these events may be, not
being to differentiate from it being predominately b-hadronic or of mainly light
(up/down/strange quark dominated).
Improvements that could be implemented in future analysis should mainly
focus on the γ + jets background, as it is not very well modeled in simulations.
To possibly create a better correlation between the data and MC, this analysis
would need to come up with ways of doing a data-driven estimate in future for
better modeling. Work is also being done at the moment on an X→ b b̄ mass
decorrelated tagger, in an effort to increase the efficiency from where it is now.
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