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Figure 5.16: Linear relation between the fluence and the leakage current measured
on the 2018 IBL module.
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Figure 5.17: Simulated proton fluence per pixel (left) and noise measurement from
threshold scan (right) relative to 288 bunches of 2 mm radius beam (2018).

with its value of simulated fluence and measured noise. The correlation is confirmed

from the analysis of the noise measurements performed after each beam pulse (see

Figure 5.19). The distribution is coloured differently for each measurement. The

noise starts to increase after 12 bunches, then costantly increases after each beam

pulse following the same trend.

The three IBL modules were operated with different configurations during the

beam transit: two configurations were used to reproduce the standard status of the

ATLAS detectors when LHC is delivering stable or non-stable beams:

� IBL module 1 (2017), stable beam: sensor bias and FE amplifiers on;

� IBL module 2 (2017), stand-by: sensor bias and FE preamplifier off;

� IBL module 3 (2018), stable beam: sensor bias and FE amplifiers on.
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Figure 5.18: Correlation between the proton fluence and the noise increase per pixel,
noise values measured after 288 bunches.

The stable beam configuration reflects the configuration used in ATLAS dur-

ing stable beam operations: the sensor is powered and the FE preamplification is

switched on to allow the data acquisition. The stand-by configuration is used instead

during non-stable beam conditions to avoid local shorts in the sensors or damages

in the electronics due to the heavily ionizing particles.

The noise increases in correspondence of the beam spot in a similar way for

the three modules (see Figure 5.20): the modules operating with the stable beam

configuration (module 1 and 3) have not experienced additional damage with respect

to the module operating in stand-by (module 2). The same conclusion is obtained

for the different structure of the silicon sensor: the noise measured on IBL modules

with 3D sensor (module 1 and 2) has increased in a similar way to the noise measured

on the IBL module with planar sensor (module 3).

The effect of 288 bunches with 2 mm radius beam is visible as a big red spot in

the center of the plot for module 1 and 2 and on the right for module 3. The effect

of few 0.5 mm radius beam bunches is visible as well: two small spots can be seen

on the right of the big spot for module 1 and 2, while 1 spot is visible on top of the

big spot for module 3.

5.7 ITk strip measurements and results

A detailed description of the performance degradation of ITk strip modules is out

of the scope of this thesis and is being documented in separated publications. On

the ITk strip modules, the following measurements were performed:

� leakage current monitoring: continuous online record of the leakage current

with the detector under bias;
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Figure 5.19: Correlation between the proton fluence and the noise increase per pixel:
one point per pixel (top) or averaged over the fluence (bottom). The colour of the
points corresponds to the beam pulse, the colour code is on the right.
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Figure 5.20: Comparison of the noise distribution measured on the three IBL mod-
ules after 288 bunches with 2 mm radius and few bunches with 0.5 mm radius.
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� three points gain: measurement of the noise and gain injecting three different

charges and varying the threshold value.

For the ITk strip modules, it was observed that the increase in leakage current

follows the increase of beam intensity and that the noise level increases as a function

of the proton fluence. The fraction of fully operating channels decreases signifi-

cantly with the increase of the dose received by the sensor. A significant amount of

channels shows high or low level of noise after the irradiation. The effect is maxi-

mal around the beam center and decreases with the distance. Since about 10% of

the damaged channels was observed after 1 bunch with wide beam operation, the

damage threshold of the ITk strip module is estimated as ∼ 8 · 1011 protons/cm2.

The value is calculated using 1 sigma beam spot with the beam hitting the sensor

perpendicularly. No macroscopic damages on the sensor and chip were visible after

the full irradiation.

Studies are on-going to improve the sensor and chip post-irradiation characteriza-

tion. The 2018 strip sensors, after the irradiation, show the typical leakage current

and depletion voltage for proton irradiated sensors. From preliminary studies, it

seems that PTP effectively protects the coupling capacitors of the silicon sensors

from large charge accumulation by a beam-loss scenario, but still this could induce

damages on the read-out electronics. Further studies are needed to understand the

beam-loss effect on read-out electronics for the PTP module.

5.8 Conclusions

The HiRadMat facility was used to irradiate ATLAS pixel and strip modules with

beams orders of magnitude more intense compared to previous experiments [56] to

test their resistance in case of beam-loss scenarios at HL-LHC.

After the completion of the wide beam program, up to 288 bunches with 1011

protons per bunch, both IBL 3D modules survived (2017), as well as the IBL planar

module (2018). The ITk strip module, monitored in the 2018 test with a full read-

out system, shows a significant performance degradation in terms of not operational

channels (high/low level of noise).

Based on the 288 bunches wide beam operations, a lower limit on the damage

threshold of IBL modules can be set at 1 · 1013 protons/cm2, taking into account that

the beam was hitting perpendicularly a good fraction of the sensitive detector area.

In 2017, after the last shot with a 288 bunches narrow beam, the FE-I4 was damaged

irremediably on both IBL 3D modules. Detailed post processing inspections seems

to indicate the presence of a short circuit between ground and analog voltage in the

read-out chip.

For the ITk strip module tested in 2018, about 10% of the channels was damaged

after 1 bunch of wide beam operations, therefore the damage threshold is estimated

as ∼ 8 · 1011 protons/cm2. Detailed post-irradiation studies are on-going, separately
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for the sensor and the chip, to identify the source of the channel loss. Preliminary

studies suggest that PTP effectively protects the coupling capacitors of the silicon

sensors from a large amount of charge, but the read-out electronics still might be

damaged.

I joined this effort from the beginning, taking part in each of the steps of these

experiments. I prepared the experiment proposal to be submitted to the HiRadMat

beam commettee, together with the other members involved in this test beam cam-

paign. I selected the 3 IBL modules to be used in this potentially destructive test,

measuring their properties in the ATLAS Genoa lab. I helped in the design and

the finalization of the experimental box (including the IBL frames), in agreement

with the strict HiRadMat facility requirement (the experimental area is a tunnel,

with extremely high radiation levels). Then I prepared and installed the setup (PCs,

cables, powering and read-out) in the HiRadMat facility tunnels. I took part in the

data taking, remotely controlling the IBL devices from the CERN Control Center

(CCC) at the SPS desk. Finally, I performed the IBL data analysis and presented

results at national and international conferences. This is a high interest measure-

ment, since silicon detectors were never exposed directly to such a high energy and

intensity proton beam before. The HiRadMat facility is the unique available facility

in the world where such experiments may be performed. There are plans to repeat

the experiment with the final prototype of the ITk pixel module, along with other

different prototypes of ITk strip modules, after the end of Long Shutdown 2, when

the HiRadMat facility will resume the operations.



Chapter 6

Bonus: my Good Run List

During the 2018, I contributed to the data taking activities for the ATLAS exper-

iment taking shifts in the ATLAS Control Room at the Inner detector desk. In

particular, I did 6 shifts in March 2018 with responsibility on the temperature and

environment control of the Inner detector, before the restart of the accelerator com-

plex. Then, in May and June 2018, I did 15 shifts during proton-proton collisions

with responsibility on the data taking with the Inner detector. The 2018 runs I con-

tributed to record are listed in Table 6.1. A single run is split into luminosity blocks

(LB) which have a fixed duration (approximately five minutes). Taken together,

these runs correspond to a statistics of almost 6 fb−1.

Day Run LB Notes

1st May 2018 349268 500 → End

1st May 2018 349309 Fill → 300

2nd May 2018 349335 Fill → End

3rd May 2018 349451 600 → End

7th May 2018 349646 500 → End

7th May 2018 349693 Fill

8th May 2018 349769 - ALFA detector run

9th May 2018 349944 Fill 2018 data reference run

10th May 2018 350013 Fill

13th May 2018 350160 700 → End

13th May 2018 350184 Fill

15th May 2018 350310 300 → End Tile module off (LBA29)

15th May 2018 350361 Fill → 300 Tile modules off (LBA29, LBA30)

25th May 2018 351160 Fill → End

26th May 2018 351223 Fill → 700

27th May 2018 351296 Fill → 200

31st May 2018 351636 Fill → 500

1st June 2018 351671 200 → 700

2nd June 2018 - - Cryogenic fault in LHC

Table 6.1: My personal 2018 Good Run List

83
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In case defects are spotted in the data, the LB are excluded from the list of

data runs used for the physics analyses, namely the Good Run List (GRL). The

direct experience I had with the detector control gave me a complete overview of a

high energy physics experiment. Moreover, the situations I experienced during data

taking (good runs, runs affected by detector issues, special runs) have been very

useful for me to fully understand the data quality from the data taking operations

point of view. This helped me a lot in my role as b-tagging data quality coordinator

(details in Chapter 8).



Chapter 7

Jets and flavour tagging

As outlined in Section 1.3, free quarks and gluons always undergo a hadronization

process with the resulting production of a hadronic jet shower. Quarks play an

important role within the Standard Model frame: they are the base components

of the hadrons (barions and mesons) such as protons, neutrons, pions, kaons. At

hadronic machines, such as LHC, plenty of quarks stem from each collision and,

moreover, many particles generated in the collisions decay in channels containing

quarks.

After a brief introduction to the treatement of tracks, jets and vertices in the AT-

LAS experiment (Section 7.1), a description of the characteristics of quark flavours

and of the corresponding jets is reported (Section 7.2): b-jets have a different topol-

ogy with respect to jets coming from charm quarks, light quarks or gluons and this

allows to separate them from the others.

ATLAS developed its own algorithms for the jet flavour identification [67], ex-

ploiting the typical properties of the quarks and the hadrons: the low level and high

level b-tagging algorithms are presented in Sections 7.3.1 and 7.3.2, respectively.

7.1 Vertices, jets and tracks reconstruction

Since jets are complex physics objects, particular attention is devoted to their re-

constrution: this is mainly based on calorimeter cell data, but also on reconstructed

charged tracks, which are used to identify the primary vertex candidate (i.e. the

vertex corresponding to the most interesting proton-proton interaction) and are the

associated to jets. In this section a brief description of this process is reported, along

with the description of techniques meant to reduce the effects of pile-up.

A charged particle generated at the collision point in the presence of the magnetic

field produces a track in the Inner detector that can be approximated as a helix. The

helix can be represented with 5 parameters in the perigee parametrisation, where

the perigee of a track is the point of closest approach to the z axis of the coordinate

system. The ATLAS perigee parameters are:

85



86 7.1 Vertices, jets and tracks reconstruction

� d0: signed transverse impact parameter, defined as the distance of closest

approach of the track to the primary vertex point in the transverse plane,

signed according to the trajectory of the reconstructed track with respect to

the primary vertex and the jet axis;

� z0: longitudinal impact parameter, defined as the difference between the z

coordinates of the primary vertex position and of the track at this point of

closest approach in the transverse plane;

� φ: azimuthal angle of the track at the perigee;

� θ: polar angle of the track at the perigee;

� q/p: charge over momentum of the track.

Each vertex (defined as the point where two or more tracks are converging) is

required to have two or more tracks; the primary vertex is selected as the vertex

that maximises the sum of the square transverse momentum (p2
T ) for the associated

tracks. Due to pile-up interactions, the average number of reconstructed primary

vertices is larger than one (up to 70 interaction per bunch crossing in Run 2). The

determination of the primary vertex is particularly important for b-tagging, because

it is the reference point to determine track impact parameters and the vertices

corresponding to in-flight decay of hadrons (secondary vertices).

The standard collection of jets are reconstructed by clustering energy deposits

in the calorimeter using the anti-kt algorithm [68] with a radius parameter of 0.4.

The clusters are calibrated to the electromagnetic energy response scale prior to jet

reconstruction. The reconstructed jets are then calibrated to the jet energy scale

(JES) [69] using corrections derived from simulation and in situ corrections based

on 13 TeV data.

The tracks associated to the calorimeter jet are required to have small angular

separation with respect to the jet axis: ∆R(track, jet) =
√

(∆η)2 + (∆φ)2, where

η is the pseudorapidity and φ is the azimuthal angle (see Section 2.1). Greater the

jet pT and narrower is the jet cone, resulting with a smaller cut value of ∆R: a

20 GeV jet has a cone cut value ∆R = 0.45 while a 150 GeV jet has a cone cut

value ∆R = 0.26. Tracks ar further required to pass some quality criteria in order

to reject fake and badly reconstructed tracks.

The Jet Vertex Fraction (JVF) [70], defined as the summed transverse momentum

of the tracks associated with the jet and originated from the primary vertex divided

by the summed transverse momentum of all the tracks associated with the jet, has

been developed during Run 1 to reject pile-up jets. JVF measures the fractional

pT from tracks associated with the primary vertex: its value is bound between 0

and 1, a -1 value is assigned to jets with no associated tracks. A small JVF value

corresponds to a large pile-up contamination, so, to reduce the contribution from
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Figure 7.1: Display of a proton-proton collision recorded on 3 June 2015, with the first
LHC stable beams at 13 TeV. Transverse plane (left): tracks reconstructed from hits in the
Inner Detector are shown as arcs curving in the magnetic field, while the electromagnetic
and the hadronic calorimeters are shown in greed and red respectively, with bars indi-
cating energy deposits. Longitudinal plane (right): tracks originate from several vertices,
indicating multiple proton-proton interactions, also known as pile-up. [29]

jets arising from pile-up, in Run 1 analysis, jets with pT < 50 GeV and |η| < 2.4

were required to satisfy JVF > 0.5.

A new discriminant for pile-up suppression has been developed and is currently

used by Run 2 analyses: the Jet Vertex Tagger (JVT) [71], obtained with a 2-

dimensional likelihood of RpT , defined as the pT sum of the tracks associated with

the jet and originated from the primary vertex divided by the fully calibrated jet

pT , and corrJVF defined as JVF, but corrected for the average sum pT from pile-up

tracks associated with the jet. The resulting JVT value is bound between 0 and 1,

with -0.1 assigned to jets with no associated tracks. To reduce pile-up contamination,

JVT is required to be higher than 0.59 for jets with pT < 60 GeV and |η| < 2.4,

while jets with pT > 60 GeV have a negligible contamination, so no further selection

is applied to them.

7.2 Quarks and jet flavour

The b quark is the second heaviest known quark, with a mass around 4 GeV [15].

Jets coming from b quarks (b-jets) will contain one or more B hadrons in their final
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state after hadronisation: the properties of B hadrons give to b-jets their special

topology: the presence of a secondary vertex, quite separated from the primary

vertex and reconstructable in most cases, and tracks with large impact parameters

(d0 and z0).

The most important B hadrons are the B±, B0 and Bs mesons which decay via

electro-weak interactions and have lifetimes of the order of 1.5 ps. With such a

relatively long lifetime, the typical B meson with a 50 GeV momentum would travel

about 5 mm in the lab frame before decaying, generating in this way a displaced

secondary vertex with a high number of tracks (high multiplicity). The tracks coming

from the secondary vertex have also larger impact parameters with respect to the

tracks from primary vertex. The b-tagging algorithms exploit all of these properties

to label a jet as a b-jet, together with other variables (i.e. the jet inveriant mass).

Figure 7.2: Typical structure of a b-jet (or a c-jet) stemming from the primary vertex
of the event: while light jets tracks originates in the primary vertex (i.e. the collision
point), most of the b-jet tracks originates in the secondary vertex (i.e. the vertex of the
hadron decay). Tracks originated in the secondary vertex have higher longitudinal (z0)
and trasversal (d0) impact parameters.

The light quarks (up, down and strange) with masses in the MeV scale or the

massless gluons are much lighter than the b quark: the so-called light jets (l-jets)

are quite different with respect to the b-jets in terms of invariant mass and decay

length. Lifetime of hadrons containing lighter quarks are several orders of magnitude
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shorter (10−23 s to 10−16 s for strong or electromagnetic decays) or longer (10−8 s for

electro-weak decays). In case they decay instantly, they will not travel a measurable

distance, excluding the possibility to identify a secondary vertex due to the hadron

decay. In case they decay out of the Inner detector, meters away from the primary

vertex, the possibility to find a secondary vertex in the Inner detector is excluded.

In case they decay in the Inner detector, the topology of the decay is such that it

can be correctly identified as a hadron containing light quarks, also thanks to the

different invariant mass.

The c quarks are slightly lighter than the b quarks, with a mass of about

1 GeV [15], so jets coming from c quarks (c-jets) have intermediate properties: since

the hadrons containing c quarks have a lifetime similar to that of the B hadrons,

they also produce a separated secondary vertex, characterized by a lower track mul-

tiplicity and an invariant mass in the middle between b-jets and l-jets. For this

reason c-jets are very hard to identify and they are easily mistaken as b-jets. The

most important hadrons containing c quarks are D± and D0 mesons which decay

via the electro-weak force and have lifetimes of the same order of magnitude with

B hadrons (about 1 ps), but slightly briefer. The typical D meson decay produces

a secondary vertex displaced from the primary vertex of about 3 mm (estimated for

a meson with 20 GeV momentum in the laboratory frame) with a topology very

similar to that of b-jet.

7.3 Flavour tagging algorithms

The identification of b-jets is performed with several algorithms, exploiting the long

lifetime, high mass and decay multiplicity of b hadrons. The tracks originated from

b-hadron decay have large impact parameters with respect to the tracks stemming

from the primary vertex. The basic ATLAS b-tagging algorithms [72] (or Low Level

Taggers) are based on the presence of reconstructed secondary vertices (SV1 and Jet-

Fitter), large impact parameters of their tracks (IP3D) and spatial and kinematic

correlations between tracks (RRNIP). To obtain an overall variable with more dis-

criminating power, improving the flavour tagging performance, the output of the

individual algorithms are combined through multivariate tecniques. This is the case

of the High Level Taggers, used by analyses for final discrimination: MV1 (for Run

1) and MV2c10 and DL1 (for Run 2).

7.3.1 Low Level Taggers

IP3D

IP3D is the impact-parameter-based algorithm currently used by ATLAS, deriving

from JetProb, a previous and simpler algorithm extensively used at LEP and at

Tevatron. The impact parameters are computed with respect to the primary vertex.
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In particular, the transverse impact parameter d0 is signed to further discriminate the

tracks from the b-hadron decay from tracks originating from the primary vertex. The

sign is defined as positive if the track intersects the jet axis in front of the primary

vertex, and negative if the intersection lies behind the primary vertex. The jet axis is

defined from the calorimeter jet direction or, when a compatible secondary vertex is

found, the jet axis is defined as the line joining the primary and the secondary vertex.

IP3D uses both the transverse (d0) and the longitudinal (z0) impact parameters and

their correlations. More precisely, IP3D uses d0 and z0 significances defined as the

ratio between the impact parameter and its uncertainty on the reconstructed impact

parameter: Sd0 = d0/σd0 and Sz0 = z0/σz0 . For each track, the significances are

compared to the pre-determined 2-dimensional Probability Density Function (PDF)

obtained from simulation of the b-jet and light jet. The log-likelihood ratio formalism

is used on the jet weight, defined as the sum of the logarithms of the track weights,

on their turn defined as the ratio of probabilities (derived from PDFs) of a track to

come from a light- or a b-jet.

SV1

SV1 is one of the secondary vertex based algorithms currently used by ATLAS,

along with the JetFitter algorithm described later. The secondary-vertex-based

algorithms have a much smaller mistag rate (i.e. the probability of mistakenly

tagging a light jet as a b-jet) with respect to the impact parameter based algorithms,

but they are limited by the relatively small efficiency of finding the secondary vertex

(≈ 60%). SV1 searches for the secondary vertex trying to associate every pair of

tracks far enough from the primary vertex with a χ2 fit. Vertices with invariant

mass compatible to Ks, Λ and other long lived light hadrons are rejected, as well as

vertices with coordinates compatible with a secondary interaction with the detector

material. SV1 is based on a likelihood ratio formalism exploiting these properties:

� the invariant mass of all the tracks used to reconstruct the secondary vertex;

� the ratio of the sum of the energies of these tracks to the sum of the energies

of all tracks in the jet;

� the number of two-track vertices;

� the ∆R between the jet direction and the line joining the primary and the

secondary vertex.

JetFitter

Jet Fitter exploits the topological structure of the weak decays of the b-hadron and

the c-hadron inside the jet. A Kalman filter is used to find the line where the primary

vertex, the b-hadron and the c-hadron vertices lie, as well as their position on this

line. The JetFitter algorithm takes six variables as input of a neural network:
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� the number of vertices with at least two tracks;

� the total number of tracks at these vertices;

� the number of additional single track vertices on the b-hadron flight axis;

� the invariant mass of all charged particle tracks attached to the decay chain;

� the energy of these charged particles divided by the sum of the energies of all

charged particles associated to the jet;

� the weighted average displaced vertex decay length divided by its uncertainty.

The jet pT and η are used as additional input nodes in the neural network, since

the six input variables depend on them. JetFitter has three output nodes, referred

as Pb, Pc and Pl, corresponding to the b-jet, c-jet and light jet hypoteses. The

discriminating variable is defined as the logarithm of the ratio between Pb and Pl.

SMT

During Run 2, to further increase the b-jet identification performance, a new Low

Level Tagger has been developed to be possibly used as input to High Level Taggers:

the Soft Muon Tagger (SMT), based on the reconstruction of muons coming from

semileptonic decays of heavy flavour hadrons. Three main inputs used for SMT as

discriminant variables: the ∆R separation between the jet and the muon, the d0

impact parameter of the muon track and pT rel, defined as the relative transverse

momentum of the muon with respect to the jet. Finally, six variables are combined

as inputs in a dedicated MVA, using a Boosted Decision Tree (BDT), to extract the

SMT discriminant weight.

RNNIP

In order to exploit the increasingly powerful Machine Learning techniques applied to

high energy physics, another b-jet identification algorithm has been developed, RN-

NIP [76], based on a Recurrent Neural Network (RNN). It processes charged particle

tracks associated to jets without reliance on secondary vertex finding. Differently

from IP3D, which assumes that tracks associated to jets are independent from each

other, the RNNIP algorithm exploits the spatial and kinematic correlations between

tracks which are initiated from the same b-hadron. This new approach includes

(with respect to IP3D input variables) also the fraction of transverse momentum

carried by the track relative to the jet and the angular distance between the track

and the jet axis. The RNNIP algorithm performance is found to be higher with

respect to the IP3D algorithm and is able to introduce significant improvements to

High Level Taggers, since its performance is mostly orthogonal to secondary-vertex

based taggers.
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Figure 7.3: Combination of the b-tagging algorithms to build High Level Taggers.

7.3.2 High Level Taggers

MV1

To better improve the performance, during Run 1, the MV1 algorithm was developed

as a combination of three of the previously described algorithms: IP3D, SV1 and

JetFitter. The MV1 neural network is a perceptron based on the TMVA package [73]

with two hidden layers consisting of three and two nodes, respectively, and an output

layer with a single node which holds the final discriminant variable. The training

relies on a back-propagation algorithm and is based on two simulated samples: b-jets

(signal hypothesis) and light jets (background hypothesis).

Jets are divided in ten bins in pT and four bins in η and the (pT , η) bin of the

jet is used as additional input node in the Neural Network. The MV1 output weight

distribution is shown in Figure 7.4 for b-, c-, and light jets in simulated tt̄ events:

b-jets tend to have high values close to 1 and light jets low values close to 0. The

MV1 discriminant variable was used for b-tagging purpose by many Run 1 physics

analyses.

MV2c10

A new multivariate b-tagging algorithm was developed for Run 2: MV2c10 [74, 75].

The input variables obtained from the three basic algorithms (IP3D, JetFitter and

SV1) are combined using a BDT algorithm to discriminate b-jets from light jets

and c-jets. The training is performed on tt̄ events and Z′ events (to increase the

statistics at high jet transverse momentum), controlling the fraction of c-jets added

in the training. One of the enhancements is in fact to train the MV2c10 network

also against c-jets, introducing a c-jet component in the backround hypotesis: the

name itself, MV2c10, reflects that the training is performed with b-jets as signal

and a mixture of about 90% light jets and about 10% c-jets as background. The 24

input variables used for the training include the jet pT and η to take advantage of

correlations with the other input variables.
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Figure 7.4: Distribution of the tagging weight obtained with the MV1 algorithm, for three
different flavours: b-jet, c-jet and light jets. The spike around 0.15 corresponds mostly to
jets for which no secondary vertex could be found.

While MV1 was based on a neural network approach using also intermediate

multivariate tools (see Figure 7.3), the MV2c10 uses a BDT omitting the interme-

diate steps: this not only improves the performance, but also significantly simplifies

the algorithm by directly using the variables from the basic algorithms.

As can be seen in Figure 7.5, the MV2c10 output weight ranges between -1 and

+1, with b-jets tending to have weights close to +1 and light jets close to -1, while

the c-jet distribution is broadly spread between -1 and +1.

DL1

A completely new High Level Tagger, and the most promising one in terms of per-

formance, has been developed during Run 2: DL1 [77] (from Deep Learning), based

on an artificial Deep Neural Network. Its Neural Network has a multidimensional

output corresponding to the probabilities for a jet to be a b-, c- or light jet. The

input variables to DL1 are the same of the MV2 BDT, while the parameters of

DL1 are optimised in terms of the architecture of the NN, the number of training

epochs, the learning rates and training batch sizes. The jet flavours are considered

equally during training and multiple output nodes are used, each trained to predict

a specific jet flavour, which provides a highly flexible flavour tagging algorithm. The

performance for arbitrary background mixtures can be adjusted after the training,

according to physics analysis requests.

The final output of the DL1 algorithm is spread between -5 and 10 (see Fig-
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Figure 7.5: Distribution of the tagging weight obtained with the MV2c10 algorithm, for
three different flavours: b-jet, c-jet and light jets.

ure 7.6), with b-jets tending to have weights between -2 and 10, light jets between -5

and 2, peaked around -2, while the c-jet distribution is spread between -3 and +5.

Figure 7.6: Distribution of the tagging weight obtained with the DL1 algorithm, for three
different flavours: b-jet, c-jet and light jets.

SMT and RNNIP enhanced High Level Taggers

Given the availability of the new Low Level Taggers, SMT and RRNIP, three variants

have been developed for each of the High Level Taggers [78] (MV2c10 and DL1):
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� MV2c10 and DL1, baseline taggers with the standard inputs: impact param-

eter (IP2D and IP3D) and secondary vertex based (SV1 and JetFitter);

� MV2c10mu and DL1mu, baseline tagger plus the introduction of the SMT

tagger as input;

� MV2c10rnn and DL1rnn, a full option with the SMT and the RNNIP inputs

in addition to the standard variables.

The performance of the different variants of MV2 (MV2, MV2mu and MV2murnn)

is shown in terms of the light-flavour and charm rejection, evaluted as a function of

the b-jet efficiency (see Figure 7.7, top) or as a function of the jet pT for a constant

b-jet efficiency of 77% (see Figure 7.7, bottom). The rejection is measured as the

inverse of the efficiency of selecting quark and gluon jets: a rejection factor of 50

would mean that, if the tagger is applied, the number of background jets is decreased

by a factor of 50.

The use of the full set of input variables from the SMT algorithm and the output

of the SMT multivariate BDT discriminant have both been tested in the High Level

Tagger development. The introduction of SMT is found to introduce significant

improvements in the low pT region of the jet kinematic with respect to the baseline

taggers, while the additional input from RNNIP introduce further improvements in

the high pT region.

7.3.3 Working points

For each b-tagging algorithm, working points (WP) are defined as a function of the

average b-jet efficiency measured on simulated data. The same algorithm may be

optimized through the years and released as new versions of the same algorithm,

therefore it is important to report the software resease number. In Tables 7.1 to

7.5, the working points of different b-tagging algorithms are reported, along with

the corresponding c-jet and light jet rejection factors. Jets originated from τ leptons

can be mistakenly tagged as b-jet too: in order to have a good b-tagging performance

it is important to take them into account, so τ jets rejection factors are also reported

in the tables.

Cut Value b-jet Efficiency [%] c-jet Rejection light jet Rejection τ jet Rejection

0.9867 60 7.98 651.81 25.21

0.8119 70 4.99 150.00 14.07

0.6065 75 3.96 65.98 9.05

0.1644 85 2.38 10.29 2.93

Table 7.1: Working points for the MV1 b-tagging algorithm (software release 17, 2012),
including benchmark numbers for the efficiency and rejections rates. The statistical un-
certainties are negligible.
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Figure 7.7: The light jet and c-jet rejection versus b-jet efficiency (top) or as a
function of the jet transverse momentum for a flat b-jet efficiency of 77% (bottom)
for the MV2c10, MV2c10mu and MV2c10rnn algorithms: significant improvements
are observed when variables from SMT and RNNIP taggers are included as inputs
to enhanced High Level Taggers.
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Cut Value b-jet Efficiency [%] c-jet Rejection light jet Rejection τ jet Rejection

0.4496 60 21.33 1846.27 92.89

-0.0436 70 8.05 442.85 26.19

-0.4434 77 4.53 135.78 9.76

-0.7887 85 2.62 27.51 3.83

Table 7.2: Working points for the MV2c20 b-tagging algorithm (software release 20.1,
2015), including benchmark numbers for the efficiency and rejections rates. The statistical
uncertainties are negligible.

Cut Value b-jet Efficiency [%] c-jet Rejection light jet Rejection τ jet Rejection

0.934906 60 34.54 1538.78 183.98

0.8244273 70 12.17 381.32 54.72

0.645925 77 6.21 134.34 22.04

0.1758475 85 3.10 33.53 8.17

Table 7.3: Working points for the MV2c10 b-tagging algorithm (software release 20.7,
2016), including benchmark numbers for the efficiency and rejections rates. The statistical
uncertainties are negligible.

Cut Value b-jet Efficiency [%] c-jet Rejection light jet Rejection τ jet Rejection

0.94 60 21 1204 155

0.83 70 8 313 39

0.64 77 4 113 16

0.11 85 2 28 6

Table 7.4: Working points for the MV2c10 b-tagging algorithm (software release 21,
2017), including benchmark numbers for the efficiency and rejections rates. The statistical
uncertainties are negligible.

Cut Value b-jet Efficiency [%] c-jet Rejection light jet Rejection τ jet Rejection

2.74 60 26 1320 239

2.02 70 9 395 47

1.45 77 4 137 15

0.46 85 2 32 4

Table 7.5: Working points for the DL1 b-tagging algorithm (software release 21, 2017),
including benchmark numbers for the efficiency and rejections rates. The statistical un-
certainties are negligible.





Chapter 8

b-tagging data quality in 2018

The ATLAS experiment has a long and wide experience in the data quality as-

sessment, obtained after years of operations, which has guaranteed many successful

physics results. The ageing of the detector is posing new challenges to the operation

team, since the detector components may introduce faults during data collection

that would bias the data. The constant monitoring of the data quality and stability

is a key component toward a successful physics program. Nevertheless, the LHC

operations are tightening year by year in order to gain as much as possible from the

collisions. In 2017 a high increase in the instantaneous luminosity delivered to the

LHC experiments has posed many challenges to the experiment operations and to the

performance of the collected data. The data quality software needs to be adapted to

such changes in order to be ready to assess the quality of the data in any condition:

standard proton-proton collisions, high luminosity collisions, low luminosity colli-

sions, special runs, heavy ion collisions. In this context, I contributed updating the

b-tagging data quality software and with the experience gained, I acted as b-tagging

data quality expert, helping to follow up the issues and in the organizational aspects

of the data quality shifts. I am going to be involved in the documentation of the Run

2 data quality procedures, to mantain the experience and allow a smooth knowledge

transfer towards Run 3. I will take care as well of the migration of the b-tagging

data quality software to release 22: a complete rewriting of the tools is required in

order to allow the Athena framework to work in parallel on multiple threads.

After the introduction to the ATLAS data quality software (Section 8.1), a de-

tailed description of the improvements to the b-tagging monitoring tools is presented

(Section 8.2), along with few examples of relevant issues (Section 8.3).

8.1 Data quality framework

As introduced in Section 2.7, the ATLAS reconstruction software framework, Athena,

is used for a variety of purposes, including high-level triggering, simulation, recon-

struction, monitoring and analysis. Athena provides a skeleton in which users can

99
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embed their specific analysis code. As usual in particle physics, the framework is

oriented to run on input data in event per event steps and make use of Python

scripts (known as job options) to initialize and configure run-time algorithms.

As explained in Section 2.6, the data read-out by the ATLAS detector are filtered

by a two-levels on-line trigger: Level 1 (LVL1) and High Level Trigger (HLT). The

recorded events are stored into different streams depending on purpose (calibrations,

monitoring or physics) and trigger hypotheses (minimum bias, muons, calorimetric

clusters, ...). The express stream (namely the express express) is a special stream

containing a sample of each other trigger stream and it is analysed first to provide

a fast feedback of the detector status.

Collision data are recorded from the detector in byte stream format (RAW data)

and contain only hits of electronic read-out channels and information about trigger

decisions. Those data are decoded and reconstructed by running Athena reconstruc-

tion process in various steps. First, data are translated from electronic channels to

correspondent detector elements, then are reconstructed particles tracks and clus-

ters (i.e. energy deposits in calorimeter cells). Finally, the particles are identified,

along with more complex objects (secondary vertex, b-jets). Detailed output of the

detector reconstruction from RAW data is written in ESD (Event Summary Data)

files and AOD (Analysis Object Data) files.

The reconstruction is run at the CERN computing farm (the Tier-0 centre) on the

express stream as soon as data are available on disk and when the necessary detector

conditions information has been replicated to Tier-0, generally within few hours of

the start of a run. Detector calibrations, alignment, and basic detector operation

have to be verified by rapidly reconstructing a smaller subset of the physics events.

Data monitoring is first done online by the DQ shifter in the ATLAS Control Room

(ACR) to quickly spot problems and instabilities, on a relatively small number of

histograms filled with a subset of the events being recorded (see Figure 8.1).

Figure 8.1: Example of three of the few plots monitored online via the Online Histogram
Presenter (OHP) for the b-tagging data quality, run 364040.

After that, the reconstruction of the different data streams is performed and data

quality is monitored as well offline by offline shifters. Monitoring histograms are

checked by shifters with the help of an automatic quality assessment implemented

in the Data Quality Monitoring Framework [79]. A first step of calibration and

alignment occurs within 24 hours after the data has been taken. The obtained
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values are then used for the bulk processing of the data, including the physics stream

(namely the physics Main) which is the main stream used during the assessment of

the quality of the collected data. Data are then distributed to the regional (Tier-1)

and local (Tier-2) centers for data analysis.

Data quality is a crucial point for physics analyses. The data quality process has

been introduced with the aim of marking reconstructed data of every run as usable

or not for performance and physics analyses in the ATLAS experiment. Because of

the complexity of the detector and of the objects used in analyses, it is necessary

to divide the data quality monitoring in sub-groups, each one dedicated to a main

detector component or physics object:

� luminosity: assess the correct operation of the luminosity detectors and the

related measured quantities;

� trigger: check the application of the correct trigger keys to each specific running

condition;

� Pixel, SCT, TRT, LAr, Tile, Muon: assess each sub-detector status in terms

of number of working detector components and overall performance of the

sub-detector;

� Inner detector global: check the general performance of tracking and the status

of the alignment of the tracking detectors;

� b-tagging: assure the quality of tracking and jet reconstruction with a focus

on heavy flavour jets;

� Calorimetry combined: check the performance of high level objects (photon,

electron, τ , jet, Emiss
T ).

In particular, the goals of b-tagging offline monitoring are mainly three:

� give information, almost in real-time, about the status and the behaviour of the

detector components involved in b-tagging (tracking, vertexing, calorimetry)

and spot possible problems which can occur during detector operations;

� monitor the quality of the tracks and jets to ensure that the b-tagging perfor-

mance is stable across physics runs;

� assess the quality of the recorded data to define whether or not it can be used

for physics analysis.

The output of the monitoring application are ROOT histograms, grouped in

folders according to level of details. The offline data quality process of ATLAS is

based primarily on analysing histograms produced by monitoring tools. The most

interesting data quality histograms are automatically presented in a dedicated web
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page 1, namely a Web display. In particular, the histograms used for the offline data

quality monitoring of b-tagging are organized in sub-folders within the JetTagging

folder:

� Quality control: these histograms are intended to be controlled run by run

by non expert shifters; they give a global and complete view of the b-tagging

status without too many details.

� Diagnostics: these histograms are related to the global b-tagging status go-

ing into details and monitoring high level quantities; they are included to be

monitored in case of issues by the b-tagging data quality experts.

� JetInformation: detailed plots on jets, including two dimensional η vs φ maps

of the step-by-step selection performed on jets, including two dimensional maps

of jets after b-tagging application.

� TrackInformation: datailed plots on tracks, including impact parameter dis-

tributions and a sub-folder with details on the distribution of tracks failing

quality selection cuts.

Figure 8.2 shows a Web display from a 2018 run: on the left, the links to folders in

which b-tagging folders are expanded; on the right, the histograms from the Quality

control folder which are mainly meant to be checked by human shifters, with the

help of automatic checks performed by the he Data Quality Monitoring Framework

tool (DQMF) [79].

Figure 8.2: Example of plots to be monitored offline via the offline DQ framework. On
the left, the ATLAS data quality folders hierarchy is visible, with b-tagging related folders
expanded. On the right, the plots from the b-tagging Quality control folder are visible.

1https://atlasdqm.cern.ch/webdisplay/tier0/
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The Data Quality Monitoring Framework is a software tool developed to perform

automated analysis on monitoring histograms and to encode results in colour flags

(green/yellow/red) on the basis of specific algorithms: the evaluation of the mean

or the RMS of a histogram, the Kolmogorov test2, the counting of the number

of bins with content above or below a predefined threshold, a comparison with a

predefined histogram used as reference. The numerical result of these operations

is compared with the thresholds which define the good (green), acceptable (yellow)

and bad (red) intervals. The flags are presented as coloured frames surrounding

the histograms in the Web display (see Figure 8.2). The comparison between the

run to be monitored (358031, in black) and the reference run (349944, in blue) for

the MV2c10 distribution of jets in the 20 GeV < pT < 50 GeV range is visible

in Figure 8.3: a green flag is assigned according to the check performed with a

Kolmogorov test.

Figure 8.3: Example of comparison between a 2018 run and a reference run for the
MV2c10 distribution of jets in the 20 GeV < pT < 50 GeV range: a green flag is assigned
according to the check performed with a Kolmogorov test.

The b-tagging performance is heavily based on the performance of track and jet

reconstruction. Any issue related to tracking or calorimetry may in principle affect

the jet distributions and the b-tagging performance in general. For the tracking, the

goal is to compare track distributions (track parameters, kinematic distributions,

2The Kolmogorov-Smirnov test is a test of the equality of one-dimensional probability distribu-
tions that can be used to compare a sample with a reference probability distribution.
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multiplicity distributions, hit patterns in the tracking sub-detectors, etc.) with

reference distributions from standard reference runs. In case significant discrepancies

are found, the origin of the issue can sometimes be tracked down to an issue with

one of the tracking sub-detectors. For the calorimetry, the goal is to check kinematic

and b-tagging distributions of jets. Additionally, 2D maps distributions (η vs φ) of

jets after each step of the jet selection, including before and after the application

of the b-tagging selection, are monitored. Any discrepancy between the monitored

run and the reference run is followed up with the experts. The classical example of

defects arising from calorimetry are hotspots.

In case of visible defects in the recorded data (i.e. noisy channels, detector

components with wrong configurations, missing data from part of detectors), each

sub-group may declare a defect to a full run or a part of a run (in terms of LB range).

After collecting the feedback from each of the sub-groups in terms of defects, the

official Good Run List is defined and delivered to the ATLAS community for physics

analyses. The possible defects to be assigned by the b-tagging sub-group are:

� BTAG BEAMSPOT SHIFT (Tolerable: flag a shift in the beamspot position.)

� BTAG BLAYER PROBLEM (Tolerable: suspect area in the 2D maps or in other

histograms due to a problem with IBL.)

� BTAG BLAYER SERIOUS PROBLEM (Intolerable: a fraction or a whole run is af-

fected by IBL issues, large areas of low efficiency in the 2D map.)

� BTAG BULK UNCHECKED (Tolerable: not yet validated.)

� BTAG JET HOTSPOT (Tolerable: calorimeter hotspot affecting the b-tagging per-

formance.)

� BTAG JET SEVHOTSPOT (Intolerable: several or severe calorimeter hotspots af-

fecting the b-tagging performance.)

� BTAG LOWSTAT (Tolerable: statistics too low for reliable assessment.)

� BTAG NOJETS (Tolerable: no jets passing requirements to be considered for b-

tagging.)

� BTAG SCT PROBLEM (Tolerable: drop in the track selection efficiency due to e.g.

an insufficient number of SCT hits, in a small region of the detector.)

� BTAG SCT SERIOUS PROBLEM (Intolerable: drop in the track selection efficiency

due to e.g. an insufficient number of SCT hits, in a large portion of the

detector.)

� BTAG TAGGABILITY FLUCTUATIONS (Tolerable: low statistics cause the 2D maps

to look chaotic.)
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� BTAG TRT PROBLEM (Tolerable: problem related to the tracking requirements in

the TRT which adversely impact b-tagging performance.)

� BTAG TRT SERIOUS PROBLEM (Intolerable: problem related to the tracking re-

quirements in the TRT which seriously impacts b-tagging performance.)

� BTAG UNCHECKED (Intolerable: not yet checked.)

8.2 Data quality software improvements

In this section, the updates performed to the b-tagging data quality software for

the 2018 data taking as presented. They include improvements to the trigger pre-

selection of the events (Section 8.2.1), the introduction of histograms to cope with

the increase of the instantaneous luminosity (Section 8.2.2), the update of the tools

to be compatible with the b-tagging algorithms of the release 21 (Section 8.2.4),

the introduction of histograms to monitor jets with soft-muons from semi-leptonic

b-hadron decays (Section 8.2.5) and the update of the tools to work with events from

heavy ions collisions (Section 8.2.6).

8.2.1 Trigger pre-selection

The instantaneous luminosity has sensibly increased during 2017 data taking. Be-

cause of that, the number of pile-up collisions increased as well, raising the number

of jets due to pile-up jets contamination. The monitoring histograms which included

jet kinematic and b-tagging distributions, but also vertex and tracks variables, are

found to be sensitive to the level of pile-up. Therefore the comparison between his-

tograms of different runs (a run and a reference run) was biased due to different

pile-up contributions.

In order to limitate this phenomenon, the b-tagging DQ framework was improved

during 2017 data taking introducing an additional pre-selection step in the selection

of the events used in the monitoring. The pre-selection consisted in requiring the

events to pass few HLT chains of single lepton triggers (single muon and electron

triggers), with the aim of monitoring events with a stable rate, less affected by

pile-up jets contamination.

Between the start of 2018 data taking, the event pre-selection was improved

introducing wild cards in the HLT trigger naming convention: in this way the pre-

selection was not sensitive to the possible changes of trigger thresholds during the

2018 data taking.

The typical cut flow of the 2018 data event selection performed on events used

for the b-tagging data quality monitoring is shown in Figure 8.4. The event selection

includes: a veto selection on error flags related to Tile and LAr calorimeters, at least

1 primary vertex, at least 4 tracks associated to the primary vertex, the single lepton
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trigger pre-selection. In particular, the wild-cards include all single lepton triggers

with pT threshold included from 20 to 99 GeV.

Figure 8.4: Cut flow of the event selection for the b-tagging data quality monitoring.

8.2.2 Pile-up dependency

The pile-up jet contamination is a well known issue in hadron collider physics, the

ATLAS experiment has developed the JVT variable to discriminate between jets

coming from the hard collision and pile-up jets (see Section 7.1). Within the ATLAS

physics analyses, the jets are required to pass the JVT selection. Up to 2017, the

b-tagging data quality tools were not including such a selection. The JVT selection

has been introduced before the start of 2018 data taking, as an extra step in the

selection of the jets used included in the monitoring histograms.

The typical cut flow of the jet selection performed on the events that previously

passed the event selection is shown in Figure 8.5. The jet selection includes: basic

quality cuts over jet related quantities (i.e. energy, timing, sampling), a kinematic

threshold cut (pT > 15 GeV, |η| < 2.5), the JVT selection (introduced in 2018), the

jet quality based on tracks passing basic requirements (Good, Suspect or Bad).

The introduction of the JVT selection within the jet selection has sensibly re-

duced the pile-up, but a small effect was still visible for runs with different average

pile-up distributions < µ > (see Figure 8.6).

To further reduce the dependency of the b-tagging algorithm distributions from

the pile-up contamination, three new histograms have been introduced in the 2018

monitoring tools, dividing the events according to the average pile-up value < µ >.

The three histograms of the MV2c10 b-tagging algorithm distribution of jets for



8.2 Data quality software improvements 107

Figure 8.5: Cut flow of the event selection for the b-tagging data quality monitoring.

events classified according to the < µ > value in the [0, 30], [30, 50] and [50, 70]

ranges are visible in Figure 8.7. The different shape of the MV2c10 distribution

between events from different < µ > ranges is visible in Figure 8.8.

8.2.3 tt̄ events

During 2017, a dedicated event selection was introduced with the aim to select tt̄

events, in order to monitor events with a high fraction of b-jets (at least two b-jets

from the t → Wb decay). These events have a relatively high production cross

section at 13 TeV. The number of events selected with the di-lepton channel (with

the W bosons decaying into an electron and a muon with opposite sign) in a single

run is enought to be used for monitoring purpose.

The simplified tt̄ event selection used in the data quality monitoring requires

two isolated leptons with opposite sign charge. In 2018, the selection was improved

(fixing bugs and adapting the selection to the standard used in physics analyses).

The improvements allowed to increase the number of tt̄ events, with more than

5000 events per run, in standard running conditions. With such a statistics, it is

possible to monitor the b-tagging performance on sufficient number of b-jets. The

MV2c10 distribution of jets from the selected tt̄ events is shown in Figure 8.9: a

good fraction of b-jets is visible with the peak of jets in the region close to 1. In

Figure 8.10 it is visible the pT distribution of the jets from tt̄ events: on the left the

pre-tag distribution, on the right the distribution after the b-tagging selection (70%

working point of MV2c10 algorithm).
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Figure 8.6: Different average pile-up distribution between a 2018 run (350531) and a
reference run (349944).

Figure 8.7: Three new monitoring histograms introduced in 2018: the events are classified
according to the < µ >. From left to right: [0, 30], [30, 50] and [50, 70] < µ > ranges.

8.2.4 Release 21 algorithms

During 2017, a new ATLAS software release has been introduced (release 21) which

includes 6 new b-tagging algorithms. The new physics analyses were asked to use

data reconstruction performed with the new software release. The 2017 data moni-

toring was performed with the b-tagging algorithm from release 20 (MV2c10).

In general, the monitoring algorithms are called in the job options files with

several parameters that can be easily changed, if necessary, without to change and

re-compile the C++ algorithm code. The default value of each parameter is included

in the C++ code, and it can eventually be over-written by the value included in the

job options file.

Before the start of the 2018 data taking, the selection of the b-tagging algorithm

to be used in the monitoring has been included in the job options file, in order to

easily switch from one algorithm to another in case a different b-tagging algorithm
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Figure 8.8: Comparison of the shape of the MV2c10 distribution for events classified
according to < µ > ranges: [0, 30] < µ > range in blue, [30, 50] < µ > range in red and
[50, 70] < µ > range in green.

is recommended in 2018. The MV2c10 b-tagging algorithm from release 21 was used

for the 2018 monitoring.

8.2.5 SMT jets

With the release 21, the MV2c10 and DL1 b-tagging algorithms are enhanced with

the introduction of soft muon tagging (see Section 7.3.2). In order to monitor the

stability of the new algorithm (in view of a possible change in the recommended

algorithm), a dedicated selection has been introduced in 2018 to select jets with a

soft muon from the semileptonic hadron decay. The selection is focused on the soft

muon properties: a combined track (fitted from fragments from the Inner detector

and the Muon spectrometer), pT > 5 GeV, |η| < 2.5, d0 < 4 mm. Only one soft

muon is allowed with an angular separation with respect to the jet axis of ∆R < 0.4.

The number of soft muons per jet is shown in Figure 8.11, on the left: the number of

jets with one soft muon associated is stable, around 7%. The MV2c10 distribution of

the soft muon tagged jets is shown in Figure 8.11, on the right: the b-jet component

of this sample is much higher than the one available in tt̄ events (see Figure 8.9).

8.2.6 Heavy ion collisions

The Large Hadron Collider is designed to accelerate both protons and ions. Together

with the standard proton-proton collisions, the LHC has delivered in these years

also ion-ion collisions as well as proton-ion collisions. The ATLAS experiment is

a general purpose experiment mainly focused on proton-proton collisions, but it is

able to collect data from ion-ion collisions too. There is an ATLAS group dedicated

to the analysis of heavy ion collision data. Among the main results of the ATLAS
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Figure 8.9: MV2c10 distribution of jets from the selected tt̄ events: a good fraction of
b-jets is visible with the peak of jets in the region close to 1.

experiment in the heavy ion physics field, there is the evidence for light-by-light

scattering in heavy ion collisions [80]. The ion-ion collision events are much more

complex (in terms of objects) with respect to the events from standard proton-proton

collisions. The track multiplicity of Xe-Xe collision jets compared to the proton-

proton collision jets is shown in Figure 8.12, on the left: the track multiplicity peaks

at 10 for the standard collisions while the average track multiplicity of a Xe-Xe

collision is around 25. The level of complexity in the reconstruction of a jet in

such an environment is nevertheless minor compared to the complexity of finding a

secondary vertex from the b-hadron decay within a b-jet.

In ATLAS there are dedicated jets collection for the jets reconstructed within

heavy ion collisions. The b-tagging has never been attempted on jets from heavy

ion collision events. During 2018, for the first time, the b-tagging algorithms are

introduced in the Athena framework for the heavy ion jet collections; b-jet trigger

keys are prepared as well. The b-tagging data quality tools has never monitored

before the quality of heavy ion collisions, because of the lack of b-tagging algorithms.

I have updated the data quality tools in order to allow the monitoring of the heavy

ion jet collections. Preliminary tests have been performed reprocessing events from

the 2017 Xe-Xe collisions with the Athena software release 21.0.83, which is the first

release to include the b-tagging algorithms for heavy ion jet collisions. A comparison

of the MV2c10 distribution between the Xe-Xe run and a 2018 proton proton collision

is shown in Figure 8.12, on the right. As expected, the shape of the distributions is

different: due to the complexity of the tracking in heavy ion collision environment,

the peak of b-jets (close to 1) is not visible in the heavy ion collision jets.
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Figure 8.10: pT distribution of the jets from tt̄ events: on the left the pre-tag
distribution, on the right the distribution after the b-tagging selection (70% working
point of MV2c10 algorithm).

Figure 8.11: Histograms related to soft muon tagged jets, introduced in the 2018
monitoring: on the left, the multiplicity of soft muons per jet; on the right, the
MV2c10 distribution of the soft muon tagged jets.

8.3 Data taking performance

The offline b-tagging data quality monitoring is performed by non expert shifters.

The 2018 monitoring was performed by shifters from 17 different institutes, organized

in weekly shifts for a total of 33 weeks, from 9 April to 6 December (including the

heavy ion collision period). During the year, several issues were spotted and flagged

according to severity. The MV2c10 b-tagging algorithm (from release 21) has been

monitored for the whole 2018 proton-proton collisions period, with a rather stable

performance despite the high instantaneous luminosity.

A drop of performance was instead clearly visible during run 364485, a special

run taken after the end of the proton-proton collision period. Duiring this run, the

number of interactions per bunch crossing was exceptionally raised: up to 110 inter-
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Figure 8.12: Track multiplicity (left) and MV2c10 distributionn (right) of jets from
1000 events from the 2017 Xe-Xe collisions (black) compared to a 2018 proton proton
collisions (blue).

actions in the ATLAS detector, much higher than the average number of interactions

during standard runs (see Figure 8.13). The data from this special run will not be

used for data analyses, but are useful to check the performance of the detector at

very high pile-up (in view of the High-Luminosity LHC).

Figure 8.13: Average number of interaction per bunch crossing for the run 364485 (black)
compared to a standard 2018 run (blue).

Such a high number of interactions resulted in a high number of tracks and jets.

A high number of pile-up jets (jets coming from close-by collisions) is expected in

these conditions: this environment has an impact on the b-tagging performance,

which is based on track reconstruction and on secondary vertex finding. For jets



8.3 Data taking performance 113

with low transverse momentum (pT < 50 GeV) the drop of performance is visible in

Figure 8.14 (left): the shape of the MV2c10 distribution is clearly different between

the run 364485 (black) and a standard 2018 run (blue). A lower number of b-jets (jets

close to -1 score) is identified in high pile-up conditions compared to the nominal

2018 pile-up conditions. The performance is less degraded for medium pT jets (50

GeV < pT < 100 GeV, Figure 8.14, center) and looks to be stable for high pT jets

(pT > 100 GeV, Figure 8.14, right).

Figure 8.14: Comparison of the MV2c10 distribution of jets collected during the
run 364485 (black) and a standard 2018 run (blue): a drop of the performance is
visible for the low pT jets (left); the performance is less degraded for medium pT jets
(center) and looks to be stable for high pT jets (right).

Besides the performance, several issues may happen. Two main categories of

issues may be identified: faulty detector parts during operations and defects from

the ageing of the detector components. One example for each of the two categories

is presented below: the example of SCT in standby (Section 8.3.1) and the defect

due to the disabling of two Tile modules (Section 8.3.2).

8.3.1 Data taking faults

During data taking, complex procedures are performed on the detector in different

moments, expecially between the end of a run and the start of the following run

(check up of the full detector, switch off and on of the high voltages of tracking

detectors, set up of different settings for detector calibration between two runs). It

is possible that during these operations a component of a sub-detector is disabled

or an entire sub-detector is not ready to take data.

During run 348895, three effects were observed in different monitored histograms:

� primary vertex multiplicity: peak of events with low number of vertices;

� track multiplicity of the primary vertices: peak of vertices with few tracks;

� track multiplicity of selected jets: peak of jets with low track multiplicity.

The three observations were clearly connected together: they all pointed to a

fault in the tracking detectors. Within the data quality software, there are dedicated
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python scripts which are able to find the LB interested by a particular feature in

the histogram. The “hotspot” finding script was run on the data of the run 348895,

looking for the LB with track multiplicity between 0 and 120 (Figure 8.15, left).

It was found that the events with low track multiplicity occurred only in few LB

(Figure 8.15, right). These LB were registered right after the declaration of “Stable

beam” operations from the ATLAS detector.

Figure 8.15: Example of a fault during data taking. Left: track multiplicity of the
selected jets, the contribution from events with a low number of tracks is highlighted
in red on the left side of the histogram. Right: LB from 54 to 62 are interested by
events with a number of tracks between 0 and 120.

A closer look into the log entries written by the Control Room shifters helped

to understand the problem. The “Stable beams” operations were declared at 03:46,

but the High Voltage for the SCT detector was not yet raised to the operational

value. For about 13 minutes, the ATLAS detector was taking data without the

contribution of the SCT detector: the tracking was heavily affected and therefore a

lower number of tracks was reconstructed. The LB interested by this fault are now

excluded from the GRL.

From the e-log of the ATLAS Control Room:

� [03:46] STABLE BEAMS. Pixel ramped up automatically, but SCT did not.

� [03:59] SCT is now READY.

8.3.2 Detector ageing

The ATLAS detector construction was completed in 2008, with first collisions in

2009. Minor upgrades have been performed during the first Long Shutdown (2013-

2014). During 2018, after many years of operations, some components of the ATLAS

detector were not working properly due to the ageing of the material. As an example,

the cooling loop which serves eight modules of the Tile calorimeter developed an air

leak during run 350310. As a consequence, the temperature of some of the Tile

modules was raising. Therefore, the Tile tower LBA29 was disabled during run
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Figure 8.16: Map of the modules of the ATLAS Tile calorimeter: top row, barrel sections
(A and C side); bottom row, endcap sections (A and C side). The disabled modules
(LBA29 and LBA30) are highlighted in red.

350310. Then the temperature increased further, two modules were disabled (LBA29

and LBA30, see Figure 8.16) from run 350361 over.

The disabling of two modules of the Tile calorimeter in the barrel section in-

troduced a defect in the reconstruction of many physics objects (loss of jets and

τ leptons, excess of electrons and photons). The loss of jet and tau candidates is

shown in Figure 8.17 for run 350531.

The defect was visible as well in the reconstruction of b-jets. In Figure 8.18 a loss

of b-jets is visible in the 2D map (η vs φ) of jets tagged by the 70% working point

of the MV2c10 algorithm (run 350531). A cold spot (a region with a low number

of b-tagged jets) is visible in the region delimited by the η range between 0 and 1

at φ around 2.9. This defect was considered a tolerable defect: besides there is a

significative loss of performance in the central part of the Tile calorimeter, it was

not possible to exclude so many runs from the GRL. The cooling loops of the Tile

detector are not easily accessible, therefore the defect persisted for several months

until the end of 2018 data taking. The air leak will be possibly repaired during the

second Long Shutdown (2019-2020).
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Figure 8.17: Run 350531: distribution of jet candidates (left) and τ candidates
(right) as a function of φ: a sizable loss of reconstructed objects is visible at φ
around 2.9.

8.4 Summary and outlook

During 2018, ATLAS has collected a record amount of data from proton-proton colli-

sions with a record 97.5 % efficiency. After the assessment of data quality, these data

are now distributed to the collaboration through the 2018 Good Run List, includ-

ing 59.9 fb−1 of proton-proton collision data. A separate GRL has been produced

for the heavy ion collision data: it includes 1423.9 µb−1 of Pb-Pb collisions. The

amount reaches 1700.5 µb−1 if the data taken with the toroid off are included (the

toroid accidentally switched off during the last runs of the 2018 Pb-Pb campaing).

Moreover, GRL are being issued for special runs: ALFA runs (which includes the

ATLAS forward detectors) and low instantaneous luminosity runs (low pile-up data,

with the goal of performing vector boson measurements in a cleaner environment).

The experience I had as a shifter at the Inner detector desk during 2018 data

taking (see Chapter 6) has proven to be very useful for me in my role as b-tagging

data quality expert. I had direct experience with ATLAS detector operations and

shifter e-logs and this helped me in the identification of the SCT issue, since I have

been an Inner detector desk shifter. Moreover, I was in the ATLAS Control Room

during run 350531, when the Tile modules were switched off. I had a clear view of

what was happening to the ATLAS detector, in order to judge the severity of the

defect propagated to physics objects.

The ATLAS data quality activities are going to be documented in a overview

paper, with the aim to describe the improvements with respect to Run 1 and the

success achieved in Run 2. As responsible of b-tagging data quality, I am con-

tributing to this effort, documenting the procedures (organization of the sub-group,

monitored quantities, assigned defects) and the improvements achieved in Run 2.

The document will be a useful guide for a smooth start of data quality activities in

Run 3, when the ATLAS detector will be awakened again and the collaboration will
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Figure 8.18: Run 350531: 2D map (η vs φ) of jets tagged by the 70% working point of the
MV2c10 algorithm. A cold spot is visible in the region delimited by the η range between
0 and 1 at φ around 2.9.

resume the data taking activities.

In these years, a new ATLAS software version to be used for Run 3 activities

is in preparation: release 22. The new Athena release, will be Multi-Threaded:

AthenaMT will focus on enabling parallelism by using threads within a single pro-

cess. The entire Athena code is going to be rearranged to allow the execution of

each piece of code simultaneously by more than one thread. This will enable very

important improvements in the overall memory footprint of jobs. As a responsible,

I will contribute to the migration of the b-tagging data quality software from release

21 to 22: this requires a complete rewriting of the code since the work flow of the

monitoring will change. It will be an opportunity to clean up the code, include

improvements and remove dismissed features.





Chapter 9

Calibration of the b-tagging

efficiency

Any physics measurement adopts several reconstruction tools (e.g. for trigger se-

lection or particle identification), whose behavior is well known from studies on

simulated data. But this needs to be compared to what is seen in real data, to take

into account possible differences and to validate the reliability of each tool. This

process is usually called calibration and the uncertainty of its results is the best way

to quantify how well we control each tool. This applies to each algorithm used in

any analysis, b-tagging included.

In order to use the b-tagging in physics analyses, it is necessary to measure, on

data collected by the detector, the efficiency of the tagger algorithms to correctly

identify as a b-jet a jet originated from a b quark (εb: b-efficiency) or to mistakenly

tag a jet originated from a charm quark (εc: c-efficiency) or from a light quark

or a gluon (εl: l-efficiency or mistag rate). The efficiency is measured for each of

the b-tagging working points with different methods, both on data and on Monte

Carlo simulation samples, then the results are presented as data-to-simulation Scale

Factors (SF) defined as the ratio of the efficiency in data to that in simulation.

The samples used to perform each efficiency measurement must be characterized

by a strong predominance of jets having the flavour for which we want to perform

the calibration: the first step of each calibration analysis is to select an almost pure

sample of the required flavour, estimating the flavour composition in data.

In particular, in ATLAS the c-jet tagging efficiency has been measured on a

sample of c-jets associated to D* charged mesons [81, 82] (see Section 9.1.1) as well

as on an sample of c-jets from W+c events [83] (see Section 9.1.2) and on a sample

of c-jets from top pair events [84] (see Section 9.1.3).

In this Chapter a detailed description of the D*, W+c and tt̄ methods for the

c-jet tagging efficiency determination is reported, while in Chapter 10 the results of

the measurement I performed with the W+c method on Run 2 b-tagging algorithms

are presented.

119
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9.1 c-jet tagging efficiency measurement

The charm tagging efficiency (i.e. the efficiency to mistakenly tag a jet originated

from a charm quark as a b-jet) was measured with two different techniques in Run 1:

using a sample of c-jets containing D∗+ mesons (from now on, referred to as the D*

method) [81,82] and using a sample of c-jets produced in association with a W boson

(referred to as the W+c method) [83].

The D* method uses a sample of c-jets containing D∗+ mesons, reconstructed

within a jet in the D∗+ → D0(→ K−π+)π+ final state (see Figure 9.1. Since the

c-jet sample is strictly exclusive (contains only c-jets with a D∗+ meson decaying

in a specific channel), the c-jet efficiency measurement must be extrapolated to

an inclusive sample, taking into account both the fragmentation fractions and the

branching ratios of the various charm hadron species present in a generic c-jet.

The W+c method uses a sample of c-jets produced in association with a W boson,

with the W boson decaying into an electron and a neutrino, and the c-jet identified

via a soft muon stemming from a semileptonic c-hadron decay. Exploiting the charge

correlation of the two leptons (electron and muon) it is possible to extract an almost

pure c-jet sample. As seen for the D* method, also the W+c method requires an

extrapolation correction of the c-efficiency to an inclusive c-jet sample.

Due to the extrapolation procedure, the systematic uncertainty of the results

increases: the D* method uncertainties vary depending on the pT bin, from 10% to

40% in the 7 TeV calibration and from 8% to 15% in the 8 TeV calibration, while

the W+c method uncertainties for the 7 TeV calibration are between 5% and 13%.

A third method to measure the c-jet tagging efficiency has been developed in

Run 2: the tt̄ method, using a sample of top pair events, both quarks decaying

into Wb channel, with one W boson decaying to lepton and neutrino and the other

W boson decaying hadronically. In this hadronic decay the interesting channel is

W → sc, containing a c-jet. Once the events are selected according to this topology,

i.e. two b-jets and two W bosons, one decaying leptonically and the other decaying

hadronically, among the jets produced in the hadronic W decay, approximately

one jet out of four will be a charm jet. The tt̄ method does not bias the c-jet

selection, resulting in a completely inclusive sample of c-jets with the advantage of

not requiring any extrapolation of the result, eliminating this source of systematic

uncertainty.

9.1.1 D* method

The c-jet tagging efficiency measurement with the D* method was performed almost

with the same procedure on 4.6 fb−1 of 7 TeV proton-proton collision data recorded

by ATLAS during 2011 [81] and on 20.3 fb−1 of 8 TeV data recorded in 2012 [82].

The D* method was the first method to be developed to measure the c-jet efficiency

and was the reference method during Run 1. The D* method was employed as
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well during Run 2, along with the other methods, for a first estimation of the c-jet

tagging efficiency. During my master degree thesis, I performed optimization studies

of the D* method fitting procedures.

Figure 9.1: D∗+ decay : D∗+ → D0π+, with D0 → K−π+

To perform a charm efficiency calibration, the optimal solution would be to have

access to a pure sample of c-jets: the D* method uses events with a D∗+ meson

within a jet (implicitly including also the charge-conjugate D∗−). In this case, the jet

sample selected is mostly made up by c-jets, with some contamination of b-jets with

b → c decays, and a modest combinatorial background that can be subtracted by

studying the signal sidebands. The contamination from D* mesons that result from

b-hadron decays is measured with a fit to the D0 pseudo-proper time distribution.

After estimating the beauty contamination, the c-jet tagging efficiency is mea-

sured comparing the yield of D* mesons before and after applying the b-tagging

requirement.

The data samples are collected using a logical “OR” of single jet triggers, allowing

to populate the entire jet pT range used in the calibration (20 GeV < pT < 140 GeV

and 20 GeV < pT < 300 GeV, for the 7 and 8 TeV measurements, respec-

tively). The Monte Carlo samples are generated with PYTHIA6 [85] (7 TeV) or

with PYTHIA8 [42] (8 TeV), then re-weighted in terms of jet pT and average num-

ber of interactions to match the data sample.

Event selection

To reconstruct the D∗+ decay chain (D∗+ → D0π+, with D0 → K−π+), pairs

of opposite sign charged tracks are selected, assigning them kaon and pion mass

hypotheses, in order to reconstruct the D0 decay. These D0 candidates are then

combined with charged particle tracks with opposite sign to that of the kaon candi-

date, assigning the pion mass to them. The so reconstructed D∗+ decay chain is then

associated with a reconstructed jet requiring its direction to be within ∆R = 0.3 of

the jet direction.
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Some kynematic conditions are required to select good candidates and reduce

the combinatorial background:

� all tracks must have at least 5 hits in the silicon tracking detectors (Pixel and

SCT), at least one of them in the Pixel detector;

� the transverse momenta of the kaon and pion candidates from the D0 decay

candidate have to fulfill pT > 1 GeV ;

� the reconstructed D0 candidate mass must have mK−π+ − mD0 < 40 MeV,

where mD0 is the world average D0 mass (1864.83 ± 0.14 MeV [86]);

� the transverse momentum of the D∗+ candidate has to exceed 4.5 GeV;

� the momentum of the D∗+ candidate projected along the jet direction has to

exceed 30% of the jet energy (50% in the 8 TeV calibration).

The kinematics of the decay cause the D∗+ to release only a small fraction of

energy to the prompt pion, usually called “slow pion”; for this reason the D∗+

signal is commonly studied as a function of the mass difference ∆m between the

D∗+ and D0 candidates. D∗+ mesons are expected to form a peak in the ∆m

distribution around 145.4 MeV (i.e. the difference between D∗+ and D0 mass),

while the combinatorial background forms a rising distribution, starting at the pion

mass (139.57 MeV [86]). The distributions of the mass difference ∆m is divided

in four pT bins: [20, 30] GeV, [30, 60] GeV, [60, 90] GeV, [90, 140] GeV (7 TeV

calibration) or [20, 30] GeV, [30, 60] GeV, [60, 140] GeV, [140, 300] GeV (8 TeV

calibration).

Mass fit

In order to determine the yield of the D∗+ mesons, the mass difference distribution

is fitted with a signal part S and a background part B. The signal is described with

a modified Gaussian, giving a better description of the signal tails with respect to a

simple Gaussian:

S = exp[−0.5 · x(1+ 1
1+0.5x

)] (9.1)

where x = |(∆m − ∆m0)/σ|. ∆m0 and σ are free parameters in the fit and they

represent the mean and the width of the ∆m peak.

The combinatorial background is fitted with a power function multiplied by an

exponential function, with α and β free parameters:

B = (∆m−mπ)α · e−β(∆m−mπ) (9.2)
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Figure 9.2: Plot of the mass difference distribution ∆m of the D∗+ candidates associated
with 20 GeV < pT < 30 GeV : the solid curve shows the total fit to the distribution, the
dashed curve shows only the background contribution (8 TeV calibration) [82].

Background subtraction

Signal and background regions are defined as the region within 3σ around the D∗+

mass peak and the region between 150 MeV and 168 MeV, respectively. This choice

of the intervals aims at including almost all the signal events in the signal region

and ensuring a negligible fraction of signal events in the background region.

The background fraction fB/(fB+fS) is computed by integrating both the signal

S and background B functions in the Signal region (3σ around the ∆m peak).

For the variable of interest, the D0 pseudo-proper time, the distribution of events

from the background region, normalised to the fitted background fraction in the sig-

nal region, is subtracted from the corresponding distribution in the signal region.

The procedure relies on the assumption (verified on MC samples) that the distribu-

tion of the variable of interest is the same for the combinatorial background under

the peak and in the sideband.

Flavour composition

As pointed out before, the D∗+ candidates can come directly from original c-jets,

but also from c-jets originated in the b → c decay in b-jets. The measurement of

the flavour composition for the selected D∗+ sample is of fundamental importance

in order to obtain a c-jets pure sample for the c-jet tagging efficiency measurement.

The discriminating variable used to identify beauty and charm components is the

D0 pseudo-proper time defined as:
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t(D0) = sign(Lxy · pT (D0)) ·mD0 · Lxy(D
0)

pT (D0)
(9.3)

where mD0 is the D0 mass, pT (D0) is the transverse momentum of the reconstructed

D0 candidate, Lxy(D
0) is the distance in the transverse plane between the D0 decay

vertex and the primary vertex of the event.

Firstly, the charm and beauty D0 pseudo-proper time distributions, referred as

Fc(t) and Fb(t), are extracted from simulated samples originated from charm and

beauty quarks respectively. The functional form of Fc(t) and Fb(t) is fixed over the

simulated distributions, then their sum is built as follows:

F (t) = fb · Fb(t) + (1− fb) · Fc(t) (9.4)

where fb is the beauty fraction of the signal, used subsequently to evaluate the c-

jet tagging efficiencies. A binned likelihood fit is performed on the D0 candidates

pseudo-proper time distribution in order to extract the beauty fraction: fb is a free

parameter, while F (t) is normalized to the integral of the fitted histogram. The fit

is performed with the variable ct(D0) in the range [-1,2] mm after the background

subtraction: c is the speed of light in vacuum and t(D0) is the D0 pseudo-proper

time.

The fit to background-subtracted data, in the jet pT bin [30,60] GeV is shown in

Figure 9.3 and the results in the four bins of jet pT are summarised in Table 9.1 for

the 7 and 8 TeV calibrations.

Figure 9.3: Fitted D0 pseudo-proper time distributions to background-subtracted D∗+

data samples in the jet pT bin [30,60] GeV of 8 TeV calibration. The solid lines show the
complete fit (blue), the beauty component (red) and the charm component (green).
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pT bin [GeV] fb (7 TeV) pT bin [GeV] fb (8 TeV)

20 - 30 0.212 ± 0.010 20 - 30 0.193 ± 0.017

30 - 60 0.315 ± 0.010 30 - 60 0.197 ± 0.014

60 - 90 0.303 ± 0.015 60 - 140 0.157 ± 0.014

90 - 140 0.315 ± 0.017 140 - 300 0.171 ± 0.023

Table 9.1: Beauty fractions determined by D0 pseudo-proper time fits to the data in four
jet pT bins for 7 TeV and 8 TeV calibrations.

Tagging efficiency measurement

To measure the c-jet tagging efficiency over the selected sample, a combined fit to

the ∆m distribution of D∗+ mesons in jets is performed before and after applying

the b-tagging requirement, introducing an extra parameter εD∗+ to describe the D∗+

tagging efficiency.

This inclusive efficiency εD∗+ is then decomposed into the efficiency for b and

c-jets containing D∗+:

εD∗+ = fbεb(D
∗+) + (1− fb)εc(D∗+) (9.5)

where fb is the fraction of D∗+ from beauty determined by the D0 pseudo-proper

time fit before applying the tagging requirement. The efficiency to tag a b-jet, εb, is

taken from simulation and corrected by the data-to-simulation scale factors obtained

from the b-jet efficiency calibration analysis.

The c-jet tagging efficiency determined with a D∗+ sample is obtained solving

the Equation 9.5 with respect to εc:

εc =
εD∗+ − fbεb

1− fb
(9.6)

Extrapolation to inclusive c-jet sample

The obtained result needs to be extrapolated to a inclusive c-jet sample. The effi-

ciency extrapolation factors for data and simulation X are defined as follows:

εdatac = Xdata · εdatac (D∗+) (9.7)

εsimc = Xsim · εsimc (D∗+) (9.8)

where εc(D
∗+) is the c-jet tagging efficiency measured over a D∗+ sample and εc is

the c-jet tagging efficiency on an inclusive sample of c-jets. The inclusive scale factor

SF data/sim
c is given by:

SF data/sim
c =

εdatac

εsimc
=
Xdata

Xsim
SF data/sim

c (D∗+) (9.9)
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While it is possible to evaluate Xsim over simulation, it is not currently possible

to measure the corresponding factor in data. The extrapolation factor in data is

therefore estimated from simulation, after re-weighting both the production fractions

and the branching ratios in the simulation to the best experimental values.

Results

The results of the calibrations are expressed in terms of data-to-simulation scale

factors, useful to correct the efficiencies in simulated events to those measured in

data. The scale factors are compatible with unity within the uncertainties, while no

significant pT dependence is observed. The 7 TeV calibration [81] contains results

for MV1 60%, 70%, 75% and 85% working points, while the 8 TeV calibration [82]

contains results for MV1 60%, 70% and 80% working points.

Figure 9.4: The c-jet tagging efficiency measurement results for data and simulation
(left) and the corresponding data-to-simulation scale factors (right) for the MV1 tagging
algorithm at 70% b-jet effciency working point (7 TeV calibration).

The uncertainties vary depending on the pT bin, from 10% to 40% in the 7 TeV

calibration and from 8% to 15% in the 8 TeV calibration. The most important

systematic uncertainties are those related to the mass fit of D∗+ mesons, to the

extractions of the fraction of D∗+ mesons originating from beauty hadrons and the

extrapolation of the scale factor to that of an inclusive c-jet sample. Other minor

systematic uncertainties are from the b-tagging efficiency scale factor, the jet energy

scale, the jet energy resolution and the pile-up contamination.

9.1.2 W+c method

The c-jet tagging efficiency measurement with the W+c method was performed on

4.6 fb−1 of 7 TeV proton-proton collision data recorded by ATLAS during 2011 [83].

With a similar procedure, studies were performed on 2012 data recorded at 8 TeV.

A similar event selection strategy was exploited as well in the W+c production cross

section measurement at 7 TeV [26].
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To extract a pure c-jets sample, the W+c method selects events with c-jets

produced in association with a W boson. The W boson is reconstructed via its decay

into an electron1 and a neutrino, and the c-jet is identified via a soft muon stemming

from a semileptonic c-hadron decay. The dominant production mechanism of the

W+c signal is gs→ W−c and gs̄→ W+c̄ where the W boson is always accompanied

by a c quark with an oppositely signed charge, resulting in two opposite sign leptons

(see Figure 9.5). Most of the background processes are evenly populated with events

where the charges of the decay leptons are of Opposite Sign (OS) or of Same Sign

(SS). The charge correlation of the two leptons is exploited to extract a c-jet sample

with high purity, as the difference between the number of events with opposite and

with same charge (OS-SS).

Figure 9.5: The Feynman diagram of the dominant W+c production.

After the determination of the c-jet tagging efficiency using the c-jet sample

cointaining a soft muon produced in association with a W boson, an extrapolation

to an inclusive c-jet sample is performed. The results are presented as data-to-

simulation scale factors, that are applicable to an unbiased sample of inclusive c-jets.

The data samples are collected using single-electron trigger, selecting events with

an electron of pseudorapidity |η| < 2.47 and pT > 20 GeV. The Monte Carlo samples

are generated with PYTHIA [85] or HERWIG [43] with specific configuration for each

sample. Besides the W+c sample (i.e. the signal process), many background pro-

cesses were generated: W+b, W+light, top quark pairs, single-top quarks, Z+jets

and dibosons samples (WW, ZZ and WZ).

Event selection

To select good events, many requests are applied over all the event components:

electrons, missing energy, jets and muons.

1The first application of the W+c metod was focused on the electron channel only of the W
boson decay, but the measurement is possible in the muon channel as well.
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Firstly, events are required to have at least one primary-vertex candidate: if more

than one vertex is found, the vertex with the highest sum of the squared transverse

momenta of associated tracks is selected as the primary vertex.

Electrons are required to have a transverse momentum pT > 25 GeV. The pseudo-

rapidity range allowed for electrons is |η| < 2.47, excluding the calorimeter transition

region 1.37 < |η| < 1.52. Electrons are required to pass the “tight” identification

criteria adopted for 2011 data. Only isolated electrons are selected, with a cut on

the calorimeter-based quantity that estimates the transverse energy in the calorime-

ter cells within a cone of radius ∆R < 0.3 around the electron direction (from now

on, referred as ETCone). The ETCone of the electron should be lower than 3 GeV,

with this request the electrons coming from hadrons decay within a jet are excluded.

Exactly one electron with these qualities is allowed in each event.

The neutrino coming from the W decay is represented by the missing transverse

momentum (from now on, referred to as Emiss
T ). Each event is required to have

Emiss
T > 25 GeV; in addition the W boson transverse mass mW

T is required to be

greater than 40 GeV:

mW
T =

√
2 pelT Emiss

T (1− cos(φel − φEmissT
) (9.10)

where pelT is the transverse momentum of the selected electron, Emiss
T is the missing

transverse momentum of the event, φel and φEmissT
are the azimuthal angles of the

electron and the missing momentum.

Jets with pT > 25 GeV and |η| < 2.5 are selected. To reduce pile-up contribution,

jets are further required to have JVF > 0.75 (see Section 7.1). Exactly one jet

fulfilling these conditions is allowed for each event.

The selected jet is required to have a “soft” muon inside, with pT > 4 GeV

and |η| < 2.5, coming from the c-hadron decay inside the jet. A specific matching

procedure between the jet and the muon, defined Soft Muon Tagging (SMT) provided

a χ2 representing the quality of the jet-muon association: a SMT χ2 < 3.2 is required.

Only “combined” muons are accepted, i.e. muons with a track both in the Inner

Detector and in the Muon Spectrometer. Two impact parameter conditions are

added: |d0| < 3 mm and |z0 sin(θ)| < 3 mm. A set of ID hit requirements are

required to select high quality tracks, according to 2011 recommendations. The

ETCone of the muon is required to be higher than 3 GeV, resulting in a not isolated

muon. Exactly one muon with the described quality associated to the selected jet is

allowed per each event.

Signal extraction

In order to exploit the charge correlation of the W+c signal events, the sample

is extracted as the difference between the number of events with opposite charged

leptons and same signed leptons: NOS−SS = NOS − NSS. After the subtraction

some background events still remains, predominantly from W+light and multijet.
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Figure 9.6: Number of Opposite Sign (left) and Same Sign (right) events: the W+c
events (red) are dominant in the OS selection, while the most important backgrounds are
W+light (blue) and multijet (grey).

Their contribution to the NOS−SS in terms of OS-SS asymmetry is evaluated with

data-driven methods. With this procedure, from the 4.6 fb−1 7 TeV data, about

7445 OS events and 3125 SS events were selected, resulting in NOS−SS = 4320±100.

Of these events, the estimated SMT W+c events are 3910 ± 100(stat) ± 160(sys),

resulting in a 90% pure c-jet sample.

Tagging efficiency measurement

The high purity of the selected SMT c-jet sample is well suited to measure the c-jet

tagging efficiency εdatac(µ) , defined as the fraction of W+c selected events that pass the

b-tagging requirement:

εdatac(µ) =
N b−tag
W+c

NW+c

(9.11)

where NW+c is the number of W+c events before applying the b-tagging requirement

(also referred as pre-tag sample) and N b−tag
W+c is the number of W+c events passing

the b-tagging requirement. The small background contribution is estimated using

MC simulation or data-driven method and subtracted.

The c-jet tagging efficiencies for the MV1 tagging algorithm derived for SMT c-

jets measured on 7 TeV data vary between 13% and 50% with the total uncertainty

(3%− 10%) increasing with the tightness of the working point. The systematic un-
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Figure 9.7: MV1 output weight distribution for NOS−SS events: the W+c process is
about 90% of the total events, few events from W+light and multijet processes remains.

certainties are dominated by the precision on the W+light and multijet background

yields at pre-tag level, the statistical uncertainties are of the same order as the

systematic uncertainties. The c-jet tagging efficiency is measured for a simulated

sample too and a data-to-simulation scale factor is presented. Due to several differ-

ences between an inclusive sample and a sample of semileptonic c-jets, the derived

scale factors SF
data/sim
c(µ) need to be extrapolated in order to be applicable to samples

of inclusive c-jets.

Extrapolation to inclusive c-jet sample

Selecting a sample of c-jets via the semimuonic decays of c-hadrons results in a

different composition of c-hadron types with respect to an inclusive sample due

to the different semileptonic branching ratios of the c-hadrons. The c-jet tagging

efficiency of an inclusive sample of c-jets εc can be obtained from the one obtained

on semileptonic c-jets εc(µ) by applying an extrapolation factor α.

εc = α · εc(µ) (9.12)

Similarly to the D* method, the efficiency extrapolation factors for data and

simulation α are defined as follows:

εdatac = αdata · εdatac(µ) (9.13)
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εsimc = αsim · εsimc(µ) (9.14)

The inclusive scale factor SF data/sim
c is given by:

SF data/sim
c =

εdatac

εsimc
=
αdata

αsim
SF

data/sim
c(µ) (9.15)

The αsim extrapolation factor is derived from MC samples, resulting in a value of

about 0.8 for the different working points. The corresponding extrapolation factor

for data αdata is estimated using simulated-corrected sample to minimize differences

between data and simulation. The fragmentation fraction of the relevant weakly

decaying c-hadrons of simulation are re-weighted to the value measured by many

e+e− and e±p collision experiments, while the semileptonic branching ratios of c-

hadrons are corrected to match the world average values.

Results

The results are presented as data-to-simulation scale factors in Figure 9.8: the val-

ues vary between 0.75 and 0.92 with total relative uncertainties of 13% to 5%. The

scale factors decrease and the corresponding uncertainties increase with increasing

tightness of the working point. Three main sources of uncertainties are of the same

order: the statistical uncertainty, the systematic uncertainty on the measured scale

factors for the SMT c-jet sample and the systematic uncertainty due to the ex-

trapolation procedure. The main source for the systematic uncertainties due to the

performed extrapolation is the limited knowledge of the charged particle multiplicity

of c-hadron decays which has a significant impact on the c-jet tagging efficiency.

Figure 9.8: The c-jet efficiency data-to-simulation scale factors for different MV1 tagging
algorithm working points.
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9.1.3 tt̄ method

In 2016, a new method to measure the c-jet tagging efficiency was developed: the

tt̄ method, which soon became the reference method for Run 2 measurements. It

is based on a sample of c-jets from tt̄ events, where one of the W bosons decays

hadronically to a W → cX pair (X = d; s; b) and the other leptonically to an

electron or muon and a neutrino. A schematic diagram can be found in Figure 9.9.

The charged lepton is used to trigger the event; events are required to have exactly

four jets. A kinematic likelihood fitter, known as the KLFitter [87], is used to

assign the reconstructed jets to the tt̄ decay products. The measurement was firstly

performed on data collected by the ATLAS experiment in 2015 and 2016 at 13 TeV,

corresponding to a total of 36 fb−1.

Figure 9.9: A diagram of the tt̄ decay system with one W boson decaying hadronically
to a c and s quark and one decaying to a charged lepton and a neutrino.

The previously described methods (D* and W+c methods) achieve a high purity

of c-jets in their final selection, but they rely on specific hadron decay topologies:

their results have to be extrapolated to an inclusive sample of c-jets by making

assumptions that lead to additional uncertainties.

The novelty of the tt̄ method is that no extrapolation correction is required:

the results are directly applicable to the same inclusive sample of c-jets that is

normally present in physics analyses. However, given the final state signature of

single lepton tt̄ events, two real b-jets and a light-jet are expected along with the c-jet.

In addition, 50% of the times, the W decays to a light quark pair; thus, on average,

the W hadronic decay products include one charm jet every four jets. Therefore, the

kinematic likelihood fitter is used to reduce the combinatorial background arising

from the improper assignment of b-jets or additional jets in the event as decay

products of the hadronic W boson.

A maximum likelihood fit based on a combinatorial likelihood function is used

to extract efficiencies simultaneously for several jet pT bins, using MC to predict

the flavour composition of the jets in the sample. Efficiencies and scale factors are

derived for c-jets inclusively and as a function of jet pT (three jet pT bins: [25,

40] GeV, [40, 65] GeV, [65, 140] GeV).
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The data samples are collected using a logical “OR” of single lepton triggers,

populating the jet pT range between 25 GeV and 140 GeV, which contains the

majority of the c-jets relevant for top and Higgs physics analyses.

The signal Monte Carlo samples, tt+jets, are generated with Powheg-Box v2

NLO [88–90] with a specific filter to select W boson leptonic decays. PYTHIA8 [42] is

used to model parton shower, hadronisation, multiparton interactions and underlying-

events.The systematic uncertainties on the signal sample generation are measured

comparing the default generator (Powheg + PYTHIA8) to tt̄ events generated with

MadGraph5 aMC@NLO [91, 92] + PYTHIA8, in order to estimate the uncertainty

of the matrix element generator, and to MadGraph5 aMC@NLO + Herwig7 [93] for

the parton shower uncertainty estimation. Other uncertainties are estimated varying

the renormalization and factorization scales, and the shower radiation parameters.

Event selection

Events are required to contain exactly one trigger-matched charged lepton having

pT above 27 GeV and exactly four jets with a pT above 25 GeV. Reconstructed

electrons are required to have pT higher than 27 GeV and |η| < 2.47, with tight

or medium quality. Electrons are required to be isolated, passing calorimeter and

track isolation criteria. Muons, reconstructed from combined tracks, with medium

selection criteria, are required to have pT > 27 GeV and |η| < 2.5. Muons are

required to be isolated, passing track isolation criteria. A dedicated selection is

applied on the transverse and longitudinal impact parameters of the electron and

muon tracks.

The jets are required to have pT > 25 GeV and |η| < 2.5. To reduce pile-up

contribution, jets with pT < 60 GeV and |η| < 2.4 are further required to have

JVT > 0.59 (see Section 7.1).

Of the selected jets, at least two must be b-tagged using the 70% WP of the

MV2c10 b-tagging algorithm. In addition, events are required to have missing trans-

verse momentum Emiss
T > 20 GeV, which is assumed to be the result of the neutrino

from the leptonically-decaying W boson.

The b-tagging efficiency for b-jets [94] and light-jets [95] has been measured in

data enriched in jets of the respective flavour. The results are used to correct the

tagging rate in the simulated samples adopted in the analysis.

For each event, a kinematic likelihood fitter is applied which determines the jet

assignment to the various decay products. Events that have a relatively small log

likelihood value are more often found to be the ones where the jet-parton combina-

tion is incorrectly assigned or that are not tt̄ events. In order to reduce the effect of

this background on the measurement, a log likelihood cut is applied (value > -48,

see Figure 9.10), accepting 68% of the total selected tt̄ events. The resulting leading

jet pT distribution after the full selection is shown in Figure 9.11.

The data and MC efficiencies are extracted from the minimization of a log like-
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Figure 9.10: Data and MC distribution for the event log likelihood given by the KLFitter
after the full event selection. tt̄ events are shown in different colours according to the
flavour composition. The dashed blue line indicates the position of the likelihood cut.

lihood function defined as the sum over all jet pT bins of the two selected jets, the

leading and the subleading jets. In particular, the likelihood formalism is based

on the observed and expected number of events with exactly 0 or 1 tagged jets in

each pT bin. A likelihood fit is performed separately for each of the b-tagging ef-

ficiency working points. Within the terms, apart from the c-jet efficiency which is

the main fitting parameter, there are the b- and light-jet efficiencies (calibrated with

scale factors measured by separate b-tagging analyses) and the flavour composition

of jets from the W decay, expressed as fraction of all hadronic W decays in top event

(estimated from MC).

Results

In the software release 20.7, the efficiency measured in data is significantly higher

than in MC for the tightest working points, due to a poor modeling of the impact

parameter resolution in the simulation. In Figure 9.12, a trend is visible on the

measured c-jet tagging scale factor integrated over pT for the four considered working

points: the differences between data and MC progressively reduce as looser operating

points are considered, from 60% for the 60% WP to 10% for the 85% WP.

For the loosest working point, the dominant systematic uncertainty is repre-

sented by the uncertainty on the b-tagging efficiency of light-jets; this component

decreases as the working point gets tighter due to the increased light-jet rejection.
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Figure 9.11: Data and MC distribution of the leading jet pT for the jets assigned to the
hadronic W boson.

For the rest of the working points, the leading uncertainties on the measurement are

from tt̄ modelling uncertainties, in particular through their impact on the flavour

composition of the jet pairs from the hadronic W -boson decays.
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Figure 9.12: Measured c-jet efficiency scale factors determined for the four working points
of the MV2c10 tagging algorithm (release 20.7) integrated over pT .

Figure 9.13: The c-jet tagging efficiency measurement results for data and simulation (left)
and the corresponding data-to-simulation scale factors (right) for the MV2c10 tagging
algorithm (release 20.7) at 77% b-jet effciency working point.



Chapter 10

c-jet calibration with W+c events

The main part of my thesis work is focused on the measurement of the c-jet tagging

efficiency with the W+c method (see Section 9.1.2) on Run 2 data: the first tests

on 13 TeV data samples were performed in 2015 with the b-tagging algorithms

available in the software release 20.1; then a full measurement was performed on the

release 20.7 b-tagging algorithms based on 2015 and 2016 data. The performance

measurement of the release 21 b-tagging algorithms is ongoing on the full Run 2

dataset (2015, 2016, 2017 and 2018 data).

In this chapter, a detailed review of the calibration performed on the release 20.7

algorithm (MV2c10) is presented in Section 10.1, along with the preliminary studies

on the release 21 algorithms (MV2c10 and DL1) in Section 10.2.

10.1 Release 20.7 calibration

In this Section, theW+cmethod is adopted to measure the c-jet tagging efficiency on

a data sample of pp collision events collected at
√
s = 13 TeV. After extrapolation

to an inclusive c-jet sample using simulation, a data-to-simulation scale factor is

derived, defined as the ratio of the efficiency on data over the efficiency on simulated

event samples, which can be applied to any unbiased sample of c-jets. Results [96]

are presented for the four working points of the release 20.7 MV2c10 algorithm,

integrated and as a function of jet pT, for jets reconstructed from topological clusters

in the calorimeter by the anti-kt algorithm [68] with a radius parameter R of 0.4.

The final results of the c-jet tagging efficiency data-to-simulation scale factors

are obtained by the combination of the results measured by two different methods:

W+c and tt̄ methods [84]. The two methods have different advantages and nicely

complement each other: the W+c analysis allows a clean extraction of c-jets con-

taining semileptonic decays of the charm hadron while the tt̄ analysis is targeting

the inclusive c-jet sample profiting of the high statistics provided by W hadronic

decays.

137
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10.1.1 Data and MC samples

The release 20.7 analysis is based on data recorded by the ATLAS detector in LHC pp

collisions at the center of mass energy
√
s = 13 TeV in 2015 and 2016, corresponding

to integrated luminosities of 3.2 fb−1 and 32.9 fb−1, respectively.

The W+c signal and all background sources containing W or Z bosons or top

quarks are modeled using simulated event samples. The additional multijet back-

ground, important due to the presence of misidentified reconstructed electrons, is

estimated with a data-driven method described in Section 10.1.3.

The default W+jets and Z+jets simulated event samples (including the W+c

signal) are produced with MadGraph v1.15 [97] interfaced to PYTHIA8 [42]

with A14 general-purpose high-pT tunes [98]. As a crosscheck, these are compared

with samples produced adopting different generators: Sherpa v2.2.0 [44] using the

NNPDF 3.0 PDF set [7] in conjunction with dedicated parton-shower tuning devel-

oped by the Sherpa authors; Powheg-Box v2.2 [88–90] interfaced to PYTHIA8;

Alpgen v2.14 [99] interfaced to PYTHIA6 [85].

Diboson (ZZ, WZ and WW ) samples are generated using Sherpa 2.1.1, while

single-top t-channel and W+t events are generated using Powheg-Box v1 and tt̄

events are generated using Powheg-Box v2, both interfaced to PYTHIA6.

All samples, except for those generated with Sherpa, use the EvtGen [100]

package to describe the b- and c-hadron decay processes.

All generated samples are passed through the simulation of the ATLAS detector

based on GEANT4 [45]. The same offline reconstruction methods used with data

events are applied to the simulated events samples. Minimum-bias events generated

by PYTHIA8 [42] are used to simulate multiple pp interactions in the same and

nearby bunch crossings (pile-up).

10.1.2 Event selection

The final state for this analysis is defined by the presence of an isolated electron,

coming from the W boson decay, accompanied by sizeable missing transverse energy

Emiss
T , and a jet containing a muon. The criteria used to select candidates for each

of these objects are given below and summarized in Table 10.1.

Events in which the W boson decays to a eν pair are selected by a set of single-

electron triggers [101, 102]. During 2015 data acquisition, the triggers selected an

electron with pT > 24 GeV passing medium quality criteria and a veto against energy

deposited in the hadronic calorimeter (hadronic isolation selection), or pT > 60 GeV

passing medium quality criteria or pT > 120 GeV passing loose quality criteria.

During 2016 data acquisition, the triggers selected an electron with pT > 26 GeV

passing tight quality criteria and a hadronic isolation selection, or pT > 60 GeV

passing medium quality criteria or pT > 140 GeV passing loose quality criteria.

The event must contain a primary vertex with at least three tracks having pT

higher than 400 MeV. If more than one primary vertex is found, the one with
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1 electron candidate with:
pT > 30 GeV

|η| < 2.47 and 1.37 < |η| < 1.52
|d0|/σ(d0) < 5
|z0 sinθ| < 0.5 mm
Tight ID quality

Tight calorimeter and track isolation

Missing energy and W boson transverse mass:
Emiss

T > 25 GeV
mW

T > 60 GeV

1 jet candidate with:
pT > 20 GeV
|η| < 2.5

JVT < 0.59 (jets with: pT < 60 GeV and |η| < 2.4)

1 muon candidate with:
pT > 4 GeV
|η| < 2.5

Tight ID quality
∆R (jet, muon) < 0.4

Extra requirement to reduce multijet background contamination:
electron pT > 70 GeV or ∆φ(jet, Emiss

T ) > 0.8

Table 10.1: Summary of the event selection.

the highest
∑
p2

T of associated tracks is chosen. The simulated event samples are

reweighed so that their distribution of number of pile-up interactions per bunch

crossing, µ, reproduces the one measured in data.

The reconstructed isolated electron is identified by requiring a track to match an

electromagnetic calorimeter energy cluster, subject to several criteria on the shape

of the shower, the quality of the track, and the consistency between the shower

and the track. Electrons selected for this analysis must satisfy the tight identifi-

cation requirement using a likelihood discriminant that combines many individual

variables [103]. Furthermore, good candidates are required to match the online elec-

tron that triggered the event with a ∆R criteria and to be compatible only with

the electron hypothesis and not with the photon one. The track associated with

an electron must have a transverse impact parameter with respect to the beamline,

d0, that satisfies |d0|/σ(d0) < 5, where σ(d0) is the uncertainty on d0. The differ-

ence between the longitudinal position of the track along the beam line at the point

where d0 is measured and the longitudinal position of the primary vertex, z0, must

satisfy |z0 sinθ| < 0.5 mm. The electron is required to have pT > 30 GeV, while

the calorimeter energy cluster associated with the electron must fall in the range

|η| < 2.47, excluding the barrel/end-cap transition region 1.37 < |η| < 1.52. Elec-

tron candidates are further selected by applying tight calorimeter and track isolation

criteria that accept real isolated electrons from Z boson decay with an efficiency of
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95%, while rejecting fake electron candidates.

The Emiss
T [104], expected due to the presence of a neutrino coming from the

W boson decay, is calculated as the negative of the vector sum of the transverse

momenta of all identified physics objects (electrons, photons, muons, jets), and an

additional soft term constructed from tracks associated with the primary vertex, but

not associated with any physics objects. Each event must satisfy the requirement

Emiss
T > 25 GeV. In addition, the W boson transverse mass mW

T (see Equation 9.10)

is required to be higher than 60 GeV. Moreover, events with pWT > 20 GeV are

selected, with pWT being the pT of the W boson four-vector, built as the sum of

electron and Emiss
T terms.

For the selection of muons coming from the semileptonic c-hadron decay, only

combined muons are considered, i.e. muons for which a track was reconstructed both

in the inner detector and in the muon spectrometer. A minimal requirement on

muon transverse momentum is applied, pT > 4 GeV, along with requiring |η| < 2.5.

Finally, in order to select only good-quality muons, candidates are required to pass

tight identification criteria [105].

Jets are reconstructed by clustering energy deposits in the calorimeter using the

anti-kt algorithm [68] with a radius parameter of 0.4. Clusters are calibrated at

the electromagnetic energy scale1, then the hadronic scale is obtained through pT-

and |η|-dependent correction factors. Jets with pT > 20 GeV and |η| < 2.5 are

selected. To reduce the amount of jets originating from pile-up interactions, the jets

are required to pass the JVT requirement (see Section 7.1). Jets are not removed

if overlapping with leptons, in order to keep all possible b- and c-jet candidates,

but they are not accepted if overlapping with the selected electron. Exactly one jet

passing this selection is allowed in each event.

The identification of the c-jet by the semileptonic c-hadron decay is performed

requiring the selected jet to contain exactly one reconstructed muon with an angular

separation between the muon and the jet axis ∆R < 0.4. In order to take into

account the contribution of the selected muon to the jet, the jet pT is re-calculated

with the muon regarded as a part of the jet. The re-calculated jet pT is required to

be higher than 25 GeV.

Events with misidentified electrons can pass the selection, mainly from non-

prompt decays of the heavy flavour hadrons or photon conversions (i.e. π0 → γγ).

To reduce these background events (referred to as multijet background events), an

additional dedicated selection is applied: events are accepted in the signal region

if the electron pT > 70 GeV or the ∆φ(jet, Emiss
T ) > 0.8. This additional selection

reduces the number of multijet background events, while keeping about 80% of the

W+c signal events.

Jets in simulated event samples are labeled according to their flavour, using

particle-level information by matching jets to weakly decaying b- and c-hadrons

1The electromagnetic scale correctly measures the energy deposited by electromagnetic showers
in the calorimeter, and needs to be corrected to the jet energy scale for hadronic showers.
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with pT > 5 GeV and angular distance from the jet axis ∆R < 0.3. The flavour

labeling is exclusive, with the hadron matched only to the closest jet. If a b-hadron

is found within the cone, the jet is labeled as a b-jet. If no b-hadron is found, the

search is repeated for c-hadrons, then for τ leptons. If no match is found for b, c or

τ , the jet is labeled as a light-flavoured jet.

10.1.3 Signal and backgrounds

Exploiting the charge correlation between the electron and the muon of the W+c

events, a highly pure signal sample can be extracted as the difference between the

number of events in which the selected electron and muon have opposite charges and

those in which they have the same charge: NOS−SS = NOS−NSS. Some background

contributions are not charge-symmetric, so still give residual contributions after the

subtraction procedure. Therefore, a careful modelling of all background sources is

mandatory.

One of the main backgrounds remaining after the OS−SS subtraction consists of

W+light-jet events, which show some OS/SS asymmetry due to the correlation of the

charge of the W boson and the fragmentation products of the associated light quark.

Another large contribution comes from multijet production, which is characterized

by large normalisation uncertainties and is asymmetric in sign correlation.

A smaller number of background events comes from diboson production, from

Z+jets events and from single-top and top-pair production. Backgrounds from

W+bb̄ and W+cc̄ events are included in the W+b and W+c yields; their contri-

bution is almost negligible after subtraction, since they both show a symmetric

distribution of OS and SS events.

In the following, the procedure adopted to estimate the background contributions

is described, and the resulting extraction of OS−SS event yield is then presented.

Simulated background estimation

Since the cross-section of all the relevant background processes, except for the multi-

jet production, are sufficiently precisely described by the MC simulation, their con-

tribution is estimated from the simulated event samples described in Section 10.1.1.

Simulated events are weighted according to theory cross-section, filtering efficiency

at event-generation level, individual event weight assigned by the generator, overall

integrated luminosity and pile-up distribution.

Multijet background estimation

Jets misidentified as electrons are the main source of the multijet background in

this analysis. This background is estimated from data using the so-called fake-factor

method [106]. The number of OS and SS multijet background events is estimated

separately, thereafter the number of OS−SS events is derived.
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Two selections are defined, differing in the electron identification criteria: the

standard selection with tight identification, corresponding to that adopted in the

analysis and described in Section 10.1.2, and the inverted selection, where electron

candidates are required to pass the medium but fail the tight identification selection,

allowing more fake electron candidates to be selected.

A control region is defined, enriched in fake electron candidates: events con-

taining one candidate electron and one jet are selected. The electron is required to

pass the standard or the inverted selection and to match the online-reconstructed

electron that triggered the event. The reconstructed jet is required to pass the jet

selection adopted in the analysis and described in Section 10.1.2, without the re-

quirement of a muon inside the jet. To reduce the impact of real electrons from

W and Z boson decays, no cut on Emiss
T is applied and the events included in the

region of electron-jet invariant mass between 80 and 130 GeV or in the region of

mW
T > 60 GeV are excluded (to be orthogonal to the signal region); the remaining

contribution from real electrons from W and Z boson decays is subtracted using

estimates from simulated event samples. Minor background contributions from di-

boson, single-top and top-pair productions are also estimated from simulated event

samples and subtracted.

The fake factor is measured in the control region enriched in fake electron candi-

dates as a function of the electron pT and η; it is defined as the ratio of the number of

events with the standard electron selection to the number of events with the inverted

electron selection.

The number of multijet background events in the signal region (events with a fake

electron candidate) NSR
standard is estimated as a function of the variables of interest

adopting the following relation:

NSR
standard = f ×NSR

inverted, (10.1)

where f is the fake factor and NSR
inverted is the number of events passing the inverted

electron selection in the signal region.

Extraction of signal with OS−SS subtraction

All signal and background contributions so far described are summed and compared

with the yield measured in data, separately for the case in which the two selected lep-

tons have the same or opposite sign. Figure 10.1 shows the two yields for the events

passing the selection. Numerical details on the signal and background contributions

are available in Table 10.2.

By performing the OS−SS subtraction, a sample with a 80% c-jet purity is

obtained. The residual discrepancy in the total number of OS−SS events estimated

with the prediction and measured on data is covered by the total uncertainties on the

yield. Background events, predominantly from W+light jet and multijet processes,

are observed even after subtraction. Events with a W boson decaying to τ lepton
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Figure 10.1: Comparison of the yield of events passing the selection adopted for
the analysis, as measured in data and estimated with simulated event samples and
data-driven background estimation, separately for the case in which the two selected
leptons have the same or opposite sign; data statistical uncertainties are included as
error bars (invisible, due to the data bullet size), while grey bands include the sta-
tistical and systematical uncertainties on the simulated event samples and multijet
estimate derived in data.

and consequently to an electron are counted as W → eν events and are assigned to

W+c, W+b or W+light according to the flavour of the jet.

The distributions of the MV2c10 tagger discriminant and of the jet and muon

transverse momentum obtained after OS−SS subtraction, as measured in data and

as predicted by simulated event samples and data-driven background estimates, are

shown in Figure 10.2 and Figure 10.3, respectively. Reasonable agreement between

data and prediction is visible for the shown distributions, within the uncertainties,

except for the MV2c10 region close to +1: as a consequence of this mismodeling,

the c-jet tagging efficiency measured on data is higher than the one measured on

simulated event samples, resulting in data-to-simulation scale factor being higher

than one.

10.1.4 Semileptonic efficiency

The c-jet tagging efficiency is measured as the ratio between the number of OS−SS

signal events passing a given b-tagging selection and the total number of OS−SS

events. Simulated efficiency is measured using simulated W+c events with c-jets

identified via truth c-hadron matching, while data efficiency is measured on data

events after the subtraction of background events estimated by MC simulation and
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Process NOS NSS NOS−SS

Single top 2400 ± 200 1500 ± 100 850 ± 70
tt̄ 1700 ± 100 1400 ± 100 290 ± 40
Diboson 600 ± 40 170 ± 10 430 ± 40
Z+jet 1500 ± 100 1400 ± 100 70 ± 100
W+b 1700 ± 200 1600 ± 200 200 ± 300
W+light 17000 ± 1000 13000 ± 1000 3300 ± 900
Multijet 10000 ± 5000 5000 ± 2000 5000 ± 3000

Total background 35000 ± 5000 24000 ± 2000 11000 ± 3000
W+c 60000 ± 5000 5000 ± 500 55000 ± 5000

Total estimate 95000 ± 7000 30000 ± 2000 66000 ± 6000
Data 104501 34432 70069

Table 10.2: Selected events yield, separately for the case of opposite sign and same
sign lepton content and after the OS−SS subtraction. A comparison between pre-
dicted yield and the one measured in data is also provided; statistical and systematic
uncertainties are included.

data-driven approach. In both cases, jets are required to contain a soft muon com-

ing from the c-hadron semileptonic decay. The procedure is repeated for the four

MV2c10 b-tagging efficiency working points: 85%, 77%, 70% and 60%.

The efficiencies measured on semileptonic c-jet samples for data, εdata
Wc(µ), and

simulated event samples, εsimWc(µ), are used to calculate the c-jet tagging scale factor,

kWc(µ), as:

kWc(µ) ≡
εdata
Wc(µ)

εsimWc(µ)

(10.2)

Results are shown in Figure 10.4: for all the working points, the data efficiencies

are higher than the ones measured on simulated event samples, as a consequence of

the MV2c10 distribution mismodelling. The scale factors are higher than one, with

a growing linear trend with the increase of the tightness of the working point. The

efficiencies measured for semileptonic c-jets on the simulated W+c event samples

are found to be compatible with the ones measured on simulated tt̄ events.

In addition, efficiencies and scale factors are derived as a function of jet pT

for three jet pT bins: 25 GeV < pT < 40 GeV, 40 GeV < pT < 65 GeV and

65 GeV < pT < 140 GeV. Results for the 77% working point are shown in

Figure 10.5. While the efficiencies are decreasing with the increase of jet pT, no

trend is visible for the scale factors within the uncertainties.

10.1.5 Extrapolation correction

The selection described in Section 10.1.2 allows a pure sample of c-jets to be iden-

tified, but at the same time, requiring the jets to contain a soft muon coming from

the c-hadron semileptonic decay, introduces a bias on the hadron composition with
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Figure 10.2: Comparison of the distribution after OS−SS subtraction for the
MV2c10 tagger discriminant, as measured in data and as predicted by simulated
event samples and data-driven background estimation; data statistical uncertainties
are included as error bars (invisible, due to the data bullet size), while grey bands
include the statistical and systematical uncertainties on the simulated event samples
and multijet estimate derived in data.

respect to the case of the fully inclusive c-jet sample.

As an example, the dominant c-hadron species expected to be found in an inclu-

sive c-jet sample is the D0 meson (∼60%), while the D+ meson fraction is strongly

enhanced in the semileptonic c-jet sample, due to its relatively large branching ratio

for final states including leptons. More quantitatively, the semileptonic c-jet sample

consists of a similar amount (∼43%) of D0 and D+ mesons. In addition to this,

the c-hadron production fractions and semileptonic branching ratios predicted by

simulation do not fully agree with the values measured, with limited precision, by

experiments. All these effects have an impact on the measured efficiencies, as dif-

ferent hadron species correspond to different lifetimes and average charged track

multiplicities of the decay, thus biasing the b-tagging selection of the corresponding

jet.

As a consequence, the efficiencies measured in Section 10.1.4 need to be cor-

rected, deriving extrapolation factors relating them to the efficiencies that would be

measured in an inclusive c-jet sample. Two different extrapolation factors, for MC

simulation (αsim) and data (αdata), are then defined by the relations:

εsimWc = αsim · εsimWc(µ), εdata
Wc = αdata · εdata

Wc(µ), (10.3)

where εdata
Wc(µ) and εsimWc(µ) are the c-jet tagging efficiencies measured on the semileptonic
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Figure 10.3: Comparison of the distribution after OS−SS subtraction for the jet
(left) and the muon (right) transverse momentum, as measured in data and as
predicted by simulated event samples and data-driven background estimation; data
statistical uncertainties are included as error bars (invisible, due to the data bullet
size), while grey bands include the statistical and systematical uncertainties on the
simulated event samples and multijet estimate derived in data.

sample in Section 10.1.4, while εdata
Wc and εsimWc are the corresponding efficiencies that

would be measured on an inclusive sample.

The extrapolation factor for simulated event samples is derived as the ratio of

the inclusive efficiency, measured on a simulated c-jet sample dropping the require-

ment of a soft muon inside the selected jet, and the already measured semileptonic

efficiency:

αsim =
εsimWc

εsimWc(µ)

. (10.4)

To derive the extrapolation factor in data in a similar way, since an inclusive

sample of c-jets is not directly accessible, a corrected simulated event sample is used

instead, in which the events of the MadGraphW+c sample are reweighted in order

to rescale the c-hadron properties (fragmentation fractions and branching ratios) to

those experimentally measured in data [86, 107]2; with the assumption that αdata

can be replaced by:

2The values used in the reweighting procedure are relative to the 2014 PDG publication [86].
The 2018 PDG publication [15] includes recent improvements in the uncertainties of the branching
ratios of the D0 and D+ exclusive semileptonic decays: these improvements would have a minor
impact on the final extrapolation uncertainty.
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Figure 10.4: Tagging efficiencies (left) and corresponding scale factors (right) for
semileptonic c-jet samples measured for different MV2c10 working points; statistical
uncertainties are shown.
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Figure 10.5: Tagging efficiencies (left) and corresponding scale factors (right) for
semileptonic c-jet samples measured as a function of jet pT for the 77% MV2c10
working point; statistical uncertainties are shown.

αcorr
sim =

εcorr sim
Wc

εcorr sim
Wc(µ)

, (10.5)

where εcorr sim
Wc(µ) and εcorr sim

Wc are the efficiencies measured, respectively with and with-

out the soft muon requirement, on the corrected simulated event sample.

Figure 10.6 shows the comparison between fragmentation fractions (the probabil-

ity a given c-hadron emerges from the c-quark fragmentation process) predicted by

various MC generators and measured by experiments. Fragmentation fractions pre-

dicted by Sherpa 2.2.0 are not in agreement with data and other MC generators,

due to a not optimal parameter setting.

In detail, the events are reweighted according to the following c-hadron proper-

ties:

� D0, D+, Ds, Λ+
c : fragmentation fraction;
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Figure 10.6: Comparison of the fragmentation fractions of c-hadrons predicted by
different generator choices and with those experimentally measured [86,107]; results
are presented separately for inclusive (left) and semileptonic (right) c-jet samples;
data total uncertainties and simulation statistical uncertainties are reported as error
bars.

� D0, D+, Ds, Λ+
c : semileptonic branching ratio;

� D0, D+: exclusive semileptonic decays;

� D0: hadronic n-prongs decays.

In the case of fragmentation fractions and semileptonic branching ratios, the

most important c-hadrons types (D0, D+, Ds and Λ+
c ) are considered, while the less

frequent c-hadrons (Ξ0
c , Ξ+

c and Ω0
c) are only reported, but not reweighted for the

analysis purpose due to their very low impact. In the case of exclusive semileptonic

branching ratios only D0 and D+ mesons are considered, since they constitute most

of the c-hadron content after fragmentation. Only D0 mesons are considered in

the reweight procedure regarding topological branching ratios of hadronic n-prongs

decays, due to the lack of experimental measurements for the other c-hadrons.

The effect of the impact parameter resolution on the extrapolation correction

have been studied on a sample of c-jets from simulated tt̄ events, recalculating the

MV2c10 output value after the application of the systematic variation of the impact

parameter (smearing). The difference between the effect measured on an inclusive

and on a semileptonic sample of c-jets is found to be negligible compared to the final

measurement uncertainties. Assuming that any other difference seen between data

and simulation in the semileptonic c-jet sample is present also in the inclusive c-jet

sample (apart from the considered fragmentation fractions and branching ratios),

a correction to obtain the inclusive c-jet scale factor, kWc, can be then computed

using the derived extrapolation factors:

kWc ≡
εdata
Wc

εsimWc

=
αdata · εdata

Wc(µ)

αsim · εsimWc(µ)

≡ αdata

αsim

· kWc(µ) '
αcorr

sim

αsim

· kWc(µ). (10.6)
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If the ratio of the extrapolation factors, δ, is defined as:

δ ≡ αdata

αsim

' αcorr
sim

αsim

, (10.7)

then Equation 10.6 can be expressed as:

kWc = δ · kWc(µ). (10.8)

The extrapolation factors αcorr
sim (0.82−1.09) are systematically lower than αsim

(0.85−1.23), both showing a growing linear trend with the increase of the tightness

of the working point. Therefore, the resulting ratios δ, shown in Figure 10.7, are sys-

tematically lower than unity with a decreasing trend towards tighter working points.

The total systematic uncertainties due to the c-hadron corrections are shown, while

statistical uncertainties can be neglected since the nominal and corrected simulation

samples contain approximately the same MC seed events.

85% 77% 70% 60%
MV2c10 working point 

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

S
ca

le
 fa

ct
or

 e
xt

ra
po

la
tio

n 
fa

ct
or ATLAS Preliminary

 = 13 TeVsSimulation, 
Scale factor extr. 
Scale factor extr. (syst.)

Figure 10.7: Scale factor extrapolation factors for different MV2c10 working points;
systematic uncertainties are shown, while statistical uncertainties are omitted since
the measurement is performed using the same events.

10.1.6 Systematic uncertainties

The resulting systematic uncertainty contributions to the c-jet tagging efficiency

scale factor extrapolated to an inclusive c-jet sample are discussed further below

and summarised in Table 10.3. These include event reconstruction effects for the

efficiency measured on simulated event samples, uncertainties on both simulated

and multijet backgrounds, which affect the efficiency measured on data and the

uncertainties coming from the inclusive sample extrapolation procedure discussed in

Section 10.1.5.
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MV2c10 working point
Source 85% 77% 70% 60%

Event reconstruction 2.6 4.8 9.4 6.4

↪→ Jet 2.3 3.7 9.2 6.3
↪→ Electron 0.1 0.3 0.4 0.3
↪→ Muon 0.0 0.0 0.0 0.1
↪→ Emiss

T 1.3 2.7 1.4 1.4
↪→ Pile-up re-weighting 0.1 1.4 0.4 0.2

Simulation and backgrounds 0.5 1.8 4.9 16.9

↪→ MC statistics 0.1 1.6 4.2 15.6
↪→ MC normalisation 0.2 0.1 0.4 2.4
↪→ Multijet method 0.4 0.7 2.4 5.7
↪→ Fake factor 0.1 0.4 0.4 2.3

Inclusive extrapolation 2.6 3.0 4.0 4.1

↪→ c-hadron fragmentation 0.2 0.4 0.6 0.7
↪→ c-hadron semilept. b.r. 1.8 2.0 2.2 2.5
↪→ D+ and D0 semilept. decays 1.1 1.5 2.6 2.4
↪→ D0 n-prongs hadronic decays 1.5 1.7 1.9 2.1

Systematic 3.7 6.0 11.3 18.5

Statistics 3.3 5.5 8.9 20.2

Table 10.3: Summary of the systematic uncertainty contributions to the c-jet tagging
efficiency scale factor (kWc) for inclusive c-jets; the values are listed in percent for
the different MV2c10 working points, integrated in pT. The breakdown of the three
main categories is shown: the systematic uncertainty for each category is calculated
adding in quadrature the corresponding sources. The total systematic and statistical
uncertainties are shown too.
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The corresponding effect on individual jet pT bins for the different working points

is shown in Table 10.4 for the systematic uncertainties on event reconstruction,

simulation and backgrounds. The extrapolation scale factors and their systematic

uncertainties are measured directly for the different MV2c10 working points; the

corresponding measurements in jet pT bins are not used, due to the limited statistics

of the simulated event sample.

Jet pT bin for 85% / 77% / 70% / 60% MV2c10 working point
Source 25−40 GeV 40−65 GeV 65−140 GeV
Ev. reconstruction 9.8 / 14.0 / 25.5 / 30.5 3.8 / 7.9 / 4.8 / 16.4 5.6 / 6.8 / 12.2 / 10.3
Sim. and backgrounds 1.1 / 2.3 / 9.6 / 58.2 1.3 / 3.7 / 6.7 / 20.4 0.4 / 3.3 / 8.5 / 26.7

Table 10.4: Summary of the systematic uncertainty contributions to the data-to-
simulation scale factor extrapolated to an inclusive c-jet sample; the values are
listed in percent for the different MV2c10 working points and jet pT bins.

Event reconstruction

Event reconstruction uncertainties are taken into account separately for all the

physics objects used in the analysis, to evaluate their impact on the data-to-simulation

scale factor. For the jets, the contribution of jet energy scale (JES) [69] and res-

olution (JER) [108] uncertainties are evaluated for inclusive jets and specifically

for b-jets [109] (closure of the JES calibration relative to MC15 simulation, JES

uncertainty for b-jets, effective JES uncertainty components, eta intercalibration

uncertainties from MC generator modelling uncertainty and statistical uncertainty,

overall JER uncertainty, high-pT resolution term, systematic-shifted resolution); in

addition, the contributions from pile-up, punch-through, jet area and jet flavor com-

position (flavor composition and response uncertainty, dominated by gluon response,

pile-up offset effects, ρ topology uncertainty for jet areas, punch-through correction

uncertainty) are estimated. For the electrons, contributions for energy scale and

resolution [110] and for electron triggering and identification [103] uncertainties are

taken into account. For the muons, detector effects [105] are treated separately

for the inner tracking system and the outer muon spectrometer; in addition, con-

tributions for the energy scale, reconstruction efficiency and isolation uncertainties

are calculated, taking into account both statistical and systematic sources. Other

uncertainties include the Emiss
T measurement uncertainties [111] (scale, parallel and

perpendicular soft terms), the effect of JVT selection [71] on jets and the pile-up

re-weighting procedure.

Table 10.5 shows the systematic uncertainty on the inclusive c-jet tagging effi-

ciency scale factor, coming from these event reconstruction effects.
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MV2c10 working point
Source 85% 77% 70% 60%

Jet Resolution (JER) single NP −1.8 −2.3 −7.6 5.4
JES uncertainty for b-jets −0.1 0.0 −0.4 −0.5
Effective JES Uncertainty Component 1 0.0 0.1 −2.0 −1.8
Effective JES Uncertainty Component 2 0.0 −0.3 0.6 0.2
Effective JES Uncertainty Component 3 0.1 0.2 0.1 0.0
Effective JES Uncertainty Component 4 −0.1 −0.2 −0.1 0.0
Effective JES Uncertainty Component 5 −0.0 0.0 0.0 −0.1
Jet Eta intercalibration: MC modelling 0.4 1.1 0.8 −0.2
Jet Eta intercalibration: non-closure −0.2 −0.2 0.2 −0.6
Jet Eta intercalibration: statistical and method −0.1 −0.2 −0.7 0.1
Jet Flavor composition 1.0 2.3 3.4 0.1
Jet Flavor response −0.0 −0.4 0.7 −0.6
Jet Pile-up: Offset, µ term −0.4 −0.7 −1.1 −1.8
Jet Pile-up: Offset, NPV term 0.5 0.4 0.1 −0.9
Jet Pile-up: pT term −0.3 −0.5 −0.1 −0.5
Jet Pile-up: ρ topology uncertainty (jet areas) 0.1 −0.0 −2.9 −0.9
Muon efficiency stat. 0.0 0.0 0.0 0.0
Muon efficiency sys. 0.0 0.0 −0.0 0.1
EGamma resolution 0.0 0.0 −0.2 0.3
EGamma scale 0.1 0.3 0.3 0.2
MET soft-track scale −0.2 −0.0 0.2 0.0
MET soft-track parallel resolution −0.3 −1.6 −0.9 1.2
MET soft-track perpendicular resolution −1.2 −2.1 −1.1 0.8
JVT efficiency −0.0 −0.0 0.0 −0.0
Pile-up re-weighting 0.1 −1.4 −0.4 0.2

Total 2.6 4.8 9.4 6.4

Table 10.5: Summary of the systematic uncertainty contribution, from event recon-
struction, to the c-jet tagging efficiency scale factor extrapolated to an inclusive c-jet
sample; the values are listed in percent for the different MV2c10 working points.
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Simulated and data-driven backgrounds

The uncertainties coming from background modelling affect the measurement of the

c-jet tagging efficiency on data, because this is performed on data events after the

subtraction of background events. The backgrounds event yields estimated using

simulated event samples, are varied within the statistical uncertainty of the simu-

lated event sample, yielding a large effect, due to the limited amount of simulated

events available in each bin of jet pT and of the MV2c10 distribution. For W+jets,

Z+jets, single-top, tt̄ and diboson samples, the normalisation uncertainty due the

uncertainty on the integrated luminosity (3.2% uncertainty) and to the theoretical

prediction of the cross-section are also taken into account (corresponding to 5% for

W+jets and Z+jets samples, and to 6% for single-top, tt̄ and diboson samples).

For the multijet background, which is predicted using the fake-factor method,

the measured fake factors are varied within the statistical uncertainty (fake fac-

tor unc. 1). Furthermore, systematic variations on the multijet background are

measured varying the MC background components predicted in the control region

used to measure the fake factors, with variations on the MC statistics (fake factor

unc. 2), MC cross-sections and luminosity uncertainty (fake factor unc. 3). An extra

uncertainty due to the method (multijet method) is estimated assuming the matrix

method [112] as an alternative method to predict multijet events.

The resulting systematic uncertainties on the inclusive c-jet tagging efficiency

data-to-simulation scale factor are shown in Table 10.6.

MV2c10 working point
Source 85% 77% 70% 60%

MC statistics 0.1 −1.6 −4.2 −15.6
MC cross-section 0.1 −0.1 −0.4 −2.1
Int. luminosity 0.1 −0.0 −0.2 −1.2
Fake factor unc. 1 −0.0 −0.1 −0.1 −0.5
Fake factor unc. 2 0.0 0.0 0.0 0.1
Fake factor unc. 3 0.1 0.4 0.4 2.3
Multijet method −0.4 −0.7 −2.4 −5.7

Total 0.5 1.8 4.9 16.9

Table 10.6: Summary of the systematic uncertainty contribution, from background
modelling, to the c-jet tagging efficiency data-to-simulation scale factor extrapolated
to an inclusive c-jet sample; the values are listed in percent for the different MV2c10
working points.

10.1.7 Extrapolation to inclusive c-jet sample

The scale factors evaluated on the selected semileptonic c-jet sample are corrected to

extrapolate the result to a fully inclusive c-jet sample, as explained in Section 10.1.5.
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The systematic uncertainty on the extrapolation factor is evaluated varying, within

the experimental uncertainty, the corrections for specific fragmentation and decay

properties of c-hadrons applied to the corrected simulated event sample. In the

correction of fragmentation fraction and semileptonic branching ratio, the largest

effect arises from the D0 hadron, having predicted fractions far from the measured

ones, and from the Λc hadron, because of the large experimental uncertainty on its

fractions. Due to large experimental uncertainties, large contributions to the extrap-

olation systematic are due to the D0 specific semileptonic decay (D0 → K̄0π−µ+νµ)

and the n-prongs hadronic decays.

The resulting uncertainties on the inclusive c-jet tagging efficiency data-to-simulation

scale factor are shown in Table 10.7.

MV2c10 working point
Source 85% 77% 70% 60%

Fraction D+ −0.1 −0.3 −0.4 −0.4
Fraction D0 0.1 0.2 0.4 0.4
Fraction Ds 0.1 0.1 0.0 0.1
Fraction Λc −0.2 −0.2 −0.2 −0.3
BR D+ −0.3 −0.4 −0.5 −0.6
BR D0 0.1 0.2 0.2 0.3
BR Ds 0.1 0.1 0.0 0.1
BR Λc 1.7 2.0 2.1 2.4
D+ decay bin 1 −0.1 −0.1 −0.1 0.1
D+ decay bin 2 −0.1 −0.2 −0.3 −0.5
D0 decay bin 1 0.0 0.1 0.1 0.2
D0 decay bin 2 1.1 1.5 2.6 2.3
D0 n-prongs 0 −1.5 −1.7 −1.9 −2.1
D0 n-prongs 2 0.0 −0.0 −0.0 −0.1
D0 n-prongs 4 0.0 0.1 0.2 0.2

Total 2.6 3.0 4.0 4.1

Table 10.7: Summary of the systematic uncertainty contribution, from extrapolation
factor, to the c-jet tagging efficiency data-to-simulation scale factor extrapolated to
an inclusive c-jet sample; the values are listed in percent for the different MV2c10
working points.

10.1.8 Data-to-simulation scale factors

The c-jet tagging efficiency scale factors kWc valid for an inclusive sample of c-jets

are obtained as the product of the scale factor extrapolation factors δ times the scale

factors measured on semileptonic c-jets kWc(µ), as reported in Equation 10.8. The

integrated scale factors are shown in Figure 10.8, while the scale factors measured

as a function of jet pT are shown in Figure 10.9. The values, including statistical

and systematic uncertainties, are reported in Tables 10.8 (integrated) and 10.9 (as
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a function of jet pT).
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Figure 10.8: Inclusive scale factors measured for the analysed MV2c10 working
points; statistical and systematic uncertainties are included.

MV2c10 kWc

85% working point 1.04 ± 0.03 (stat) ± 0.04 (syst)
77% working point 1.13 ± 0.06 (stat) ± 0.07 (syst)
70% working point 1.25 ± 0.11 (stat) ± 0.15 (syst)
60% working point 1.19 ± 0.24 (stat) ± 0.28 (syst)

Table 10.8: Scale factor for inclusive c-jet samples measured for different MV2c10
working points; statistical and systematic uncertainties are shown.

Jet pT
MV2c10 25−40 GeV 40−65 GeV 65−140 GeV
85% WP 1.07 ± 0.08 (stat) ± 0.11 (syst) 1.01 ± 0.04 (stat) ± 0.05 (syst) 1.07 ± 0.07 (stat) ± 0.07 (syst)
77% WP 1.12 ± 0.13 (stat) ± 0.17 (syst) 1.08 ± 0.08 (stat) ± 0.11 (syst) 1.22 ± 0.13 (stat) ± 0.10 (syst)
70% WP 1.20 ± 0.24 (stat) ± 0.36 (syst) 1.27 ± 0.15 (stat) ± 0.12 (syst) 1.20 ± 0.19 (stat) ± 0.20 (syst)

Table 10.9: Scale factors for inclusive c-jet samples measured for different MV2c10
working points, as a function of jet pT; statistical and systematic uncertainties are
shown.

10.1.9 Combination with tt̄ method results

The final c-jet tagging efficiency scale factors are obtained through the combination

of the results obtained with two different methods: the W+c method, described

above, and the tt̄ method [84], which measures the c-jet scale factors on tt̄ events,

where one of the W bosons decays leptonically into a charged lepton and neutrino

and the other decays to a c- and s-quark.
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Figure 10.9: c-jet tagging scale factors for the analyzed MV2c10 working points,
measured as a function of jet pT; statistical and systematic uncertainties are shown.
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The tt̄ method profits for the high statistics of tt̄ events and accesses an inclu-

sive sample of c-jets but it has a worse signal over background ratio with respect

to the W+c analysis. The two analyses are then complementary and their combi-

nation, besides improving the precisision of the final result, is useful to cross-check

the compatibility of scale factors determined in different c-hadron final states and

production topologies.

To obtain the best overall precision for the c-jet tagging efficiency measurements,

a combination of the two set of scale factors (binned in pT) is performed using a

profile likelihood.

The combination takes into account four different types of uncertainty: statistical

uncertainty (uncorrelated between analyses and different pT bins), systematic un-

certainty of statistical origin (uncorrelated among pT bins), systematic uncertainty

specific for each analysis (correlated between pT bins, but uncorrelated between anal-

yses) and common systematic uncertainty (correlated through pT bins and analyses).

The systematic uncertainties in common among the two analyses are those related

to the jet energy scale, jet energy resolution, muon and electron identification effi-

ciencies, missing energy and pile-up effects.

The result of scale factor combinations for the MV2c10 tagging algorithm at

the 70%, 77% and 85% working points are shown in Figure 10.10, along with the

individual scale factors obtained adopting the W+c and tt̄ methods.

The fit quality and hence the overall compatibility between the different measure-

ments is evaluated by computing the global χ2. For all the combined results the χ2

probability is above 30%, indicating that the spread between measurements is com-

mensurate with the assigned uncertainties. The combination results have also been

compared with those obtained with the “Best Linear Unbiased Estimates” (BLUE)

method [113]. The two sets of results are essentially identical, including χ2 esti-

mates. The precision of the combined results is dominated by the tt̄ method; for the

jet pT bins where the precision of the W+c results is competitive, the combination

is able to reduce the total uncertainty up to the 30%.

10.1.10 Conclusion

The measurement of the c-jet tagging efficiency has been performed onW+c events [96],

with the c-jet identified by a soft muon coming from a semileptonic c-hadron de-

cay. The efficiency is measured on pp collision data collected at
√
s = 13 TeV by

the ATLAS experiment. The same measurement is performed on simulated event

samples, then a data-to-simulation scale factor is derived, defined as the ratio of the

efficiency on data over the efficiency on simulated event samples.

Due to the different c-hadron composition between data and simulation, a cor-

rection is derived to extrapolate the data-to-simulation scale factors measured on a

semileptonic c-jet sample. After this extrapolation correction, the resulting data-to-

simulation scale factors can be applied to an unbiased sample of c-jets.
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Figure 10.10: c-jet tagging efficiency data-to-simulation scale factors for the MV2c10
tagging algorithm at 70%, 77% and 85% efficiency, obtained by combining the re-
sults of the W+c and tt̄ methods. The dark green band represents the statistical
uncertainty of the combined scale factor while the light green band shows the to-
tal uncertainty. The red points indicates tt̄ method results, while brown squares
indicates W+c method results.
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Results are presented for the 60%, 70%, 77% and 85% efficiency working points

of the MV2c10 b-tagging algorithm: integrated and as a function of jet pT. The

integrated data-to-simulation scale factors show a growing linear trend between 1.0

and 1.2 as the working point is tightened from 85% to 60%.

The data-to-simulation scale factors measured on W+c events are found to be

compatible with the results of the measurements performed on tt̄ events [84]. The

combination of the results is able to reduce the uncertainties on the final data-to-

simulation scale factors up to the 30% for the jet pT bins where the two methods

results have competitive precision.

The W+c and tt̄ methods have been deployed for the Run 2 measurements of

the b-tagging performance on c-jet samples. Their results are compatible, with

competitive precision. These methods will be maintained (and improved) for the

performance measurements of new software releases b-tagging algorithms (see Sec-

tion 10.2). The scale factors measured on W+c and tt̄ events are used by ATLAS

analyses to calibrate the b-tagging efficiency on c-jets. Among the main results of

the recent ATLAS physics analyses based on b-tagging, there is the discovery of the

Higgs boson decay to bb̄.

10.2 Release 21 calibration

The efficiency on data and simulation needs to be measured as well for the six re-

lease 21 b-tagging algorithms. Performance studies have been performed with the

W+c method. These studies show that the SMT enhanced algorithms (MV2c10mu,

MV2c10rnn, DL1mu, DL1rnn) have different shapes in output distributions com-

pared to the basic algorithms (MV2c10 and DL1) due to the correlations with the

soft muon based event selection exploited in the W+c method (see Section 10.2.1).

The MV2c10 and DL1 algorithms are now recommended to be used by ATLAS

physics analyses. The W+c method has been used to check the response of the

improvement in the simulation of the impact parameters resolution. The preliminary

results of the studies performed on 36 fb−1 of 2015 and 2016 data are reported in

Section 10.2.2: compatible results are obtained by the measurements performed with

W+c and tt̄ methods.

The W+c method is not the only calibration method to exploit the soft muon

topology. Other b-tagging calibration measurements may be affected by SMT or

will became excessively complex in order to cope with SMT enhanced algorithms.

For these and other motivations, four new algorithms have been recently developed:

MV2c10r and DL1r, which includes only RNNIP inputs (contrary to MV2c10rnn and

DL1rnn, which included also SMT inputs) and MV2c10rmu and DL1rmu, including

both RNNIP and SMT inputs (likely MV2c10rnn and DL1rnn). The ATLAS b-

tagging community is starting to study in deep the new algorithms in order to

deliver to the ATLAS collaboration the best option in terms of higher discriminating

performance and lower related uncertainties.
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The tt̄ method, based on an inclusive sample of c-jets, is not sensitive to soft

muon variables exploited in the SMT algorithm, showing no bias in SMT enhanced

algorithms. It is now being used as reference method for the b-tagging efficiency

measurements on charm jet samples in release 21.

10.2.1 Bias on SMT enhanced algorithms

As described in Section 7.3.2, along with a revised version of MV2c10 and the new

algorithm DL1, there are enhanced algorithms that benefit from the introduction of

SMT and RNNIP as inputs to the multivariate tools. The W+c calibration method,

based on a sample of c-jets selected exploiting the soft muon from the semileptonic

c-hadron decay, is sensitive to the introduction of the SMT contribution inside the

release 21 High Level Taggers. This is confirmed by the output distribution of

software release 21 b-tagging algorithms shown in Figure 10.11. Simulated events

are used to populate a inclusive c-jet sample (top left: Sherpa 2.2.1, bottom left:

Powheg+Pythia8+EvtGen), while ATLAS data events (top right: 2016 data, bot-

tom right: 2015 and 2016 data) with the W+c topology are used for the sample

of c-jets with semileptonic c-hadron decay. The shape of the ordinary algorithms

(MV2c10 and DL1) is similar to the one of the enhanced algorithms (MV2c10mu,

MV2c10rnn, DL1mu, DL1rnn) for the case of inclusive c-jets (Figure 10.11, left).

The shapes are instead different in case of c-jets selected with the W+c topology,

which includes the requirement of a soft muon form the semileptonic c-hadron decay

inside the c-jet (Figure 10.11, right). This bias is preventing the application of the

W+c method to measure the scale factors on c-jet tagging efficiency for the SMT

enhanced algorithms.

10.2.2 Preliminary results

An estimation of the data-to-simulation scale factors for software release 21 MV2c10

b-tagging algorithm has been performed with the W+c method on 2015 and 2016

data. The scale factors, integrated on jet pT, are shown in Figure 10.12: the results

show a growing linear trend between 0.95 and 1.15 as the working point is tightened

from 85% to 60%. The improvement in the simulation of the impact parameters

resolution has reduced the difference in the efficiency measured on data versus the

efficiency measured on simulated samples, therefore reducing the scale factors, which

now appear to be close to the unity with respect to the scale factors measured on

release 20.7 algorithms (see Figure 10.8).
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Figure 10.11: Output distribution of software release 21 b-tagging algorithms from
a inclusive c-jets sample (left) and from a sample c-jets with semileptonic c-hadron
decay (right) from W+c events. Simulated events are used to populate a inclusive
c-jet sample (top left: Sherpa 2.2.1, bottom left: Powheg+Pythia8+EvtGen), while
ATLAS data events (top right: 2016 data, bottom right: 2015 and 2016 data) with
the W+c topology are used for the sample of c-jets with semileptonic c-hadron decay.
Top row: the shape of the MV2c10 distribution is very similar to the enhanced
algorithms (MV2c10mu and MV2c10rnn) in the case of inclusive c-jet sample, while
significant discrepancies are visible in the case of c-jets with semileptonic c-hadron
decay. Bottom row: the shape of the DL1 distribution differs from the DL1mu and
DL1rnn shapes.



162 10.2 Release 21 calibration

Figure 10.12: Inclusive scale factors measured for the analysed MV2c10 working
points (software release 21) with the W+c method and the tt̄ methods: the results
from the two methods are compatible within the uncertainties. Statistical and sys-
tematic uncertainties are shown as error bars and coloured contours. Systematic
uncertainties for the W+c method are extrapolated from the release 20.7 measure-
ment.



Chapter 11

Preparatory studies on the W+c

cross section at 13 TeV

The experience I gained during the measurement of the b-tagging efficiency on a

charm jet sample, selected via the associated production of W boson and c-jet, is

being exploited to measure the production cross section of this process. The pro-

duction of a W boson in association with a single charm quark in proton-proton

collisions is described at the Leading Order (LO) accuracy in QCD by the scattering

of a gluon and a down-type quark (d, s, b). The relative contribution from each of

the three families in the initial state is determined by the proton PDFs and by the

quark-mixing matrix elements Vcd, Vcs and Vcb. At the LHC the dominant produc-

tion channels are gs → W−c and gs → W+c̄ (see Figure 9.5). The contribution

of diagrams containing d- and b-quarks is instead respectively about 10% [114] or

negligible, given the suppression introduced by the corresponding quark-mixing ma-

trix elements Vcd and Vcb. The Next-to-Leading-Order (NLO) QCD terms [115] are

dominated by one-loop corrections to the dominant channels and by the tree-level

gg → sWc and qs→ qWc diagrams.

Given the fact that the pp → WcX production is dominated by the gs → Wc

process and corresponding higher-order corrections, this measurement is directly

sensitive to the s-quark distribution function in the proton at momentum-transfer

values on the order of the W -boson mass. Previous measurements of the s-quark

PDF have been provided by neutrino-nucleon deep inelastic scattering (DIS) exper-

iments [116, 117], and by the joint analysis of inclusive W and Z production data

from ATLAS and DIS data from HERA [118].

The idea to use W +c events as probes of the strange-quark distribution function

has been discussed already for Tevatron experiments, but was limited by the large

uncertainty on the cross section measurement. The large production rates available

at the LHC provided the first opportunity for a measurement with sufficient precision

to constrain the s-quark PDF at x around 0.01, as highlighted in Section 1.4.2.

In this Chapter, the preparatory studies towards the measurement of the pro-

duction of a W boson in association with a single charm quark using 140 fb−1 of pp

163
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collision data at
√
s = 13 TeV collected with the ATLAS detector at the LHC from

2015 to 2018 will be presented. In events where a W boson decays to an electron

or muon, the charm quark is tagged by the presence of a jet of particles containing

its semileptonic decay to a soft muon. Similarly to what done for the b-tagging

efficiency measurement (see Section 10), the signal is extracted by the subtraction

of events with opposite-sign and same-sign charge leptons (OS−SS).

11.1 Data and MC samples

This analysis is based on data recorded by the ATLAS detector in LHC pp collisions

at the center of mass energy
√
s = 13 TeV in 2015, 2016, 2017 and 2018, corre-

sponding to integrated luminosities of 3.2 fb−1, 32.9 fb−1, 44.3 fb−1 and 59.9 fb−1,

respectively.

The W+c signal and all backgrounds sources containing W or Z bosons or top

quarks are modeled using simulated event samples. The additional multijet back-

ground, important due to the presence of misidentified reconstructed leptons, is

going to be estimated with a data-driven method.

The default W+jets and Z+jets simulated event samples (including the W+c

signal) are produced with MadGraph v1.15 [97] interfaced to PYTHIA8 [42]

with A14 general-purpose high-pT tunes [98]. As a crosscheck, these are compared

with samples produced adopting different generators: Sherpa v2.2.0 [44] using the

NNPDF 3.0 PDF set [7] in conjunction with dedicated parton-shower tuning devel-

oped by the Sherpa authors; Powheg-Box v2.2 [88–90] interfaced to PYTHIA8

with AZNLO tunes [119]; All samples, except for those generated with Sherpa,

use the EvtGen package [100] to describe the b- and c-hadron decay processes.

Diboson (ZZ, WZ and WW ) samples are generated using Sherpa 2.2.2 us-

ing the NNPDF 3.0 PDF set [7]. Top-pair and single-top (t-channel, s-channel

and W+t) events are generated using Powheg-Box v2 [88–90], interfaced to

PYTHIA8, with the EvtGen package and the Perugia 2012 tunes [120].

Main results are obtained with MadGraphW+jets and Z+jets simulated event

samples. The comparison between MadGraph and other MC generators (Sherpa,

Powheg) is then used to derive systematic uncertainties coming from signal and

background modeling.

All generated samples are passed through the simulation of the ATLAS detec-

tor [121] based on GEANT4 [45]. The same offline reconstruction methods used

with data events are applied to the simulated events samples. Minimum-bias events

generated by PYTHIA8 [42] are used to simulate multiple pp interactions in the

same and nearby bunch crossings (pile-up).
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11.2 Object reconstruction and event selection

The final state for this analysis is defined by the presence of an isolated lepton (elec-

tron or muon), coming from the W boson decay, accompanied by sizeable missing

transverse energy Emiss
T , and a jet containing a muon. Finally, the signal is ex-

tracted as the difference between events with OS charged leptons and events with

SS charged leptons. The criteria used to select object candidates has already been

described in Section 10.1.2 (for the electron channel only). In particular, the criteria

used to select the electron, the soft muon and the jet, as well as the selections on

the missing energy and W-boson transverse mass are in common with the b-tagging

performance measurement. The improvements achieved with respect to that event

selection strategy are outlined in the followings.

Since both electron and muonW -boson decay channels are explored, the available

statistics is doubled with respect to the strategy used in the b-tagging performance

measurement. Data used for this analysis are triggered either by single-muon or

by single-electron triggers [101, 102] with minimum pT threshold of 24 or 26 GeV,

depending on the data-taking period.

Only one signal W -lepton (electron or muon) with pT > 27 GeV is allowed in

the event. A veto is applied to events with any further lepton, based on a looser

lepton selection. These leptons are defined as having pT > 15 GeV and passing loose

isolation criteria.

For the W → µν channel, the reconstructed isolated muon is identified by match-

ing two tracks in the inner detector and in the muon spectrometer. Medium quality

muons candidates are accepted, requiring to pass medium identification criteria [105].

Muons selected for this analysis are required to satisfy tight calorimeter and track

isolation criteria that accept real isolated muons, with an efficiency of 90% at 20 GeV

and 99% at 60 GeV, while rejecting muons coming from hadrons decay within a jet.

Furthermore, good candidates are required to match the online muon that triggered

the event with a ∆R criteria. Similarly to the electron track, the inner detector

track of the muon must satisfy |d0|/σ(d0) < 3 and |z0 sinθ| < 0.5 mm. The muon is

required to have pT > 27 GeV and must fall in the range |η| < 2.5.

Two additional requirements, with minor impact on the signal, are applied in

the muon channel to suppress the Z+jets and the Υ backgrounds. First, the event is

discarded if the invariant mass of the two muons (the soft muon and the muon from

the decay of the W -boson candidate) is close to either the Z-boson mass (i.e. 80-

100 GeV) or the Υ mass (i.e. 8-11 GeV). Second, the angular pT balance of the two

muons is required to be higher than 0.6, with the angular balance variable defined

as the ratio of the module of the 4-vector sum of the two muons pT over the sum of

the modules of the two muons pT.

Differently to the event selection described in Section 10.1.2, in this measurement

events are allowed to have either one or two jets with pT > 25 GeV and |η| < 2.5. The

identification of the c-jet by the semileptonic c-hadron decay is performed requiring
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one and only one of the two selected jets to contain exactly one reconstructed muon

with an angular separation between the muon and the jet axis ∆R < 0.5. Allowing

one additional jet in the event, grants about 30% more statistics in the signal events,

with a minor increase in background events.

11.2.1 Preliminary kinematic distributions

While the processing of the data samples and MC samples for the simulation of

the signal and backgrounds is in progress, it is possible to check the kinematic dis-

tributions of the W+c events selected from MadGraph+Pythia8+EvtGen W+jets

simulated sample. The results, normalized to the statistics of the full Run 2 data

sample (140 fb−1) are shown in Figure 11.1. About 0.8 · 106 signal events are

expected after OS−SS subtraction, considering both electron and muon channels

(0.9 · 106 OS and 0.1 · 106 SS events).

11.3 Cross section measurement

The integrated and differential cross sections as a function of the pseudorapidity of

the lepton from the W -boson decay are going to be measured for the fiducial region

defined in Table 11.1.

The fiducial cross section measures the cross sections times the branching ratio

W → `ν and it is determined in a fiducial region defined in MC simulation in

terms of the W -boson kinematics: p`T > 27 GeV, |η`| < 2.5, pνT > 25 GeV and

mT
W > 40 GeV, where ` and ν are the charged lepton and the neutrino from the

decay W → `ν. The charm quark is identified by a muon from the semileptonic

decay of a charmed hadron embedded in a particle-level jet with pjet
T > 25 GeV and

|ηjet| < 2.5. The cross section is measured for events with exactly one c-jet and one

possible additional non-c-jet. Particle-level jets are constructed in simulation from

stable particles, including muons and neutrinos, using the anti-kt algorithm with a

radius parameter R of 0.4. The particle-level c-jet is defined as the one containing

a weakly decaying c-hadron with pT > 5 GeV, within ∆R < 0.3.

The signal yield is defined as the number of events where the c-hadron originates

from a c-quark with charge sign opposite to the charge of the W boson, minus the

number of events where the c quark and W boson have the same charge sign.
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1 charged lepton from W -boson decay with:

Electron/muon pT > 27 GeV

Electron/muon |η| < 2.5

1 neutrino from W -boson decay with:

Neutrino pT > 25 GeV

W -boson with:

W -boson mT > 60 GeV

1 or 2 jets with:

jet pT > 25 GeV

jet |η| < 2.5

Exactly 1 c-jet identified by a c-hadron with:

c-hadron pT > 5 GeV

∆R(c-hadron, jet) < 0.3

W -boson and c-hadron charge: OS−SS

Exactly 1 muon inside the c-jet with:

soft muon pT > 4 GeV

soft muon |η| < 2.5

∆R(soft muon, c-jet) < 0.5

W -boson and soft muon charge: OS−SS

Table 11.1: Fiducial region phase space to be used for theW+c cross section measurement.

The production cross section in the fiducial region, σfid, is calculated as:

σfid =
N −B
C ·
∫

Ldt
, (11.1)

where N is the number of candidate events observed in data, B is the number

of background events and
∫

Ldt is the integrated luminosity of the dataset. The

correction factor C is determined from MC simulation and accounts for detector

efficiency, acceptance and resolution effects.

The differential cross sections are determined in intervals of |η`| from the same

procedure used to determine the total fiducial cross section, but with yields and

acceptance corrections determined separately for each |η`| bin.

11.4 Outlook

The strategy for the W+c cross section measurement is set. The ATLAS experiment

has collected a considerable amount of data during Run 2 operations. The full

Run 2 statistics (140 fb−1) is going to be used for this measurement. According to

preliminary studies, about 0.8 · 106 events are selected on signal MC samples after

the OS−SS subtraction, including both electron and muon channels of the W -boson

decay. The processing of the data and MC samples for the simulation of the signal

and backgrounds is in progress, meanwhile the anaysis group is defining the strategy
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for the unfolding.

The integrated and differential cross sections are going to be measured for the

fiducial region defined in Table 11.1, as a function of the pseudorapidity of the lepton

from the W -boson decay. Other kinematic variables are being considered as well for

the differential cross section measurement. The amount of selected OS−SS events is

a sufficient statistics to allow a differential cross section measurement in many |η`|
bins.
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Figure 11.1: Kinematic variables distributions of W+c events after OS−SS subtrac-
tion, from MadGraph+Pythia8+EvtGen W+jets simulated sample, normalized to
140 fb−1 of pp collision data at

√
s = 13 TeV. Events from both the electron and

muon channels of the W -boson decay are added together.





Chapter 12

Bonus: outreach activities

In these years, I devoted part of my time to outreach activities. During a one-year

research period at CERN (July 2017 - June 2018), I joined the CERN visit service

and I attended the training to be an official CERN guide. In particular, as an ATLAS

official guide, I guided tours to the ATLAS visitor center and to the underground

ATLAS experimental cavern.

I partecipated to outreach activities in Genoa as well, in particular to the Genoa

Science Festival, which is one of the main science fairs in Italy, reaching up to

200000 visitors each year, spread in 10 days of activities (conferences, shows, hands-

on laboratories). The ATLAS Genoa group has already partecipated to the 2015

and 2017 editions, proposing hands-on activities on particle physics topics.

The 2018 activity, “A caccia di particelle” (“Hunting for particles”), is based on

the tracking detectors. We decided to propose such an activity because the ATLAS

Genoa group has a high expertise in tracking detectors:

� Title: A caccia di particelle - Uniamo i puntini per scoprirne le proprietà!

� When: 25th October - 5th November 2018

� Location: Piazza delle Feste, Porto Antico, Genoa, IT

� Attendance: about 1400 visitors

In each 60 minutes session, we explained to the general public the tracking de-

tectors, starting with an introduction on the particle physics experiments. The

main part of the activity is based on three games developed in python and pygame

libraries:

1. Tracking: find the best matching tracks over 8 silicon ID hits from Zµµ events;

2. Triggering: save or skip events looking for Zµµ events, based on the recon-

structed tracks;

3. Template fitting: extract mass and yields of particles from template fit to

invariant mass distributions.
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Figure 12.1: Setup of the outreach activity presented at the 2018 Genoa Science Festival.

I took part in the tecnical proposal, preparing the material for the call and

following the selection steps. Then I prepared the equipment and the contents

of the activity together with the ATLAS Genoa group, assembled the setup (see

Figure 12.1) and welcomed the visitors as a scientific explainer. The activity has

been attended by about 1400 visitors in 10 days.



Conclusions

In the last four years, the ATLAS experiment has gone through the Run 2 physics

program, collecting about 140 fb−1 of proton-proton collisions data at the record

energy of
√
s = 13 TeV. In these years, I have contributed in several ways to the

ATLAS experiment. The details of these efforts have been documented in this thesis.

In the context of the ATLAS flavour tagging group, I have performed the mea-

surement of the c-jet tagging efficiency on a sample of c-jets produced in association

with W bosons, with the c-jet identified by a soft muon coming from a semileptonic

c-hadron decay. The b-tagging performance of MV2c10, the recommended b-tagging

algorithm of the ATLAS software release 20, has been calibrated with c-jets in its

60%, 70%, 77% and 85% efficiency working points, integrated and as a function of

the jet pT. The measurement is performed on 13 TeV data and simulated event

samples, then a data-to-simulation scale factor is derived, defined as the ratio of

the efficiency on data over the efficiency on simulated event samples. Due to the

different c-hadron composition between data and simulation, a correction is derived

to extrapolate the data-to-simulation scale factors measured on a semileptonic c-jet

sample. After this extrapolation correction, the resulting data-to-simulation scale

factors can be applied to an unbiased sample of c-jets. The results of the W+c

method are found to be compatible with the results of the measurements performed

on tt̄ events. The combination of the results of the two measurements has reduced

the uncertainties on the final data-to-simulation scale factors up to the 30%. The

integrated data-to-simulation scale factors of MV2c10 (release 20.7) show a growing

linear trend between 1.0 and 1.2 as the working point is tightened from 85% to 60%.

Thanks to the constant efforts of the algorithm development group, 6 new b-tagging

algorithms have been deployed for the software release 21. The measurement of the

c-jet data-to-simulation scale factors of these new algorithms is ongoing. The W+c

and tt̄ methods have been deployed for the Run 2 measurements of the b-tagging per-

formance on c-jet samples. Their results are compatible, with competitive precision.

These methods will be maintained (and improved) for the performance measure-

ments of new software releases b-tagging algorithms. The scale factors measured on

W+c and tt̄ events are used by ATLAS analyses to calibrate the b-tagging efficiency

on c-jets. Among the main results of the recent ATLAS physics analyses based on

b-tagging, there is the discovery of the Higgs boson decay to bb̄.

The involvement in the ATLAS flavour tagging group led me to join the activities
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of the b-tagging data quality. I have updated the software used for the monitoring

in order to be ready for the 2018 data taking and followed this throughout the

year. The updates include improvements to the trigger pre-selection of the events,

the introduction of histograms to cope with the instantaneous luminosity increase,

the compatibility with the b-tagging algorithms of the release 21, the introduction

of histograms to monitor jets with soft-muons from semi-leptonic b-hadron decays.

Thanks to these updates, we have been able to assess the quality of the b-tagging

performance during 2018 proton-proton collisions. The performance have been stable

through the year, compatible with the 2017 data taking performance, despite the

increase in instantaneous luminosity and the ageing of the detector. For the first

time, the b-tagging tools have been enabled on events from heavy ion collisions. I

have updated the monitoring tools in order to be able to assess the quality of the b-

tagging performance in events from heavy ions collisions. With the experience gained

in software updates, I acted as b-tagging data quality expert during 2018, helping in

following up the issues and in the organizational aspects of the data quality shifts.

After collecting the feedback from each of the data-quality sub-groups, the official

good run lists of 2018 data taking (59.9 fb−1 of proton-proton and 1423.9 µb−1 of

Pb-Pb collisions) have been finalized and delivered to the ATLAS collaboration for

physics analyses. I will continue my role as b-tagging data quality maintaining and

migrating the software towards the software release 22.

Thanks to the experience with W+c events topology gained during the measure-

ment of the b-tagging efficiency, I have started the measurement of the production

cross section of W+c events. The goal of this measurement is to compare results

with different PDF models, since the pp→ WcX production is directly sensitive to

the s-quark PDF (dominated by the gs → Wc process). The software developed

for the b-tagging efficiency measurement has been adapted to the software release

21 to proceed with this measurement using 140 fb−1 of pp collision data collected at√
s = 13 TeV . The events with a W boson in association with a single charm quark

are selected similarly to what done for the b-tagging efficiency measurement, with

significant improvements in the statistics. Events with an additional jet are allowed,

granting about 30% more statistics in the signal events. Both electron and muon W -

boson decay channels are explored, doubling therefore the available statistics with

respect to the strategy used in the b-tagging performance measurement. The basis

are established, the measurement is in progres, along with the documentation of the

results.

I have been involved as well in laboratory activities within the ATLAS Genoa

group, which has a long tradition in silicon detectors. In particular, I played a

crucial role to two test beam experiments at the CERN HiRadMat facility in July

2017 and May 2018. In these tests, recent silicon modules (IBL pixel, ITk strip)

have been exposed to a high energy and intensity beam (440 GeV proton beam)

to study the performance degradation of real detector components in case of beam-

loss scenarios. I joined this effort from the beginning, taking part in each of the
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steps of these experiments. I selected the 3 IBL modules to be used in the tests,

measuring their properties in the lab. Then I prepared and installed the setup

(PCs, cables, powering and read-out) in the HiRadMat facility tunnels. I took

part in the data taking and, finally, I performed the data analysis. The first and

main result of these experiments is the survival of the IBL modules after the transit

of 288 bunches at 2 mm beam radius, with 1011 protons per bunch. Both IBL

3D modules survived to this level of radiation in 2017, as well as the IBL planar

module in 2018. The three IBL modules were operated with different configurations

during the beam transit: two configurations were used to reproduce the standard

status of the ATLAS detectors when LHC is delivering stable or non-stable beams.

Therefore a lower limit on the damage threshold of IBL modules has been set at

∼1013 protons/cm2, well above the irradiation that ITk pixel modules may receive

in the worst case of possible beam-loss scenarios at the High-Luminosity LHC. This

is a high interest measurement, since silicon detectors were never exposed directly

to such a high energy and intensity proton beam before. There are plans to repeat

the experiment with the final prototype of the ITk pixel module, along with other

different prototypes of ITk strip modules, after the end of Long Shutdown 2, when

the HiRadMat facility will resume the operations.

Within the laboratory activities, I have been involved in the R&D process of

the Wafer Level Packaging technology, measuring the properties (planarity, place-

ment accuracy) of six 6-inch wafers rebuilt starting from previously diced tiles by

MicroFab Solutions in Trento, within the AIDA-2020 european project. The quality

assessment of these wafers has been performed to compare the properties with the

standard requirements of pixel detector modules production for high energy physics

applications. The thickness of the wafers have been reduced step-by-step, from

675 µm (1 and 2) to 400 µm (3 and 4) and then to 300 µm (5 and 6) confirming

the solidity of the compound. The first four wafers produced show a significant

bending in the separation line between two tiles, visible in both X and Y profiles.

The planarity has improved thanks to a different tape choice, the wafer 6 profiles

does not present bending lines (overall bowing below 100 µm). The tiles placement

accuracy seems to be improved as well thanks to the new tape. The WLP process

is close to meet the technical specifications required for wafers to be used in the

wafer processing steps for silicon detector production. Further optimizations are

required towards the industrialization of this process. Small productions for future

silicon tracking detectors may already profit from the WLP process. In case of mass

production for large area silicon detectors, a more detailed inspection of the output

wafers is recommended, along with further tests that were not performed at this

stage.

During my Ph.D., I had the possibility to spend one year at CERN, thanks to

a CERN-INFN fellowship. I exploited this period to be in close contact with the

ATLAS detector operations. I contributed to the 2018 data taking activities with

shifts at the Inner Detector desk in the ATLAS Control Room. I partecipated as
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well to outreach activities, leading guided tours to the ATLAS visitor center and

inside the underground experimental cavern. The hands-on activity presented at

the 2018 Genoa Science Festival, to which I have contributed in the proposal and

contents preparation, has welcomed a total of 1400 visitors in 10 days.

It might seem that all these activities are disconnected from one another, instead

they are closely connected. They are all fundamental steps of a high energy physics

experiment: from the R&D on wafer production processes, to test beam activities

on detector components, from data taking operations to data quality assessment,

from physics objects performance calibration to data analysis and, finally, to public

outreach activities. Nowadays, it is not easy to participate to all the phases of a

high energy physics experiment. This is still possible in big collaborations like the

ATLAS experiment.



Appendix: noise evolution during

beam-loss scenario test beam

With the goal of estimating the performance loss of pixel detector modules in case

of beam-loss scenario (see Chapter 5), a IBL planar pixel module has been exposed

to an unprecedented high energy and intensity beam during the 2018 test beam

experiment at the HiRadMat facility. The 2 mm radius beam pulses includes 1,

4, 12, 24, 36, 72, 144 and 288 bunches delivered on the same spot. The module

has survived the complete beam program. The effect of the high instantaneous

irradiation is shown in terms of the increase of the noise value per pixel obtained

from threshold scan measurements.

The full series of noise maps, along with the corresponding simulated proton

fluences, are shown in Figure 0. The estimated fluence in terms of number of protons

per pixel reaches 13×109 in the center of the beam spot after the last beam pulse.

The noise starts to increase after 12 bunches, then costantly increases after each

beam pulse in the irradiated region, reaching values up to 300 electrons (Figure 0,

right), while on the top and left corners it remains stable at about 120 electrons.
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(c) Simulated fluence, after 1+1 bunches
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(d) Measured noise, after 1+1 bunches
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(e) Simulated fluence, after 4 bunches
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(f) Measured noise, after 4 bunches
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(g) Simulated fluence, after 12 bunches
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(h) Measured noise, after 12 bunches
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(i) Simulated fluence, after 24 bunches
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(k) Simulated fluence, after 36 bunches

Column
0 10 20 30 40 50 60 70

R
ow

0

50

100

150

200

250

300

0

50

100

150

200

250

(l) Measured noise, after 36 bunches

Column
0 10 20 30 40 50 60 70

R
ow

0

50

100

150

200

250

300

0

500

1000

1500

2000

2500

3000

3500

610×

(m) Simulated fluence, after 72 bunches
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(n) Measured noise, after 72 bunches
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(o) Simulated fluence, after 144 bunches
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(p) Measured noise, after 144 bunches
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(q) Simulated fluence, after 288 bunches
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Figure 0: Simulated proton fluence per pixel (left) and noise measurement from
threshold scan (right) relative to the complete program of 2 mm radius beam (2018).
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