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Selecting b-jets through

fully reconstructed

B-hadrons

A large number of measurements and new physics searches performed in ATLAS rely on

the identification of jets originating from b-quarks. The aim of the study introduced in this

chapter is to investigate the reliability of the Monte Carlo simulation in describing the quantities

exploited directly and indirectly by these b-tagging algorithms. This is achieved by studying a b-

jet enriched sample from fully reconstructed B± → J/ψ K± decays and geometrically associating

them to their jet. The study was performed using the data collected by ATLAS in 2011 at
√
s =

7 TeV. An introduction of the selection strategy, the investigated quantities and the Monte Carlo

treatment are presented.

4.1 Introduction and motivations

The identification of jets originating from b-quarks plays a key role in the physics

programme of ATLAS. Many searches for physics Beyond the Standard Model (BSM)

and SM measurements performed with the ATLAS detector investigate signatures that

involve b-jets in the final state and rely on b-tagging techniques. Several algorithms

to identify b-jets that make use of the relatively long lifetime of B mesons have been

developed in ATLAS: (i) those based on the reconstruction of an inclusive secondary

vertex or (ii) those that require the presence of tracks with large impact parameters

and (iii) the combined tagging algorithms that make use of multi-variate discrimi-

nants. They have all been introduced in Section 3.2.2.
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Reconstruction and selection procedure Selecting b-jets through B hadrons

It is important that the Monte Carlo simulation is able to reproduce the response

to b-jets of the tagging algorithms. For example, many BSM searches, included the

one presented in Part 3 of this thesis, extrapolate background estimates from b-

jet-veto selections to selections involving one or more b-jets entirely relying on the

Monte Carlo simulation. In this context, it is then important to accurately model the

simulation of the b-jets and the b-tagging performance. In addition, the calibration

results discussed in Chapter 3 (Fig. 3.6) show that a correction factor is needed to

match the performance of the taggers in Monte Carlo with the experimental data.

This hints at the fact that some variables, on which taggers rely, might not be well

described in the simulation.

The accurate modelling of b-jets and b-taggers is mostly based on a correct de-

scription of the underlying quantities, such as the reconstruction efficiency and fake

rate of tracks and vertices, and the properties of the reconstructed objects on which

the identification algorithms rely. Ultimately, the outcome of this study could drive

a re-tuning of the simulation to improve the agreement with data.

The basic idea of this work is to exploit fully reconstructed B hadrons in an

exclusive decay channel to select a b-jet enriched sample both in data and Monte

Carlo. First a B hadron is fully reconstructed from its decay products and then

geometrically associated to its jet. As a second step, a requirement on the invariant

mass distribution of the B hadron candidate is applied to select a sample enriched

of true b-jets. The residual contamination is treated by means of a background

subtraction procedure (see Section 4), in order to obtain a pure b-jet sample that is

totally independent from the b-taggers and that is used for the comparison of data

and Monte Carlo

4.2 Reconstruction and selection procedure

The B± meson (or hadron) is a bound state of a quark and an antiquark (up-type

and bottom-type). It has a mass of 5279.26±0.17MeV and a long lifetime (compared

to other mesons and baryons) of (1.641 ± 0.008) ⋅ 10−12 s [44]. The lifetime allows

an energetic B hadron to travel a few millimetres before decaying at a secondary

vertex. B± mesons decay into D mesons with a branching ratio of 97%. However, in

this analysis it was chosen to study a decay mode characterised by a clear signature

that would provide an efficient reconstruction and a small background. Although

there are a reasonable number of decay channels of the B± that would be suitable

for the selection of the b-jet-enriched sample, in practice only one decay mode is
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Selecting b-jets through B hadrons Reconstruction and selection procedure

chosen for this analysis:

B± → J/ψK± → µ+µ−K± (4.1)

The J/ψ - a cc̄ quarks bound state - decaying into two muons with a branching

ratio of (5.93 ± 0.06) ⋅ 10−2 [44] provides the required clear signature. In addition

this decay mode is characterised by a high branching ratio of (1.028 ± 0.031) ⋅ 10−3

[44], compared to other B-decays involving a J/ψ. Finally, the presence of only one

additional track to the µ+ and µ− increases the reconstruction efficiency, though at

the expense of a lower purity.

The study presented in this part of the thesis is based on 4.7 fb−1collected by

ATLAS during the year 2011 at a centre-of-mass energy of 7 TeV. The data were trig-

gered requiring two muons originating from the decay of a J/ψ. The data were then

selected according to a standard good run list, that guarantees a good functioning

of all sub-detectors during data acquisition. Due to the high luminosity, multiple

interactions can occur in a single bunch crossing. Only the Primary Vertex (PV) of

the event is considered and it is defined as the one reconstructed by tracks with

the highest squared transverse momentum sum (∑tracks p
2
T). If this vertex is recon-

structed by less than four tracks, the event is rejected.

The J/ψ candidate is selected requiring two muons with pT > 4 GeV and an in-

variant mass within 200 MeV from the J/ψ mass of (3096.916±0.011) MeV [44]. The

muons fulfil the Secondary muons momentum and pseudorapidity requirements

listed in Table 3.1 in Ch. 3. The two muon tracks are fitted together assuming they

come from a common vertex and their invariant mass is re-calculated according to

the re-fitted parameters.

Secondly, a fully reconstructed B± candidate is selected following the scheme

shown in Fig. 4.1(a). All tracks that fulfil minimal quality requirements, and have a

transverse momentum greater than 2.5 GeV are refitted to a common vertex together

with the selected muons. The pT requirement has been chosen in order to reduce

the combinatorial background. Any triplet whose re-fit has converged is considered

a B candidate. If more than one candidate is found in the event, the one with the

lowest vertex fit χ2 is selected.

Finally, theB± candidate is matched to a jet satisfying the basic selection criteria

described in Chapter 3 (pT > 20 GeV, ∣η∣ < 2.5) by means of angular matching. It is

required to have ∆R(B, jet) < 0.41), where the candidate B± direction is estimated

1)∆R =
√
(ϕB − ϕjet)2 − (ηB − ηjet)2
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Figure 4.1: Schematic view of a B± → J/ψ K± decay (left) and matching of the B hadron to

the jet (right).

by summing the momenta of the muons and the third track. This cut does not intro-

duce any bias, since the bulk ∆R distribution for b-jets is within the requirement,

as it will be shown in Ch. 6. If more than one jet is found compatible with the B±

candidate, only the jet having the smallest ∆R is considered.

It immediately stands out that we are not applying a number of conventional

selections for B hadron identification, usually used to enhance the purity of B-

resonances sets, such as requirements on the hadronLxy (displacement in the trans-

verse plane) and on the χ2 of the fit of the displaced vertex.

Making use of these criteria would introduce an obvious bias in our study, since

the taggers we are aiming to investigate make use of the same information for the

tagging algorithm. However, these relaxed criteria come at the price of higher com-

binatorial contamination in the B-resonance region of the mass spectrum. The con-

tamination is of the order of 40%, which corresponds to 4 ⋅ 104 events within ±2σ of

the B-resonance in the invariant mass distribution, where σ is the resolution of the

resonance. This contamination is accounted for by means of a sideband background

subtraction procedure described in detail in the following chapter (Ch. 5).
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Selecting b-jets through B hadrons Definition of the variables under study

4.3 Definition of the variables under study

As previously mentioned, the aim of this study is to evaluate the reliability of

the Monte Carlo description of the most important quantities that characterise the

physics and topology of b-jets. These quantities might directly or indirectly influence

the behaviour and performance of the b-taggers. For sake of clarity we divide all

investigated variables into three groups, although this procedure is not perfectly

rigorous, since these categories do not simply factorise.

In the following, we list and describe each variable of each category, as a refer-

ence for the rest of the thesis.

Detector specific variables are those variables, that are mostly related to detec-

tor reconstruction effects. They are evaluated on each track associated to the jet

matched to the B hadron:

● The number of hits in the Pixel detector, in the SCT and in the TRT. For the

Pixel detector, the innermost layer (the B-Layer) is studied separately for its

importance to the vertex resolution.

● The number of shared hits per track, which are those hits that are associated

to multiple tracks by the tracking reconstruction algorithm.

● The impact parameter in the xy plane (d0) and along the longitudinal axis (z0)

with respect to the Primary Vertex of the interaction and their errors.

Each track entering this study must fulfil the loose requirements as listed in

the first column of Table 4.1. Tracks that fulfil stricter requirements are also in-

vestigated. These requirement are applied to all tracks used as an input from the

b-taggers and will be referred as Btag-Quality criteria.

Physics variables are correlated to the hadronization physics and the topology of

the b-jets. In this study we have considered:

● The angular distance of each track to the jet axis

(∆R(jet, track) =
√
(ϕj − ϕt)2 − (ηj − ηt)2)

● The number of tracks in the jet.

● The number of tracks in a jet that fulfil Btag-Quality requirements (see Ta-

ble 4.1).
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Variable Standard Btag-Quality

pT > [GeV] 0.4 1

IP d0 < [mm] 2 1

IP z0 < [mm] 10 1.5

SCT hits ⩾ 0 5

Silicon hits ⩾ 8 8

Pixel hits ⩾ 0 3

B-Layer hits ⩾ 0 1

Table 4.1: Requirements for standard and Btag-Quality selected tracks.

● The track multiplicities as a function of jet pT.

b-tagging algorithm performances The last group of variables aims to investigate

the accuracy of the Monte Carlo simulation in describing the behaviour of the taggers

and their performance:

● The association efficiency of the B decay products to a displaced vertex for

each tagger. For the IP3D tagger we instead evaluate how often the decay tracks

enter the pool of tracks used for the probability calculation.

● The association efficiencies as a function of the working points of the taggers.

In Section 3.2.2 the b-tagging algorithms were divided into three categories: the

impact parameter based taggers, the vertex based ones and the combined taggers.

In this study, a representative tagger for each category was chosen and investigated:

IP3D for the first category, SV1 for the second, and JetFitter for the third.

The fact that the B hadron decay in the selected b-jets is fully reconstructed and

the B decay products are identified, allows to divide the tracks associated to the b-jet

into two categories and separately compare the investigated quantities:

I. the B decay products (muons and kaons);

II. the hadronization tracks, defined as those tracks associated to the selected

jet and not identified as the kaon or the muons.

As described in the following section, the different nature of these categories

will be taken into account also in calculating corrective weights for the Monte Carlo

simulation.
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4.4 The Monte Carlo simulation

The Monte Carlo simulation used for the comparison with the experimental data

in this analysis is enriched in B± → J/ψ K± decays. At the generator level, the AT-

LAS specific PYTHIA implementation for the generation of B decays was used, which

provides an interface to PYTHIA (version 6.4) [110]. The detector simulation was per-

formed using the ATLFAST-II package [111], which performs a simulation of the ATLAS

detector geometry based on the Geant4 toolkit [112]. In this package a fast simula-

tion of the ATLAS calorimeter is implemented, which relies on the parameterisations

of the longitudinal and lateral energy profiles. The rest of the detector, including

the tracking system is fully simulated. In this way the simulation time is reduced

by one order of magnitude. All distributions of this Monte Carlo sample have been

compared with a smaller sample based on a full Geant4 simulation of the entire

ATLAS detector, including the calorimeters, and found to be in very good agreement.

The signal events in the Monte Carlo simulation have been further selected re-

quiring a true B± → J/ψ K± decay within geometrical acceptance associated in ∆R

to the reconstructed candidate.

As mentioned in Sec. 2.1, the high luminosity conditions of the LHC come at the

price of a high average number of interactions (pile-up) occurring at each bunch

crossing. This is not perfectly reproduced in the Monte Carlo simulation and a cor-

rective weight needs to be applied to each event to improve the simulation modelling

of the pile-up. In addition, the momentum and pseudorapidity distributions of the

matched jets, and, as a consequence, of the jet tracks differ between the data and

the simulation. This might introduce a distortion in some distributions. In order

to disentangle pT and η effects in the comparisons, it was decided to apply an ad-

ditional reweighting of these distributions, on top of the afore mentioned pile-up

correction.

In summary, the following corrective weights have been applied to the quantities

investigated in this study:

(a) A weight has been calculated for each track category - muons, kaons and hadro-

nization tracks - in order to match the η and pT distributions of each category

between data and the Monte Carlo simulation.

(b) All variables that do not belong to any specific track category, have been re-

weighted according to the η and pT distributions of the matched jet.
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(c) From the average number of interactions per event (pile-up) an overall weight

was derived that has been applied to every object in the event.

The distributions of the momenta of the matched jet and of the hadronization

tracks of the jet are shown in Figures 4.2. The good agreement of such distributions

after re-weighting assure that any pT-effect is disentangled and removed from the

other more interesting sources of discrepancies in the investigated variables.
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Figure 4.2: Transverse momentum distributions of the jet associated to the B hadron and of

the hadronization tracks associated to this jet, before and after eta − pT reweighting.
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