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Abstract

A novel method is used to measure the b-jet tagging efficiency of c jets of the standard
MV1 tagging algorithm in proton-proton collisions at y/s = 7 TeV using data collected by
the ATLAS experiment at the LHC in the year 2011, corresponding to an integrated lu-
minosity of about 4.6 fb~!. The measurement is based on a sample of ¢ jets produced in
association with a W boson. The W boson is reconstructed via its decay into an electron and
a neutrino, and the c jet is identified via a soft muon stemming from a semileptonic c-hadron
decay. The charge correlation of the two leptons is exploited to extract a c-jet sample with
high purity. The results are presented in the form of data-to-simulation efficiency scale fac-
tors. The total uncertainties range from 5% to 13%, increasing as the background rejection
of the b-tagging algorithm increases.
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1 Introduction

The identification of jets originating from the fragmentation of b quarks, b-tagging, constitutes an im-
portant instrument for the physics programme at the LHC. The background suppression by means of
b-tagging is essential in precision measurements regarding top physics, in Higgs boson searches and
measurements as well as in the search for new phenomena. In order to identify b jets and separate them
from jets stemming from c¢ quarks, light quarks or gluons, b-tagging algorithms exploit several distinct
properties of the production and the decay of b hadrons e.g. their mass of about 5 GeV and their lifetime
of about 1.5 ps. Their separation from c jets is particularly difficult since ¢ hadrons have similar prop-
erties, such as the mass and lifetime, as b hadrons. Since simulations are not expected to describe all
effects that impact the performance of b-tagging algorithms accurately, the efficiency with which a jet
originating from the fragmentation of a b quark is identified as a b jet needs to be evaluated on data. It is
equally important to determine the probability of mistakenly tagging a jet as a b jet that originates from
a ¢ quark, the c-jet tagging efficiency, or from a light quark or gluon, the mistag rate.

This note presents a novel method to determine the c-jet tagging efficiency, based on data collected
by the ATLAS detector during the year 2011 at /s = 7 TeV. The measurement of the c-jet tagging
efficiency and its calibration by means of data-to-simulation scale factors are presented for the MV1 b-
tagging algorithm. The most commonly used tagging algorithm in ATLAS analyses is based on a neural
network using the output information from the IP3D, SV1 and JetFitterCombNN b-tagging algorithms,
described in Ref. [1]]. Certain cuts on the output weights of the b-tagging algorithms define operating
points that correspond to certain b-tagging efficiencies determined on a sample of simulated 7 events.
The operating points of the MV 1 algorithm calibrated in this note correspond to b-tagging efficiencies of
85%, 75%, T70% and 60%.

Precisely measuring the tagging efficiency of a b-tagging algorithm for a certain jet flavour requires a
sample of jets extracted from data that is dominated by that jet flavour. The first measurement of the c-jet
tagging efficiency by the ATLAS collaboration [2] is based on a sample of D** mesons reconstructed in
the exclusive decay D** — D°(— K~n*)z*. In the present analysis an alternative approach to select a
sample of c jets is chosen. A single ¢ jet produced in association with a W boson is identified by a soft
muon stemming from the semileptonic decay of a ¢ hadron. The W boson is reconstructed via its decay
into an electron and a neutrino. In proton-proton collisions at a centre-of-mass energy of /s = 7 TeV,
the dominant production mechanism is gs — W~c¢ and g5 — W*¢, where the W boson is always
accompanied by a ¢ quark with an oppositely signed charge. Given that the soft muon carries a charge
with the same sign as the ¢ quark, requiring that the charge of the soft muon and the charge of the W boson
(or its decay electron) to be of opposite sign selects W+c events with very high efficiency. 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). Therefore, a very pure sample of ¢ jets is obtained by extracting
the number of W+c signal events as the difference between the number of events with opposite and with
same charge (OS-SS). This fundamental strategy was already exploited in several W+c production cross
section measurements [3H7[]. In the remainder of this note jets that are soft-muon tagged (SMT) are
referred to as SMT jets and a sample composed of such jets extracted as the number of OS-SS events is
referred to as the SMT jet sample.

As a first step the c-jet tagging efficiency is measured using the SMT c-jet sample in data and sim-
ulation. The results are presented as data-to-simulation scale factors. Following that, an extrapolation
procedure is performed to derive data-to-simulation scale factors that are applicable to an unbiased sam-
ple of inclusive c jets.

The present note is organized as follows. Section [2| summarizes the data and Monte Carlo (MC)
samples used in the analysis. In Sec. [3|the object and event selection is detailed. The extraction of the
W+c yield is discussed in Sec. [ In Sec. [5] the measurement of the c-jet tagging efficiencies and data-



to-simulation scale factors for SMT c jets are presented. Section [6|describes the extrapolation procedure
used to derive c-jet tagging efficiency scale factors for inclusive c jets. The systematic uncertainties are
discussed in Sec.[7] while the final results are presented in Sec.[8] Conclusions are drawn in Sec. [0}

2 Data and simulated samples

This analysis is based on data collected with the ATLAS detector in the year 2011 during periods with
stable pp collisions at /s = 7 TeV and all relevant detector components operational. The resulting data
sample corresponds to an integrated luminosity of 4.6 fb~! with an uncertainty of 1.8% [8].

Simulated samples are used to compute efficiencies and model kinematic distributions of signal and
background processes. The signal is defined to be the production of a W boson in association with a single
charm quark. Background processes include the production of W+jets containing charm or bottom quark
pairs or no heavy flavour quarks, as well as the production of Z+jets, top-quark pairs, single-top quarks,
dibosons (WW, WZ and ZZ) and multijet events. The contribution from the production of a W boson in
association with a single bottom quark is negligible.

W bosons produced in association with c jets, b jets and light jets are generated separately using ALp-
GEN 2.13 [9]]. The showering of the W+c signal process is done with PyTHia 6.423 [[10], while for all other
W+jets processes HErwic 6.520 [11]] is used for the parton shower and Jimmy 4.31 [12] for the underlying
event. An additional signal sample produced with ALpGen and HErwiG+Jimmy is used to study system-
atic uncertainties. Exclusive samples with zero to four additional partons and an inclusive sample with
five or more additional partons are used. Overlaps between different ALPGEN samples with heavy-flavour
quarks originating from the matrix element and from the parton shower are removed. In addition, the
MLM [13] matching scheme is applied to remove overlaps between events with a given parton multiplic-
ity generated by the matrix element and the parton shower. The CTEQG6L1 parton distribution function
(PDF) [[14] is used for all leading order (LO) MC generators.

To improve on known shortcomings in the ALPGEN+PyTHIA signal sample and to minimize systematic
uncertainties, several c-quark fragmentation and c-hadron decay properties are corrected as explained in
Sec.[6] While in the following this corrected sample is referred to as the PyTHia-corrected sample, the
sample without any of the fragmentation and decay corrections applied is called the PyTaia-default sam-
ple. Additionally, signal samples generated with ALPGEN and PyTHiA, where the EvTGeN [|15] program is
used to model hadron decays, are produced to study the c-hadron decay properties.

Background from Z+jets events is generated with ALpGeN interfaced to HErwic and Jimmy using
the same configuration as for W+jets events. For the diboson backgrounds, MC samples generated
with HerwiG are used. The #f background is obtained from MC@NLO 4.01 [[16] with HErwiG used for
the parton shower. The CT10 [17] PDF is used for the next-to-leading order (NLO) matrix element
calculations, while showering is performed with the CTEQ6L1 PDF. Single-top production is based
on the AcerRMC 3.7 [18]] MC generator (interfaced to PytHia) in the #-channel, and on the MC@NLO
generator in the s-channel and for the associated production with a W boson. TauoLa [[19]] and Proros [20]
are employed to model the decay of 7 leptons and the QED radiation of photons, respectively.

The background processes are normalized to NNLO predictions in case of the inclusive W, Z and
tf productions [21,22]] and to NLO predictions for the other processes [23,24]]. The properties of the
multijet background events are determined using data-driven techniques.

Multiple pp collisions per bunch crossing (pileup) are modelled by overlaying minimum-bias events
generated using Pytria with the hard process.

The simulated events are passed through a detailed simulation of the ATLAS detector response [25]]
based on GEANT4 [26].



3 Event selection

The data sample used for this analysis is triggered by a single-electron trigger with pseudorapidity cov-
erage of [7°] < 2.47 and a minimum threshold on the transverse momentum p7. of 20 GeV to 22 GeV,
depending on the data-taking period.

Events are required to have at least one primary-vertex candidate. The vertex with the highest sum
of the squared transverse momenta of associated tracks is selected as the primary vertex.

W bosons are reconstructed in their leptonic decay channel to an electron and a neutrino. Electrons
with p7 > 25GeV and [7°| < 2.47, excluding the calorimeter transition region 1.37 < [p| < 1.52,
are selected. Electrons are required to pass the “tight” identification criteria described in Ref. [27]] and
re-optimized for the 2011 data-taking conditions. Calorimeter-based isolation requirements are applied
to electrons: the sum of transverse energies in the calorimeter cells within a cone of radius AR < 0.3
around the electron direction, ) Ar<o3 E%e“S, is required to be less than 3 GeV. Exactly one lepton fulfill-
ing isolation requirements is allowed in each event. Events with additional electrons or isolated muons
are rejected to suppress background from Z and #f events. The selection applied to veto leptons is looser
than that used for signal leptons to ensure higher background rejection. Scale factors are applied to the
MC simulation to bring the trigger and reconstruction efficiencies in accordance with the performance
measured in data. The presence of a neutrino is inferred from the presence of missing transverse momen-
tum (EIT“iSS). The magnitude and azimuthal direction of ETmiss are measured from the vector sum of the
transverse momenta of calibrated physics objects [[28]]. Low-pr tracks are used to recover soft particles
which are missed in the calorimeters. A minimum E?iss of 25 GeV is required. In addition the W-boson
transverse masﬂ m%v , 1s required to be larger than 40 GeV.

Jets are reconstructed with the FastJet package [29]] which uses the infrared- and collinear-safe anti-
k; algorithm [30] with radius parameter R = 0.4. The detector input is based on topological clusters of
calorimeter cells [31]]. The jet energy is calibrated to account for the different response of the calorime-
ters to electrons and hadrons, for energy losses in un-instrumented regions, and for the energy offset
introduced by pileup, by applying jet calibration factors dependent on pr, n7 and pileup conditions [32].
Jets with pt > 25 GeV and || < 2.5 are selected. Furthermore, it is required that the ratio of the pr sum
of tracks inside the jet associated with the primary vertex divided by the pt sum of all tracks inside the jet
is larger than 0.75, in order to remove jets reconstructed from energy deposits stemming from particles
produced in pileup interactions. Events are required to have exactly one jet fulfilling these requirements.

The selected jet is moreover required to contain a muon with pt > 4 GeV and || < 2.5. Muon can-
didates are formed from pairs of standalone tracks in the inner detector (ID) and the muon spectrometer
that are combined using a y2-matching procedure [33.34]. The reduced y? value is required to be smaller
than 3.2. In addition, two impact parameter requirements need to be fulfilled: a transverse impact pa-
rameter requirement, |dg| < 3 mm, and a longitudinal impact parameter requirement, |zo - sin 6| < 3 mm.
The impact parameters dp and zo are defined at the point of closest approach to the primary vertex in
the transverse plane and 6 is the polar angle of the muon with respect to the beam axis. A set of ID
hit requirements [35]] is applied to select high quality tracks also demanding at least one hit in the first
pixel layer. Exactly one muon is required to be associated with the jet; the small fraction of events with
jets containing more than one muon is discarded. The soft-muon tagging efficiency and mistag rate are
measured in data [36]. The overall soft-muon c-jet tagging efficiency is about 4 %, mainly due to the low
semimuonic branching ratio of ¢ hadrons (approximately 10 %). The light-jet mistag rate is around 0.2 %
depending on the jet kinematics. Scale factors are applied to correct the efficiencies in MC simulation to
those measured in data.

'mY is defined as m)/ = \/2plTE$‘SS(1 — cosA¢) where A¢ is the azimuthal separation between the directions of the lepton

and the missing momentum in the transverse plane.



4 Determination of the W+c yield

In order to enhance the signal contribution the charge correlation of the W+c signal process is exploited
by measuring the number of OS-SS events, N95=55 = NOS _ NS5 The remaining background after the
OS-SS subtraction consists predominantly of W+light events in which the OS/SS asymmetry is due to
the correlation of the charge of the W boson and the fragmentation products of the associated light quark.
Multijet production is also an important background afflicted with large cross section uncertainties. The
background from W+light and multijet events is estimated using data-driven methods. Smaller back-
grounds from Z/y*+jets, top and diboson production are estimated from MC simulations. Backgrounds
from W+bb and W+cC events are negligible since they are symmetric regarding the number of OS and
SS events.

Since the SS sample is mainly composed of W+light and multijet events, their sum is constrained
by the number of data events in the SS sample. The number of OS-SS events of the W+light and
multijet backgrounds are therefore obtained from a constrained y? fit to the number of data events in the
SS sample and a subsequent propagation using the following equation

2 - Apk
0S-SS _ _ A7OS+SS _ g AsSS
kag = Abkg kag - 1 — Abkg bkg* )]

Here Ng(ng“SS is the sum of the number of background events in the OS (NS(Sg ) and SS (Nslfg) samples and
Apkg the OS/SS asymmetry defined as
Ng(sg—ss
Apkg = NOST5S” (2)
bkg

In the fit, the sum of the W+light and multijet backgrounds plus the remaining backgrounds and a small
W+c signal contribution is required to be equal to the total data count in the SS sample. The relative
contributions of W+light and multijet events are allowed to vary in the fit, while all other backgrounds
and the signal contribution are fixed to their values expected from simulations.

The OS/SS asymmetry of the multijet background, Anygjer, is determined by performing a binned
maximum likelihood fit of templates to the E?iss distribution in data separately for the OS and SS sam-
ples. The fit is carried out in a control sample where the E7"* selection requirement is released. Two
templates are used: one representing the multijet background and the other representing the contributions
from all other sources. The multijet template is extracted from a data control region selected by inverting
the electron isolation and some of the electron identification requirements. A residual contamination
from W/Z and top quark events is estimated from simulations and subtracted. The non-multijet template
representing all other processes, including the W+c signal, W/Z, diboson and top quark production, is
obtained from simulations where the relative contributions of the individual processes are fixed accord-
ing to their cross sections predictions. Apyigjec derived according to Eq. E]using the fit results in the signal
region (EJ™ > 25 GeV) is consistent with zero within the assigned total uncertainties. The uncertainties
are dominated by the statistical component. The systematic uncertainties estimated by varying the fit
range and using alternative multijet and non-multijet templates are found to be small.

The OS/SS asymmetry of the W+light background, A is obtained from MC simulation and

Wlight®
corrected by the asymmetry measured in a data control region using the relation:

data,tracks

_MC W+light
AW+light = AW+1ightW‘ )

W+light
MC . . . . . . MC,tracks data,tracks
AW Tlight 18 the OS/SS asymmetry in the MC simulation for the signal region and AW Hight (AW +ight )

is the OS/SS asymmetry in MC (data) estimated using the charges of the W boson and generic tracks
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Figure 1: The pr distributions of the SMT jet (left) and the soft muon (right) in OS-SS candidate events.
The normalization of the W+light background and the shape and normalization of the multijet back-
ground are obtained using data-driven methods. All other backgrounds are estimated with MC simula-
tions and normalized to their theoretical cross sections. The W+c signal contributions are normalized to
the measured yield and the shapes are extracted from the ALpGEN+PyTHIA-COrTected sample.

MC,tracks d
W+light

are derived from a control sample that is selected by relaxing the soft muon requirements.

Ay tight is found to be approximately 10%. The uncertainty on A, +light is dominated by the statistical
AMC

uncertainty on Ay, Tlight" The sub-leading systematic uncertainty contains contributions from uncertainties
on the background contamination in the control sample and the modelling of track properties.

The selected numbers of OS and SS events in the data SMT jet sample are 7445 and 3125. This
results in a number of OS-SS data events of 4320 + 100 and an extracted number of SMT W+c events of
3910 + 100 (stat.) + 160 (syst.). The estimated number of background events, the number of data events
and the measured W+c yield are summarized in Table [T}

Figure |I| shows the pr distributions of the selected SMT jet (left) and the associated soft muon
(right) in OS-SS events. The signal contribution is normalized to the measured yield, the background
contributions to the values listed in Table[I] The W+c signal shapes are derived from the ALPGEN+PYTHIA-
corrected simulated signal sample. The multijet shapes are extracted from the data control region used
to determine Apyjer. The predictions are in reasonable agreement with data.

that are associated with the selected jet and pass the soft muon kinematic requirements. A

data,tracks
A W+light

5 Measurement of the c-jet tagging efficiency of SMT c jets

The selected OS-SS events have a high c-jet purity (approximately 90 %) and are therefore well suited to
perform a measurement of the c-jet tagging efficiency of SMT c jets. The output weight of the MV 1 tag-
ging algorithm for which the c-jet tagging efficiency is measured is shown in Fig. 2] The W+c signal
contribution is normalized to the measured yield while its shape is extracted from the ALPGEN+PyTHIA-
corrected sample. The MV 1 output weight is designed as such that real b jets tend to have high values
close to one and light jets low values close to zero. The operating points calibrated in this note are de-
fined by cuts on the MV1 output weight, namely 0.07, 0.40, 0.60 and 0.91, corresponding to b-tagging
efficiencies of 85 %, 75 %, 70 % and 60 %, respectively, in simulated 7 events. The distribution of the



Number of events NO5~5S

W+light 240 + 110
Multijet 50 + 130
1t 13+£5
Single top 62 + 10
Diboson 35+£5
Z+jets 614
Total background 410 + 160
W+c (meas.) 3910 + 190
Data 4320 + 100

Table 1: Number of OS-SS events for different backgrounds and for the selected data sample. The
measured W+c yields are also shown. The uncertainties on the yields include statistical and systematic
uncertainties. Correlations between the uncertainties due to the constraint in the SS sample are taken into
account when computing the total background uncertainties.
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Figure 2: Output weight of the MV1 tagging algorithm for the SMT c-jet sample selected in data and
simulation. The W+c signal contribution is normalized to the measured yield and the shape is extracted
from the ALPGEN+PyTHIA-cOrrected sample.
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Figure 3: Track and secondary vertex (SV) properties of the selected SMT c jets: the number of tracks
associated with the selected jet, Ng > used by the impact parameter (IP) based tagging algorithms (left);
the number of tracks associated with a reconstructed SV, NtS]Y , exploited by the SV1 tagging algorithm
(right). The events with zero tracks correspond to the case of no SV being reconstructed.The W+c signal
contributions are normalized to the measured yield and the shapes are extracted from the ALPGEN+PyTHIA-

corrected sample.

number of tracks inside the selected SMT jets as well as of the number of tracks that are furthermore
associated with a secondary decay vertex (SV) that serve as important discriminants when identifying
b jets are shown in Fig. [3] It should be noted that in what follows the number of events refers to the
number of OS-SS subtracted events unless indicated otherwise.

data

(1)’ is derived as the fraction of W+c events selected in

The c-jet tagging efficiency of SMT c jets ,
data that pass a certain b-tagging requirement

b-tag
data We
glaa _ Nwe )
c(w) Nwe

where Ny, is the number of W+c events before applying the b-tagging requirement (hereinafter referred
to as pretag level or sample) and NZ'€ i5 the number of W-c events passing the b-tagging requirement

Ny, is derived as described in Sec. 4| The number of b-tagged signal events N, a;tcag is determined from

b- tag _ b tag b—tag
NWc data Zkag ’ (5)
bkg

where the number of events in data that pass the b-tagging requirement is denoted N?"“% and the sum

dta

runs over all considered backgrounds. The number of b-tagged events of a given background, Nskgtag, is
computed using the following expression
Nb—tag _ "N ( 6)
bkg Ebkg bkg»

The selected W+c sample has a small contamination of about 1 % of non-c jets at pretag level and less than 0.2 % after
applying b-tagging requirements, which is estimated using MC simulation and subtracted.
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Figure 4: Fits to the E?iss distribution in the sum of the OS and SS samples used to determine the
number of multijet events |(a)| before and after applying a cut on the MV1 weight corresponding to
the &, = 70 % operating point. “EWK-+top” corresponds to the production of W and Z bosons, the
production of single top and top quark pairs and the productions of dibosons.

where Ny, is the number of background events in the pretag sample listed in Table |1} and &pkg denotes
the tagging rate of the considered background sample. The tagging rate, i.e. the fraction of events that
pass the applied b-tagging requirement, depends both on the individual jet flavour composition of the
considered background and on the tagging efficiencies or mistag rates of the different jet flavours.

The tagging rates of the W+light, t7, single top, diboson and Z+jets backgrounds are extracted using
MC simulation. The tagging efficiencies of the differently flavoured jets are corrected to match those in
data by applying b-tagging scale factors [1,{37]. The corresponding systematic uncertainties are taken
into account. The total uncertainties on the tagging rates are dominated by the statistical uncertainties
due to the limited size of the simulated samples.

The tagging rate of the multijet background is estimated using a data-driven method. A binned maxi-
mum likelihood fit of templates to the E‘T’fliss distribution in data is performed both before and after apply-
ing the b-tagging requirement. The procedure follows closely the extraction of the OS/SS asymmetry at
pretag level described in Sec.|4] Accordingly, the non-multijet templates are built using MC simulations
and the multijet templates are extracted from a data control sample selected by inverting some of the
electron identification criteria as well as the electron isolation requirement. The templates used to derive
the number of b-tagged multijet events are obtained from control samples that are additionally required
to pass the b-tagging requirement. Since the multijet-template shapes in the OS and SS control samples
are found to be consistent, the multijet templates are derived from the sum of the number of OS and SS
events to reduce the statistical uncertainties. The multijet tagging rates computed using the fit results for
the OS and SS samples lead to compatible results. Therefore, the final multijet tagging rate is obtained
from the fit results derived for the sum of the OS and SS samples. The fit results before and after applying
the MV 1 b-tagging requirement corresponding to the £,=70 % operating point are shown in Fig. ] The
multijet tagging rates for the different operating points vary between 26 % and 55 % indicating that the
multijet sample has a large heavy flavour component. The assigned total uncertainties range between
15 % and 23 % accounting for the dominating statistical uncertainties of the E%liss fits, the choice of the
fit range and the shapes of the multijet and non-multijet templates.



Operating points (gp) of the MV 1 tagging algorithm
85 % 75 % 70 % 60 %
099 £0.03+£0.03 096+0.04+£0.04 0.92+0.05=+0.05 0.87+0.07+0.06

Table 2: Data-to-simulation c-jet tagging efficiency scale factors for SMT c jets derived for the MV 1 tag-
ging algorithm with respect to a W+c sample simulated with ALPGEN+PyTHIA. The first uncertainty is the
statistical uncertainty, the second is the systematic uncertainty due to the background determination, the
event reconstruction and the simulated sample size.

The c-jet tagging efficiencies for the MV 1 tagging algorithm derived for SMT c jets according to
Eq. @ are shown in Fig. They vary between 13 % and 50 % with total uncertainties of 3-10 % that
increase with the tightness of the operating point. The systematic uncertainties are dominated by the
precision on the W+light and multijet background yields at pretag level, in particular on the data-driven
OS/SS asymmetry estimates as discussed in Sec. 4 and on the W+light tagging rate. The statistical
uncertainties are of the same order as the systematic uncertainties.

The expected c-jet tagging efliciency, sii(‘ﬂn), is defined as the fraction of SMT c jets selected in sim-
ulated ALpGEN+PyTHIA-default W+c events that pass the b-tagging requirement. In Figure &
data

() .
The data-to-simulation scale factor for SMT c jets k() = sg(zf)*‘ /si‘&j‘) is shown for different operating

points in Fig. and summarized in Table [2] The quoted systematic uncertainties arise from the pre-
viously discussed background determinations as well as from the W boson reconstruction and the SMT
c-jets identification-efficiencies. A detailed discussion and a breakdown of the systematic uncertainties
can be found in Sec. [/, For looser operating points k() is found to be compatible with unity within the
total uncertainty, but for tighter operating points k., shows a trend towards lower values inconsistent
with unity.

sim 3
1S
c(w)

compared to £ for the different b-tagging operating points.

6 Calibration of the c-jet tagging efficiency for inclusive c-jet samples

Due to several differences between an inclusive sample of ¢ jets and a sample of SMT c jets the de-
rived c-jet tagging efficiency scale factors need to be extrapolated in order to be applicable to samples of
inclusive c jets. Selecting a sample of ¢ jets via the semimuonic decays of ¢ hadrons results in a differ-
ent composition of c-hadron types with regard to an inclusive sample due to the different semileptonic
branching ratios of the ¢ hadrons. Since the c-hadron types differ in several characteristics relevant for
the performance of b-tagging algorithms, e.g. the lifetime or the charged decay multiplicity, their tag-
ging efficiencies also differ. For the £,=70 % operating point of the MV 1 tagging algorithm the tagging
efficiencies of the most prominent weakly decaying c-hadron types are for instance

D% : 0.157 £0.001, D' : 0.280 +0.002, Dy :0.152 +0.003, A} : 0.041 +0.002

as estimated from the ALPGEN+PyTHIA-cOrrected sample, where the quoted uncertainties are statistical
only. Therefore, the overall c-jet tagging efficiency of a c-jet sample strongly depends on the sample
composition.

The c-jet tagging efficiency of an inclusive sample of ¢ jets, €., can be obtained from the c-jet tagging

efficiency of SMT c jets, &y by applying an extrapolation factor a:

£, = £y @)
sim and gsim

c c(u)
derived using a W+c sample simulated with ALPGEN+PyTHIA-default is shown in Fig. @ P>

A comparison of the expected & for several operating points of the MV 1 tagging algorithm

sim

oM is sys-
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Figure 5: [(a)] Comparison of the c-jet tagging efficiencies of SMT c jets in data and the ALPGEN+PYTHIA-
default simulation, derived for the MV1 tagging algorithm using W+c events. Data-to-simulation
c-jet tagging efficiency scale factors for SMT c jets derived for the MV1 tagging algorithm using
W+c events.
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sum

sim

tematically lower than £

points.
Similarly, the c-jet tagging efficiency scale factor «. for inclusive c jets can be computed from the
measured c-jet tagging efficiency scale factor k., by applying a correction factor ¢

resulting in a correction factor @ of about 0.8 for the different operating

data - gdata
&. Eq. Qdata " Ee(n) _ g

sim sim
. a .
&c aSll’n 8(3(/1) sim

Ke = *Ke(u) = 0- Ke(u)» (8)

where ¢ is expressed as the ratio of the efficiency extrapolation factors in data, ., and simulation, a_.
Mismodelling of the differences between SMT c jets and inclusive c-jet samples in MC simulation leads
to different extrapolation factors @ and thus to a ratio ¢ deviating from one.

The efficiency extrapolation factor @4, is estimated using the simulated ALPGEN+PyTHIA-corrected
sample that has several corrections applied to minimize c-quark fragmentation and c-hadron decay dif-
ferences between data and simulation. The scale factor extrapolation factor ¢ is thus estimated by

corr
(0%

5~ —Sm 9)
o

sim

In order to correctly describe the c-hadron composition of the inclusive c-jet sample the fragmentation
fractions of the relevant weakly decaying c-hadron types in the PytHia-default sample are re-weighted
to those obtained by combining the results of measurements in e*e™ and e*p collisions [38]]. The frag-
mentation fractions implemented in the PytHia-default simulation are compared to the data results in
Fig. By correcting the semileptonic branching ratios of ¢ hadrons to match the world average val-
ues [39], also the modelling of the c-hadron composition of the simulated SMT c-jet sample is improved.
The c-hadron fractions in the SMT c-jet sample predicted by the PyTria-default simulation are compared
to those expected by combining the fragmentation fractions determined in e*e™ and e*p collisions with
the measured semimuonic branching ratios of ¢ hadrons in Fig. While the dominant c-hadron type
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Figure 7: Fragmentation fractions of the most relevant weakly decaying c¢ hadrons. The fractions
in the PytHia-default and HErwic samples are compared to combined results of e*e™ and e*p measure-
ments [38]]. Fractions of the different c-hadron types in a sample of ¢ jets associated with semilep-
tonically decaying ¢ hadrons. The fractions in the PyTHia-default and HErwiG samples are compared to
the results expected from independent measurements of the c-hadron fractions [38]] combined with the
corresponding semimuonic branching ratios [[39].

of the inclusive c-jet sample is the D° meson (~ 60 %), the D*-meson fraction is strongly enhanced in the
SMT c-jet sample due to the relatively large semileptonic branching ratio of the D™ meson. Therefore,
the SMT c-jet sample consists of a similar amount (~ 43 %) of D° and D* mesons.

Given that the main input variables to the b-tagging algorithms exploit track and vertex properties
that can specifically be associated with b- and c-hadron decays, it is important that the charged decay
multiplicity of c-hadron decays is well modelled by the MC simulation. In order to improve its descrip-
tion the relative branching fractions of the dominant semileptonic decay channels of the abundant D* and
D mesons are corrected in the simulation to match the world average values [39]]. The less frequent de-
cay channels, which are known to a lower precision, are adjusted to maintain the overall normalization.
Since both of the dominant semileptonic D° decays (D — K “utvy, D’ — [_(07'[_/1+Vu) have two charged
decay products, referred to as 2-prong decays, the impact of the correction on the predicted c-jet tag-
ging efficiency of SMT c jets is small. In case of the D* meson the most dominant semileptonic decay
(D' — I_{O;ﬁvﬂ) is a 1-prong decay, while the second dominant (D* — K~7*u*v,) and most of the less
frequent decay channels are 3-prong decays. Therefore, a mismodelling of the relative fractions in case
of the D™ meson has a noticeable impact on the c-jet tagging efficiency of SMT c jets. Furthermore,
the hadronic n-prong branching ratios of ¢ hadrons in the PyTtHia-default sample are corrected with a
significant impact on the c-jet tagging efficiency of samples of inclusive ¢ jets. The corrections in case
of the D meson have been inferred from the measured inclusive n-prong branching ratios [39]. The
hadronic n-prong branching ratios of the D™ and D; mesons as well as the A} baryon in the PyTHia-
default sample are re-weighted to the predictions of the EvrGen simulation. A comparison between the
PytHia-default and EvrGeN predictions, as well as the measured values in case of the D° meson, reveals
large differences in the hadronic n-prong distributions. Especially, the 2-to-0-prong ratio of the D° me-
son and the 3-to-1-prong ratio of the D* meson have a significant impact on the predicted inclusive c-jet
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Figure 8: Comparison of the output weight of the MV1 tagging algorithm for inclusive c jets and
SMT c jets derived with the ALPGEN+PyTHIA signal sample before (PyTHia-default) and after applying all
corrections regarding the c-quark fragmentation and c-hadron decay properties (PyTHIA-CcOrTected).

tagging efficiency. E|

The b-tagging performance is also dependent on the kinematic distributions of the c-hadron decay
products: first the effect of any mismodelling of the momentum fraction of the ¢ hadron (pf; ¢ hadron pc Jet)
which is sensitive to the c-quark fragmentation function - is evaluated by comparing different simulations;
second the momentum of the decay muon in the rest frame of the ¢ hadron (p*) is re-weighted to agree
with the EvrGen prediction.

The effect of these corrections on the output weight of the MV1 tagging algorithm for the Arp-
GEN+PyTHIA signal sample is shown in Fig.[8] The higher values in the tail of the output weight distribu-
tion of the inclusive c-jet sample (Fig. indicate that the ALPGEN+PyTHIA-default simulation predicts
a higher b-tagging efficiency for c jets than the ALpGEN+PyTHIA-corrected simulation. This is largely ex-
plained by the significant correction of the hadronic n-prong decay branching ratios in the PyTHia-default
sample. The impact of the corrections on the output weight of the SMT c-jet sample (Fig. [8(D)) is less
pronounced.

Computing the efficiency correction factor using the ALPGEN+PyTHIA-cOrrected sample leads to a re-
sults of a7 (0.69-0.76) that is systematically lower than a  (0.79-0.83). Moreover a dependence on the
operating point is observed: the values decrease with an increase of the tightness of the operating point.

3For the D° meson, PytHia-default predicts a fraction of hadronic 2-prong decays of (75.72+0.17) % compared to (65+7) %
inferred from what is reported by the PDG; the respective O-prong fractions are (5.03 = 0.04) % and (17 + 7) %. Thus the 2-to-
0-prong ratio in PyTtHia-default is much larger. For the D* meson PytHia-default predicts a fraction of hadronic 3-prong decays
of (61.7 £ 0.3) %, while EvrGen predicts (50.5 + 0.2) %; the respective 1-prong fractions are (36.1 + 0.2) % and (50.5 + 0.2) %.
Hence the 3-to-1-prong ratio predicted by PyTtnia-default is higher. The uncertainties on the predicted fractions are statistical
only.
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Figure 9: Scale factor extrapolation factor ¢ between the c-jet tagging efficiency scale factors derived
for SMT c jets and inclusive c jets for the MV 1 tagging algorithm. The systematic uncertainties due to
the correction procedure are indicated by the error bands. Statistical uncertainties are omitted since the
numerator and the denominator of ¢ are computed using the same events.

Therefore, the resulting scale factor extrapolation factors &, shown in Fig. 0] are systematically lower
than unity with a decreasing trend towards tighter operating points. The total systematic uncertainties
are due to the before-mentioned corrections and are discussed in detail in Sec. [/l Statistical uncertainties
can be neglected since the numerator and the denominator of ¢ are computed using approximately the
same simulated events.

7 Systematic uncertainties

Systematic uncertainties on the c-jet tagging efficiency scale factors arise from the W boson reconstruc-
tion and SMT c jet identification, the pretag yield and tagging rate determination of the backgrounds as
well as from the extrapolation procedure to correct the measured c-jet tagging efficiency scale factors for
SMT c jets. The different contributions are summarized in Table 3| and discussed below.

7.1 Event reconstruction

The W boson reconstruction uncertainty arises from the electron trigger and reconstruction efficiencies,
the electron energy scale and resolution as well as the E%“SS reconstruction. There are two main sources
for the uncertainty on the c-jet identification, namely the determination of the jet energy scale (JES) and
resolution (JER) as well as the reconstruction and tagging efficiencies and energy resolution of the soft
muon. The electron uncertainties are assessed by varying the electron efliciencies, energy scale and res-
olution in simulation independently within the range of their uncertainties as determined from data and
re-calculating the resulting c-jet tagging efficiency. The soft muon uncertainties are determined accord-
ingly: the reconstruction efficiency is varied within its measured precision, as are the soft muon tagging
efficiency and mistag rate. The effect of the JES and JER uncertainties [40] is estimated by varying the
jet four-momentum in the simulation and re-computing the c-jet tagging efficiency. The uncertainties
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Operating points (gp) of the MV 1 tagging algorithm

Source 85 % 75 % 70 % 60 %
Event reconstruction 1.4 2.1 34 34
Background pretag yields 0.8 2.1 2.3 4.0
Background tagging rates 1.6 1.9 2.2 2.4
c-quark fragmentation 0.7 0.7 0.9 1.0
Hadronic c-hadron decays 2.1 3.7 4.8 6.3
Semileptonic c-hadron decays 2.1 29 2.5 33
Simulated sample size 1.2 1.9 2.0 2.7
Total 4.0 6.2 7.4 9.6

Table 3: Summary of the systematic uncertainties on the c-jet tagging efficiency scale factor for inclusive
c jets k.. The values are listed in percent.

on the lepton and jet energy scale and resolution are additionally propagated to the reconstruction of the
missing transverse energy. Further systematic uncertainties due to the calibration of the soft jet energy
scale (7 GeV < p'Tet < 20GeV) and the calorimeter cells not associated with reconstructed objects that
also affect the EX"* reconstruction are accounted for.

The systematic uncertainties due to the JES and JER calibrations are dominating the event reconstruction
uncertainties, but are of the same order as the uncertainty due to the limited size of the simulated signal
sample on which they are assessed.

7.2 Pretag yields and background tagging rates

The determination of the OS-SS background yields at pretag level and the assessment of the correspond-
ing uncertainties is discussed in detail in Sec. d] The main source of systematic uncertainties is the
data-driven estimation of the OS/SS asymmetries of the W+light and multijet backgrounds. The un-
certainty due to the background tagging rates is dominated by the uncertainty on the W+light tagging
rate mainly because of the limited size of the simulated sample used to derive it, as discussed in Sec. 3]
The systematic uncertainty due to the small contamination of non-c-jets in the W+c sample is marginal.

7.3 Fragmentation and decay modelling

The c-quark fragmentation and c-hadron decay properties are corrected to improve the modelling of
the ALpGEN+PYTHIA signal sample as described in Sec.[6] Whenever results from independent measure-
ments are used to correct the MC description, the uncertainties assigned to those results are propagated
to the extrapolated scale factors. This is done for the fragmentation fractions and the semileptonic de-
cay branching ratios of the prominent weakly decaying c-hadrons as well as for the hadronic n-prong
decay branching ratios of the D meson. Where corrections are derived from MC simulations because
no measurements are available, the corresponding systematic uncertainties are assessed by comparing
predictions from different MC generators. Therefore, the difference between the Pytaia and HERWIG sim-
ulations is used to estimate the uncertainty due to the fragmentation function of ¢ quarks. The systematic
uncertainty due to a possible mismodelling of the p* distribution is evaluated from the difference be-
tween the EvrGen and PytHia simulations. The largest difference between the EvrGen and either the
PytHiA or HERwIG simulations is used to estimate the uncertainties due to the hadronic n-prong decay
branching ratios of the D" and D mesons as well as the A} baryon. The largest effect on the final scale
factors computed for inclusive c jets arises from the correction of the n-prong decay branching ratios of
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Figure 10: Data-to-simulation c-jet tagging efficiency scale factors for inclusive c jets derived for the
MV1 tagging algorithm with respect to an ALPGEN+PyTHIA sample.

Operating points (gp,) of the MV 1 tagging algorithm
85 % 75 % 70 % 60 %
0.92+0.02+0.02+0.03 0.85+0.03+0.03+0.04 0.81+0.04+0.04+0.04 0.75+0.06+0.05 £ 0.05

Table 4: Data-to-simulation c-jet tagging efficiency scale factors for inclusive c jets, k., derived for the
MV1 tagging algorithm with respect to an ALpGEN+PyTHIA sample. The given uncertainties are in order
of appearance: statistical uncertainty due to the number of events in the data sample, the systematic
uncertainty on the measured scale factors for the SMT c-jet sample and finally the systematic uncertainty
due to the extrapolation procedure.

hadronically decaying ¢ hadrons. Since only semileptonically decaying ¢ hadrons to muons are used in
the data measurement, a mismodelling of the properties of hadronically decaying ¢ hadrons propagates
fully to the scale factors for inclusive c jets.

8 Results

The data-to-simulation c-jet tagging efficiency scale factors for the MV1 tagging algorithm with respect
to a W+c sample simulated with ALpGeN+PytHia-default are shown in Fig.[T0]and listed in Table[d] Being
applicable to inclusive samples of c jets, they are derived from the measured c-jet tagging efficiency scale
factors for SMT c jets (see Sec. [5) by a simulation-based extrapolation procedure. Their values range
between 0.75 and 0.92 with total relative uncertainties of 13 % to 5 %. Three sources of uncertainties
are distinguished that 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 extrapola-
tion procedure. The scale factors decrease and the corresponding uncertainties increase with increasing
tightness of the operating point. The modelling of the charged particle multiplicity in c-hadron decays
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is found to have a significant impact on the c-jet tagging efficiency. In particular the large differences
observed between the reference ALPGEN+PyTHIA sample and the best knowledge from independent mea-
surements [39] or an alternative signal sample simulated with the EvTGeN program lead to the low values
of the scale factors for inclusive c-jet samples.

9 Conclusion

The b-tagging efficiency for c jets is measured with the ATLAS detector using data collected in proton-
proton collisions at /s = 7 TeV at the LHC, corresponding to an integrated luminosity of about 4.6 fb~".

The c-jet tagging efficiency calibration is performed on a sample where a single c jet is produced in
association with a W boson. The W boson is reconstructed via its decay into an electron and a neutrino
and the c jet is identified via a soft muon stemming from the semileptonic decay of the ¢ hadron. Ex-
ploiting the charge correlation of the two decay leptons allows to extract a c-jet sample with very high
purity of about 90 %.

The tagging efficiencies for ¢ jets containing a muon are measured for several operating points of
the MV1 tagging algorithm and are compared to predictions from ALPGEN+PyTHIA. The corresponding
data-to-simulation c-jet tagging efficiency scale factors vary between 0.87 and 0.99 with total relative
uncertainties of 10 % to 4 % depending on the operating point. The statistical uncertainty is either of the
same order as or larger than the systematic uncertainty.

A second set of data-to-simulation c-jet tagging efficiency scale factors that is applicable to an in-
clusive sample of c jets is presented. This second set is derived from the scale factors measured for ¢
jets containing a muon by a simulation-based extrapolation procedure. The relative systematic uncer-
tainties due to this extrapolation amount to 4-10 % depending on the considered operating point. The
resulting inclusive c-jet tagging efficiency scale factors range between 0.75 and 0.92 with total uncer-
tainties of 13 % to 5 %, where the scale factors decrease and the uncertainties increase with the tightness
of the operating point. The three main contributions to the total uncertainties, the statistical uncertainties,
the systematic uncertainties on the measured scale factors for the SMT c-jet sample and the systematic
uncertainties due to the extrapolation procedure, are of the same order. The main source for the sys-
tematic 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.
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