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Abstract

The b-tag efficiency and mistag rate of the ATLAS secondary veltéagging algo-
rithm (SVO0) have been measured using data. B-tey efficiency measurement is based on
a sample of jets containing muons and makes use of the traesm@mentum of a muon
relative to the jet axisp(fre'). The measurement of the mistag rate is performed on an in-
clusive jet sample and includes two methods, one which Ueegvariant mass spectrum
of tracks associated to reconstructed secondary verticeepiarate light- and heavy-flavour
jets and one which is based on the rate at which secondanges&mith negative decay
length significance are present in the data.

Both theb-tag efficiency and mistag rate measured in data dependg$tron the jet
kinematics. In the range 25 pr < 85 GeV, theb-tag efficiency rises from 40% to 60%,
while the mistag rate increases from 0.2% to 1% between 20L&0d5eV. The measure-
ments of theéb-tag efficiency and mistag rate are provided in the formpefiependent scale
factors correcting thé-tagging performance in simulation to that observed in .dathe
b-tag efficiency scale factor is found to be between 0.88 ad8l depending on jgbr, with
relative uncertainties ranging from 10% to 15%. For lightflur jets, the simulation under-
estimates the tag rate by factors 027+ 0.26 for jets withpr < 40 GeV and 107+ 0.25
for jets with pr > 40 GeV.



1 Introduction

The identification of jets originating frorb-quarks is an important part of the LHC physics program.
In precision measurements in the top quark sector as wetl tieisearch for the Higgs boson and new
phenomena, the suppression of background processesmningtpiedominantly light-flavour jets using
b-tagging is of great use. It is also critical to eventuallyderstand the flavour structure of any new
physics (e.g. Supersymmetry) that may be revealed at the LHC

In order forb-tagging to be used in physics analyses the efficiency witichvha jet originating
from ab-quark is tagged by &-tagging algorithm needs to be measured. A second impapiaoe
of information is the probability to tag a jet originatingpfn a light-flavour ¢-, d-, s-quark or gluon)
jet, referred to as the mistag rate. In this note measurenadrthe b-tag efficiency and mistag rate
of the SVO algorithm are presented. The SVO0 algorithm iseitife-based tagging algorithm which
relies on the explicit reconstruction of secondary vestiegthin jets [1]. The algorithm attempts to
reconstruct a single inclusive vertex from all tracks aiged to the jet which are displaced from the
primary vertex. A jet is considered as tagged if the signethgdength significance../o (L), of the
reconstructed secondary vertex, computed with respebetprimary vertex, is above a certain value.

The b-tag efficiency measurement presented in this note is baseul sample of jets containing
muons. The momentum of a muon transverse to the jet aSﬁE) is used to obtain the fraction bfjets
before and afteb-tagging.

The measurement of the mistag rate is performed on an imelysi sample and is based on two
methods. The first method uses the mass distribution of stizarted secondary vertices, together with
knowledge about thb- andc-tag efficiencies, to determine the fraction of light-flavgets before and
after tagging and hence the mistag rate. The second methmtiscihe rate at which secondary vertices
with negative decay length significance are present in the alad then applies corrections, based on
simulation, to translate this negative tag rate into a messent of the mistag rate.

The calibration results are presented as scale factorsededis the ratio of the-tag efficiency or
mistag rate in data and simulation:
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Theb-tag efficiency and mistag rate depend not only on the kinienmatiables studied in these analyses
(jet transverse momentumy and pseudorapidity)) but also on other quantities such as the fraction of
jets in the sample originating from gluons. An advantagerofiging the calibration results in the form
of scale factors is that even though samples with differeehetopologies can have slightly different
b-tag efficiencies or mistag rates, the data-to-simulataalesfactors are likely to be valid.

Currently, there is no explicit measurement of thag efficiency available in ATLAS. As both the
b- andc-tag efficiencies are dominated by decays of long-lived Zdlavour hadrons, they are expected
to show a similar behaviour. In the following it is thus assahthat the scale factor defined in Eq. 1 is
the same fob- andc-jets. However, to take into account any possible deviatibom this assumption
the systematic uncertainty for thetag efficiency scale factor is inflated by a factor of two whis
considered to be a conservative choice based on simuldtidies. In the future, the-tag efficiency
will be measured by using dedicated analyses.

This note is organized as follows: Section 2 contains tha dample and object selection used for
the measurements, while Section 3 details the samples ofatizd events. Section 4 briefly describes
the SVOb-tagging algorithm used for the analyses in this note. IntiSed, the measurement of the
b-tag efficiency is presented, followed by the descriptiorihef mistag rate measurement in Section 6.
Section 7 summarises the results.



2 Data Sample and Object Selection

The data sample used in the analyses corresponds to apptekin2.9 pb of 7 TeV proton-proton
collision data collected by the ATLAS experiment betweenrdha30th and August 30th, 2010. For the
b-tag efficiency measurement, events were collected witigger that requires a muon reconstructed
from hits in the muon spectrometer which is spatially madictwea calorimeter jet with transverse energy
exceeding 5 GeV. The mistag rate measurements use evdetdedhwith a logical OR of all jet triggers.
In both analyses, only data for which the inner detector,clerimeters and the muon system pass
certain data quality criteria are used. The selected pyivartex [2] has to contain at least ten tracks to
ensure good primary vertex resolution.

The key objects used when measuringhftagging performance are calorimeter jets, inner detector
tracks and muons, where the latter two are associated tathemeter jets with a spatial matching in
AR(jet, track/u) [3]. Inner detector tracks are required to pass the sefedtiteria used in the SVO
b-tagging algorithm. The muons are reconstructed usingrmdtion from both the muon system and
the inner detector [4]. Muons are required to hgye > 4 GeV and to satisfy the SVO track selection
criteria.

Jets are reconstructed from topological clusters [5] ofgnén the calorimeter using the arki-
algorithm with a distance parameter a#(J6]. The jet reconstruction is done at the electromagnetic
scale and then a scale factor is applied in order to obtairjethenergy at the hadronic scale. The
measurement of the jet energy, the current status of thegzyg scale determination and specific cuts
used to reject jets of bad quality are described in [7, 8]. jEt® used in thdo-tag efficiency (mistag
rate) analysis are required to hgwe> 25 GeV (pr > 20 GeV) andn| < 2.5. Since the method used to
measure the-tag efficiency does not work well for highr jets (see Section 5 for details), the jets in the
b-tag efficiency analysis are also required to hpye< 85 GeV.

3 Simulated Samples

The simulated samples used in this measurement are QCDrjptesagenerated with PYTHIA 6.4.21 [9],
utilizing the ATLAS MCO09 PYTHIA tune [10], which employs theIRST LO* parton density func-
tions [11] and thepy-ordered parton shower. The simulation has been carrieth@aven slices op |,

the momentum of the hard scatter process perpendiculae toghm line [9], starting frorp "> 8 GeV.
About 1.4 million events have been simulated perslice. To simulate the detector response, the gen-
erated events are processed through a GEANT4 [12] simalafidhe ATLAS Detector, and then re-
constructed and analyzed in the same way as the data [13]sifrh#ated geometry corresponds to a
perfectly aligned detector and the majority of the disalgixeél modules and front-end chips seen in data
were masked in the simulation.

Theb-tag efficiency analysis also makes use of a muon-filtered @&byle, referred to as the QCD
U-jet sample, which is required to have a muon with> 3 GeV at generator level. This sample thus
contains muons from- andc-decays, but has too few muons from in-flight decays as piodskaons
are treated as stable particles at the generator level.fédgbis sample, the simulation has been carried
out in slices ofp] with p;, > 17 GeV and between 200,000 and 500,000 events in each ofuhg fo
slices.

To bring the simulation into agreement with data for disttibns where discrepancies are known to
be present, the following corrections have been applied.ifiteraction region izis considerably wider
in simulation than in data [14]. To correct for this, the disition of the primary vertex position is
reweighted in simulation to follow that observed in dataadiition, thepr spectrum of jets is harder in
data than in simulation. Since theag efficiency and mistag rate depend strongly on the jetriitics,
the jetpr spectrum in simulation is reweighted to agree with that pleskin data.



The labeling of the flavour of a jet in simulation is done bytigdly matching the jet with generator
level partons: if ab-quark is found withinAR < 0.3 of the jet direction, the jet is labeled adget.
If no b-quark is found the procedure is repeated dajuarks andr-leptons. A jet for which no such
association could be made is labeled as a light-flavour jet.

4 The SV0Ob-tagging Algorithm

Jets originating fronb-quarks are selected by exploiting the long lifetimebefadrons (about 1.5 ps)
which leads to typical flight paths of a few millimeters whiale observable in the detector. The SVO
b-tagging algorithm used in the analyses presented in thesexlicitly reconstructs a displaced vertex
from the decay products of the long-livdghadron. As input, the SVO tagging algorithm is given a
list of tracks associated to the calorimeter jet. Only teaftkfilling certain quality criteria are used in
the secondary vertex fit. Secondary vertices are recomstrun an inclusive way starting from two-
track vertices which are merged into a common vertex. Tradksg large x2 contributions are then
iteratively removed until the reconstructed vertex fulfisstain quality criteria. Two-track vertices at a
radius consistent with the radius of one of the three Pixtdaer layers are removed, as these vertices
likely originate from material interactions. A detailedsgeption of the SVO algorithm can be found
in [1].

A jet is considered-tagged if it contains a secondary vertex, reconstructdd thie SVO tagging
algorithm, withL/o (L) > 5.72, an operating point that yields a 5084ag efficiency in simulatedt
events. The sign df /o (L) is given by the sign of the projection of the decay length @eon the jet
axis. TheL/o (L) distribution in simulation using the QCD jet sample desediitin Section 3 fob-, c-
and light-flavour jets is shown in Fig. 1.
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Figure 1: The signed decay length significahge (L) for the SVOb-tagging algorithm in simulation.
The distribution extends to much larger values for jetsinating from b-quarks compared to those
originating fromc-quarks, light-flavour quarks or gluons.

5 Measuring theb-tag Efficiency

The b-tag efficiency is defined as the fraction of reconstructesl ¢geiginating fromb-quarks that are
tagged by the SVO algorithm. In order to extract this qugrtiim data, the number difjets before and
after tagging needs to be known. This can be obtained for seswlh allb-jets, namely those containing
a muon, usingdt® which is defined as the momentum of the muon transverse toatimbioed muon



plus jet axis. Muons originating frofmhadron decays have a harqlg?' spectrum than muons i and
light-flavour jets. Templates qﬁrTe' are constructed fdp-, c- and light-flavour jets separately, and these
are fit to thepﬁ?' spectrum of muons in jets in data to obtain the fractiom-gdéts in the pretagged and
tagged data samples. The fitis done by adjusting the reledintributions of thé-, c- and light-flavour
templates such that the sum of them best describe;;ﬁfhehape in data. The pretagged sample is fit
using templates derived from all jets passing the jet deleatriteria defined in Section 2, while the
b-tagged sample is fit using templates derived from jets tadpyethe SVO algorithm. Having obtained
the flavour composition of jets containing muons from ﬂlﬁfits, theb-tag efficiency is defined as

data__ féag' N . (2)
b fi - N

wheref, and féag are the fractions db-jets in the pretagged and tagged samples of jets contaimirogs,
andN andN'™9 are the total number of jets in those same two samples. Tha @corrects the efficiency
for biases introduced through differences between dataiamdation in variables directly affecting the
pte! templates. These corrections are further discussed ilo8éct. The efficiency measured fofets
with a semileptonically decaying-hadron in data is compared to the efficiency for the same &fnd
jets in simulated events to compute the data-to-simulatitale factor defined in Eq. 1. As tletag
efficiency for hadronid-jets cannot be determined on data with the method deschibie thexg™? ™
derived from semileptonib-jets is assumed to be valid for all typeshpfets. Systematic uncertainties
associated with this assumption are discussed in Sect@oh. 5.

The pﬁ?' template fits are performed using a binned maximum likekhtezhnique where each bin
is treated as an independent Poisson variable. The likaifionction used does not include a term for
statistical fluctuations in thp’Te' templates. Instead a systematic uncertainty is assignadcimunt for
the finite template statistics. To avoid including bins wigty large statistical fluctuations in trpée' fits,
the templates are only derived fprq9' < 2.5 GeV.

The heavy-flavour content in the sample of jets on whichlthag efficiency measurement is per-
formed is increased by requiring at least one jet in eachtdedmave a reconstructed secondary vertex
with L/o(L) > 1, as this reduces the dependence on the modelling of mudighisflavour jets. For
this requirement not to translate into a bias in the analyisis looselyb-tagged jet, if it contains a muon,
is not included in thep'®' distributions and thus not used in the efficiency measureninis flavour-
enhancement requirement is not enforced in the sample asktive thepfﬁ' template for light-flavour
jets.

The p?' templates foib- andc-jets are derived from the simulated Q@Djet sample, using muons
associated th- andc-jets. The templates for light-flavour jets are derived aitliom data or from the
simulated QCD jet sample. The data-derived template ig fvoiin all tracks in jets passing the track
selection criteria defined in Section 2, with the additiorejuirement that th@r must exceed 4 GeV,
to match the requirement applied to muons. A correspondamktbased template is also derived from
tracks in light-flavour jets in simulation. A third light-flaur template comes from muons in light-
flavour jets in the simulation. The templates are compardeign2. All three light-flavour templates
were considered in the final measurement, as discussedtiorsbcl.

The pe' method works well for jets with relatively loysr, but becomes unreliable above approxi-
mately 85 GeV as these jets become very collimated, and tlom tnack becomes almost collinear with
the jet axis. Due to the finite resolution of the jet directimeasurement thaﬁ?' distributions forb-,
¢- and light-flavour jets all become dominated by resolutiffieats and start to look very similar. It is
therefore not possible to tellajet from a nonb-jet based on thp’Te' of the muon and the method breaks
down.
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Figure 2: Thep’TeI templates foib-, c- and light-flavour jets, before (left) and after (right) &ppg a
b-tagging requirement. The muons originating frbrhadron decays have a harcté,?' spectrum than
those inc- and light-flavour jets. The- andc-templates are derived from muons in jets in the simulated
QCD p-jet sample. The three light-flavour templates shown areegfrom muons in light-flavour jets

in the simulated QCD jet sample, tracks in light-flavour jetthe simulated QCD jet sample and tracks
in jets in data.

5.1 Measurementin Data

As theb-tagging performance depends strongly on the jet momentdnapidity, thepﬁ?' fits are per-
formed in bins of jetor and jetn. The py bins used are 25 Ge¥ pr < 40 GeV, 40 Ge\k pr < 60 GeV
and 60 GeV< pr < 85 GeV, while then bins are 0 < |n| < 1.0, 10< |n| <15, 15< |n| < 2.0
and 20 < |n| < 2.5. Different combinations of templates were used to fit pkf distribution in data.
The sensitivity of the result to the shape of the light-flaviemplate was investigated by carrying out
the fits either with light-flavour templates derived from maan light-flavour jets in simulation or from
tracks in jets in either simulation or data. In addition toyag the light-flavour template, the fits were
also repeated omitting either tlee or light-flavour template. This is motivated by the factttkize c-
and light-flavour templates look very similar leading totaislities in the fittecc- and light-flavour frac-
tions. The approach chosen here is more conservative cethpaman approach where the ratio of the
c- and light-flavour fractions are fixed in the fit to some valgéireated e.g. from simulation. As the
b-fraction, which is the only fitted quantity that enters tiiéag efficiency calculation, is rather unaf-
fected by changing the ndmmodel, the maximum difference mtag efficiency observed from varying
the nonb-templates is only 13%. For the final result, the average eidivest and highest efficiencies
is used, with a systematic uncertainty covering the obsespeead. Examples of fits withta and a
light-flavour template to therTe' distribution in data, before and after tagging, are showrign 3.

For reasons connected to limited statistics in the simdIQ€D u-jet sample, theor distribution of
the partons emerging from the hard-scatter process isthidsethis sample is used to derive theand
c-templates, this introduces biases in m@ template shapes. This bias has been corrected for, and the
full change in efficiency due to this correction is taken agsiesnatic uncertainty. A second correction
to the measuret-tag efficiency originates from the modelling in simulatiohthe b-hadron direction
by the calorimeter jet axis. A difference in the jet direnti@solution between data and simulation, or
e.g. an improper modelling of the angle betweenttugiark and thd-hadron in simulation would cause
the prTeI spectra in simulation and data to disagree, introducings ini the measurement. To study this
effect, an independent jet axis was formed by vectoriallgimgl the momenta of all tracks in the jet.
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Figure 3: The results of template fits to ttié' distribution in data before (left) and after (righttagging.
The fits shown here are performed on jets withbetween 40 and 60 GeV, using two templatesand
light-flavour jets). Uncertainties shown are for data stes only. The apparent discrepancies between
the data and the sum of the templates are fully covered byysternatic uncertainties on the template
shapes.

The difference between this track-based and the standemdncater-based jet axidR(calg track), was
derived in both data and simulation. In jets which have amstacted secondary vertex, an alternate
jet axis was also formed from the direction of the vector leetwthe primary and secondary vertices,
and this differenceAR(calo vtx), was compared between data and simulation. There is a slijfit
observed between data and simulation in both of these V@siabhe polar and azimuth angl@sndg of
the calorimeter-based jet axis in simulation were theeefmneared such that tidR(calo,track) and the
AR(calo, vtx) distributions agreed better with those from data. Smedrasgd on a Gaussian distribution
with a width of 0.015 radians was found to give good agreerhetween data and simulation. Tb@'
templates fob- andc-jets were rederived from this smeared sample, anqbﬂﬁ‘lelistribution in data was
fit using these altered templates. The efficiency measurddtenis corrected for half of the difference
in efficiency observed in the unsmeared and the smearedrazerend the full difference is taken as a
systematic uncertainty. The corrections from the pagpepectrum and the jet direction yield a factr
(defined in EqQ. 2) which ranges from 1.0 for 25 Ge\pr < 40 GeV to 1.09 for 60 Gew pr < 85 GeV.
Figure 4 shows thé-tag efficiency forb-jets containing a muon measured with thi¢ method in
data, as specified in Eq. 2, together with the true efficierenywedd in simulation as a function of the
jet pr andn, for a SVO tag-weight cut of 5.72. THetag efficiency measured in data is found to be
consistent with that in simulation in all regions of jgtand the efficiency scale factor is therefore only
derived in bins of jetpr. The data-to-simulation scale factor as a function ofpgjetafter applying the
corrections discussed above, is shown in Fig. 5. The scaferfai®?*™ is found to be between 0.88
and 1.05, with relative statistical (systematic) uncettas ranging from 3% to 10% (10% to 12%). As
the measurement is only performed for jets with< 85 GeV, the scale factor at larger jet is assumed
to be that measured in the Igst bin, but with the systematic uncertainty increased by afaat two.

5.2 Systematic Uncertainties

The systematic uncertainties affecting tp[é' method are mainly those that change the shapes of the
pte! templates used to fit the sample composition. They can ditin a direct impact ope or they
can indirectly affect thep’Te' distribution by changing the sample composition or the kiatics of the
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sample.

The systematic uncertainties which change tfé templates are estimated by repeating (&
fits on data with the modified templates. The exception is yistesatic uncertainty originating from
limited statistics when building thplre' templates, which is estimated using pseudo-experimentenV
estimating systematic uncertainties, mn’,é' fits performed with the light-flavour template derived from
tracks in jets in data are used as the baseline.

The systematic uncertainties are summarized in Table 1larpest ones arise from the modelling of
theb-hadron direction, the nob+et templates and the jgt spectrum in simulation. The total relative
systematic uncertainty is approximately 10%.

Source Relative Uncertainty
25< pf'<40GeV 40< pf' <60 GeV 60< pf' < 85 GeV
Modelling of theb-hadron direction 6% 6% 6%
Non-b-jet templates 6% 6% 6%
Jetpr spectrum 6% 3% 3%
Scale factor for inclusive-jets 5% 4% 0.7%
pie! template statistics 2% 2% 2%
Modelling of b-decays 1.3% 0.2% 0.5%
Fake muons if-jets 0.7% 0.7% 0.7%
Jet energy scale 0.2% 0.2% 0.2%
Modelling of b-production 0.2% 0.2% 0.2%
Fragmentation 0.1% 0.1% 0.1%
Total 12% 10% 10%
Table 1: The systematic uncertainties on the efficiencyesiaaitorkS#*™. The largest ones arise from

the modelling of thév-hadron direction, the nob+et templates and the jgt spectrum in simulation.

5.2.1 Modelling of theb-Hadron Direction

As discussed in Section 5.1, a 100% relative systematicrtaioty is assigned to the correction of the
efficiency scale factor due to the difference in &#(calo vtx) andAR(calo track) distributions between
data and simulation. This results in a 6% relative systamatcertainty on the final result.

In principle also the muon direction resolution affept®, but as the muon angular resolution is very
good compared to that of the jet, the uncertainty associaitdthis is negligible.

5.2.2 Nonb-Jet Templates

As discussed in Section 5.1, a systematic uncertainty igrass to cover the change in the measured
b-tag efficiency when varying the light-flavour andemplates. This results in a 6% relative systematic
uncertainty on the final result.

5.2.3 Jetpy Spectrum

As discussed in Section 5.1, the efficiency measured in datarrected for the bias introduced by the
incorrectpr spectrum of the partons emerging from the hard-scatterepm simulation. The 100%
relative uncertainty assigned to this correction results 6% relative systematic uncertainty on the



efficiency scale factor in the first jgtr bin and a 3% relative systematic uncertainty in the otherjéto
pr bins.

5.2.4 Scale Factor for Inclusiveb-Jets

The p’Te' method can only measure theag efficiency in data fob-jets with a semileptonid-hadron
decay. As these jets always contain the hard and presumaddym&asured muon track, whereas the
hadronicb-jets do not, theb-tag efficiency will be different for these two types bfiets. The ratio

in simulation of theb-tag efficiency of allb-jets to that ofb-jets with a semileptonid-hadron decay
depends on jepry. It is 60% at low jetpt and approaches one for jets with greater than 150 GeV.
However, the calibration results in this note are to firsteoridsensitive to this effect as they are given
in the form of data-to-simulation scale factors. As longtesdimulation models thietag efficiency in
semileptonic and hadronizjets equally well, the same efficiency scale factor is védidboth types of
jets. Therefore, the efficiency scale factor derived asdhie between the semileptonietag efficiency

in data and simulation, is assumed to be identical for hadimyets.

To investigate the validity of this assumption, the numUdracks, significantly displaced from the
primary vertex, in jets with and without muons was comparetiveen data and simulation. The ratio
of the normalized track multiplicity distributions for getvithout and with muons in simulation was then
reweighted to agree with the same ratio in data. The effedherefficiency in simulation from this
reweighting was found to be 5% in the first, 4% in the secondmni in the third jetpr bin, which is
taken as a systematic uncertainty onliag efficiency scale factor.

5.2.5 p® Template Statistics

To assess the systematic uncertainty due to the limitetstatatavailable to build thqz)?' templates,
the b-, ¢c- and light-flavour templates in the pretagged and taggedkesmvere all varied within their
statistical uncertainties, and these pseudo-templates wged to fit the data which was kept fixed. Each
pseudo-template was constructed by looping over all binkérdefault template histogram and letting
each bin content vary around the central value according@awassian distribution with width set to
the statistical error in that bin. 10000 pseudo-templafesaoh kind b, c- and light-flavour templates
in the pretagged and tagged samples) were constructedparddh set of pseudo-templates Hitag
efficiency was derived from the fit of those templates to tha tefore and after tagging. The standard
deviation of theéb-tag efficiency distribution of those 10000 pseudo-expernits is taken as the systematic
uncertainty. The relative systematic uncertainty arisiog this is 2%.

5.2.6 Modelling ofb-Decays

The muon momentum spectrum in txhadron restframe, denoted s directly affects the shape of the
pe! distribution forb-jets. Uncertainties in the modelling of thgé spectrum thus have to be taken into
account and propagated through the analysis. Fh&pectrum has two components, dirbet> u + X
decays and cascable- ¢/t — u+ X decays. Their branching ratios @8R(b — I X) = (10.69+0.22)%
andBR(b— ¢/t —IX) = (9.62+0.53)%, respectively [15], giving the ratBR(b — | X) /BR(b — ¢/T—

IX) =1.11+0.065, wherd denotes either a muon or an electron. This ratio of branatatigs has been
varied within the quoted uncertainty and the fits have bedane with the modifiecprTe' templates. To
investigate the effect of variations of th® spectra, a weighting function has been applied toghe
spectrum of muons from the direbt— u + X decay. This weighting function has been derived by
comparing the direcp* spectrum ofb — e+ X decays in PYTHIA as used in the analysis with the
corresponding spectrum measured in [16]. The resultingmi@ioty from both sources described above
is 1.3%, 0.2% and 0.5% for the first, second and tipirin, respectively.



5.2.7 Fake Muons inb-Jets

The prTeI templates forb-jets are obtained from the simulated Q@DLjet sample where a muon with
pr > 3 GeV is required at generator level. This filter will supgrbgets containing a fake muon rather
than a muon from thb-decay. The fraction of fake muons in thé' templates built from these samples
is therefore likely to be lower than in data.

To investigate the impact of fake muons on bhag efficiency measuremelﬂre' fits were performed
on the simulated QCD jet sample usibgemplates with an increased fake muon fraction. Fake muons
were defined as those not matched to a truth track from a muoa fréiction of unmatched muons was
found to be 5.3%. This fraction was then increased by a faiftthree and the rederivqn{F' templates
were used to fit the fraction &fjets before and after tagging. The effect on the meadutad efficiency
is 0.7%, which is taken as a systematic uncertainty.

5.2.8 Jet Energy Scale

A jet energy scale in simulation which is different from th@tdata would bias thgr spectrum of the
simulated events used to build tp&' templates.

The systematic uncertainty originating from the jet enesggle is obtained by scaling thg of
each jet in the simulation up and down by one standard dewiaticcording to the uncertainty of the
jet energy scale [17], and redoing® fits on data with the modifie- and c-templates. The jepr
reweighting function was not rederived for the scaled sas)pihich slightly overestimates the effect of
the jetpr scaling. The systematic uncertainty from the jet energlessdound to be 0.2%.

5.2.9 Modelling ofb-Production

In data,b-jets can be produced via several mechanisms: flavour eredtavour excitation and gluon
splitting. In the latter case the angle between the lwuarks can be so small that both of them end
up within the same reconstructed jet. Sugfets, containing twdd-quarks, have a larger probability
of being b-tagged than those containing just dmguark. If the ratio of doubld- to singleb-jets is
different in data and simulation that would therefore blasefficiency scale factor measurement.

The systematic uncertainty associated with hgroduction is estimated by varying the ratio of
doubleb-jets to singleb-jets in simulation and seeing how much that changeb-tlag efficiency. Events
containing twab-quarks closer than 0.8 lsR were either given a weight of zero or a weight of two (ef-
fectively removing or doubling the doubleeontribution), and the effect from this on thdag efficiency
was 0.2%, which was taken as a systematic uncertainty.

5.2.10 Fragmentation

An incorrect modelling of the fragmentation in simulatioancaffect the momentum spectrum of the
muons from theb-decays and thus th|alre' distribution. To investigate the impact of fragmentation o
the efficiency scale factor, the’® templates were rederived on a simulated sample wkgree. the
fraction of theb-quark energy carried onto thehadron, was changed by 5%. Tb@' fits were then
redone on data using these alte@d templates, and the difference in theag efficiency between this
and the default scenario was taken as a systematic undert@iire impact on thé-tag efficiency from
the fragmentation modelling was found to be 0.1%.

5.2.11 Pileup

The instantaneous luminosity has changed by three ordaraghitude during the data taking period
used for théb-tag efficiency measurement. Consequently, the level dfiaddl interactions taking place
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in the same bunch crossing as the hard-scatter processdneased with time. To understand if the
tagging performance is degraded in the presence of adaliileup vertices, events in data having more
than two reconstructed primary vertices were selectedttamdfficiency measurement was repeated on
this subset. Thé-tag efficiency was found to not change significantly withpexs to the measurement
using all data. As a second cross-check,dﬁbdistribution in data was fit using the light-flavour template
from tracks in jets in the pileup-enhanced data sample, lea@ffect on thdv-tag efficiency was found
to be negligible.

As the efficiency scale factors have been measured on thedsatamet as used in physics analyses,
any dependence on theetag efficiency is to first order taken into account. Therefqrileup was not
considered a source of systematic uncertainty in this aigly

6 Measuring the Mistag Rate

The mistag rate is defined as the fraction of jets originating light-flavour which are tagged by the
SVO0 algorithm. Since the mistag rate depends on the kinematithe jet under consideration, the mea-
surement is performed in bins of jgt and jetn: 20 GeV< pr < 40 GeV, 40 Ge\k pr < 60 GeV,
60 GeV< pr < 90 GeV, 90 Ge\k pr < 140 GeV and 140 GeW: pr < 200 GeV for jet transverse mo-
mentum,|n| < 1.2 and 12 < |n| < 2.5 for the jet pseudorapidity.

The measurement of the mistag rate has been performed ly wgnndependent methods which
are described in Sections 6.1 and 6.2. Systematic uncietiare discussed in Section 6.3 and the
combination of the results of the two methods is describesiiction 6.4.

6.1 The SVO Mass Method

This method is based on the determination of the fractiongbt-flavour, c- and b-jets after having
applied the SVO0 tagging algorithm requiring a reconstrdictecondary vertex satisfying/o(L) > 5.72
as defined in Section 1. The discriminating variable choseseparate light-flavouc- andb-jets is the
invariant mass of charged particles associated to thedivelly reconstructed secondary vertex, denoted
by SV0 massin the following. Templates of the SV0 mass, as derived fromutation, are fit to the SVO
mass distribution from experimental data. Examples of S\&8srtemplates and the result of a fit to the
data are shown in Fig. 6.

The SVO mass fits determine the numbetbafc- and light-flavour jets after applying the tagging
requirementl,%, N9, andN®9). If the tag efficiencies fob- andc- jets are known, the number bf and

c-jets in the pretagged sample can be computedila& andNC = g ® The number of light-flavour
jets is obtained by subtracting these numberis-(a‘ndc-Jets from the number of all jets before tagging:

Ntag N(t:ag
Ni = Ngata — No — Ne = Noata — —— — —— (3)
gb gc
The mistag rate for light-flavour jets is then given by:
Nltag Ntag
& = N| - th)ag Ntag (4)

Ndata — o T e

Theb- andc-tag efficiencies in Eq. 4 are taken from simulation, as thasneement in Section 5 shows
no large deviations between the efficiencies measured amatat simulation. Systematic uncertainties
associated to thie- andc-tag efficiencies are discussed in Section 6.3.3.

The derivation of the SV0 mass templates from simulationtaadletermination of the light-flavour
mistag rate is performed in bins of jpf andn as defined in Section 6. The resulting mistag rates are
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. . ata/sim - . . .. . . .
shown in Fig. 7 and the scale factorg Asim i Fig. 8. Systematic uncertainties will be discussed in
Section 6.3.

90-02:"‘\“w“w“w“w”w‘” ] 90-02:"w“w“w“w“w“w T B
8 0.018F ATLAS Preliminary 2.9 pb™, |n| < 1.2 E & 0.018 ATLAS Preliminary 2.9 pb™, 1.2 < |n| < 2.5 =
o F —e—Data E o F —e—Data E
£ 00161 = £ 00161 3
= 0.014F 3 = 0.014F =

r —— Simulation q r —e— Simulation q

0.012F- 3 0.012F- =
001 = 0.01 =
0.008 I 3 0.008 | =
0.006— i = 0.006 =
0.004 3 o.omj E
0.002— = 0.002F =
o b v b b b b e b e b v by 0 Cov v b v b b b v b e b v b v by 03

%040 60 80 100 120 140 160 180 200 %40 60 80 100 120 140 160 180 200
Jet P, [GeV] Jet P, [GeV]

Figure 7: Expected and observed mistag rates for the SVO mef®d for central|| < 1.2; left) and
forward jets (12 < |n| < 2.5; right). The plots show the total uncertainties.

6.2 The Negative Tag Method

The method described in this section is based on the usayative tags, where negative tags in the case
of the SVO0 tagging algorithm studied here means placingabgibg cut at. /o (L) < —5.72 instead of
L/o(L) > 5.72. Light-flavour jets are mistakenly taggedtagets mainly because of the finite resolution
of the inner detector and the presence of tracks stemmimg dieplaced vertices from long-lived parti-
cles or material interactions. The resolution componeskfgected to give rise tola/o (L) distribution
which is symmetric around zero. The distribution on the tiegaide can thus be used to determine the
light-flavour mistag probability if proper corrections,cacinting for the mistags due to long-lived parti-
cles and material interactions, are applied. The mistaggras approximated by the negative tag rate of
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Figure 8: The mistag rate scale factmgsata/smfor the SVO mass method for centréf)( < 1.2; left) and
forward (12 < |n| < 2.5; right) jets.

the inclusive jet sample;?fcg. This approximation would be exact if the negative part ef distribution
used for the tagging of jets (the decay length significdnte(L) in case of the SVO tagging algorithm)
looked identical for all jet flavours and the tagging diaitibn for light-flavour jets was perfectly sym-
metric around zero. However, since this is not the case, tme@ctions have to be applied to relalﬁg
to g:

e The negative tag rate fdr andc-jets differs from the negative tag rate for light-flavoutsjeb-
and c-jets are positively tagged mainly because of the measuiébtimes ofb- and c-hadron
decays, shifting the decay length significance distrimgtimwards larger values. However, effects
like the finite jet direction resolution can flip the sign oktHiscriminating variable, increasing
significantly the negative tag rate for andc-jets. The correction factdgs = &'%/& is defined
to account for this effect. Because of the effects descritrve and the relatively small fractions
of b- andc-jets in the inclusive samplé; is typically smaller than, but close to unity.

e A symmetric decay length significance distribution for liglavour jets is only expected for fake
secondary vertices arising e.g. from track reconstrugesolution effects. However, a significant
fraction of reconstructed secondary vertices have thairoin charged particle tracks stemming
from long-lived particlesK2, A° etc.) or material interactions (hadronic interactions phdton
conversions). These vertices will show up mainly at positiecay length significances and thus
cause an asymmetry for the positive versus negative tadgaalight-flavour jets. The correction
factorky =g/ slneg is defined to account for this effect. Because of the sourckgtit-flavour jets
showing positive decay lengthy is larger than unity.

For theL/o(L) > 5.72 operating point calibrated here, the correction fa&teris very close to one
whereask is about 3.5 for central jets and up to 7 for forward jets, vetliery small dependence on
the jetpr. With these correction factors, which are derived from dation, the mistag rate is computed
from the inclusive negative tag rate:

& = &rIknt K. (5)

The resulting mistag rates are shown in Fig. 9 and the scallergx*®*™in Fig. 10.

6.3 Systematic Uncertainties

Several sources of systematic uncertainties have beeiedtumbvering both instrumental effects (e.qg.
tracker performance, material interactions) as well asettiod of the underlying physics processes in
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the Monte Carlo generator.

Variations of parameters in the simulation related to treeces typically lead to modified shapes
of the secondary vertex mass templates (for the SV0 massdjeth modified values for the correction
factorskns andk; (for the negative tag analysis) which are then propagateditiin the analyses to derive
the systematic uncertainties.

The systematic uncertainties on the mistag rate which hega bonsidered are discussed below.

6.3.1 Jet Energy Scale

A bias in the jet energy measurement in simulation compavathta will result in a distortion of the
secondary vertex mass shapes for the SV0 mass method ard biake correction factollg,s andk,

for the negative tag method if there is a correlation betvtberjet energy and these quantities. To study
this effect, the reconstructed jet energies were altelsnatéfted up and down by 7% and half of the full
difference of the corresponding shifts of the mistag rategevassigned as systematic uncertainty. The
resulting uncertainties range up to about 10%.

6.3.2 Run Period Dependence, Trigger Modelling

Both analyses observe a dependence of the scale fﬂﬁ '™ on the data taking run period. This
effect may be related to biases introduced by the triggeictieh (the inclusive jet triggers used in these
analyses have undergone substantial changes in the gréactdrs applied to them with evolving in-
stantaneous luminosity) which have not been modeled indleetion of simulated events. Additional
studies have been performed by repeating the analysesardingubleading jets (the ones that probably
did not fire the trigger) and subdividing the data sample ffedint periods with different trigger config-
urations. The subdivision in run periods is also sensitivaty dependence of the mistag rate on the level
of additional pileup vertices, as the instantaneous lusiipdias changed by three orders of magnitude
during the data taking period used for the mistag rate measemt. The resulting uncertainties range up
to about 20% .

6.3.3 Heavy Flavour Tagging Efficiencies

The tagging efficiencies fdo- and c-jets directly enter into the SVO mass analysis through Eand

into the negative tag analysis through the correction fdgta Theb- andc-tag efficiencies as obtained
from simulation have been varied by 15 (20)% and 30 (40)%peetively, for the SV0 mass (negative
tag) analysis. With these variations the efficiencies aragireement with the measurement described
in Section 5. The uncertainties on theandc-tag efficiencies have been increased for the negative tag
analysis compared to the SV0 mass analysis as they incledettertainty on the extrapolation from the
positive tag efficiency (the one measured in data) to thetivegane. Since the tag rate of bdthand
c-jets is mainly driven by the real lifetime &f andc-hadrons, these uncertainties have been taken to be
fully correlated and thus have been varied together. Thdtheg uncertainties are about 3% and 5% for
the SV0 mass and negative tag analyses, respectively.

6.3.4 Heavy Flavour Fractions

The fractions ofo- andc-jets enter directly into the correction factkys for the negative tag analysis.
Uncertainties on thé- andc-jet fractions of 10% and 30% have been propagated throughrihlysis.
These uncertainties are motivated by fitting templatesgifidutions that discriminate between the dif-
ferent flavours, e.g. the invariant mass of tracks signiflgatisplaced from the primary vertex, to the
data. The resulting uncertainty is about 2%.
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6.3.5 Heavy Flavour Properties

Inaccuracies in the modelling &f and c-hadrons can lead to distortions of the mass templateb-for
andc-jets used in the SVO mass analysis. The most obvious biatdvesise from shiftedb- and c-
hadron masses. The masses of reconstructed secondaceyéntb- andc-jets have been shifted by
2%, motivated by studies of the secondary vertex masshisitvns in heavy-flavour dominated control
regions in data, to account for this effect. The resultingantainty ranges up to 10% for the highest jet
pr bins.

6.3.6 Simulation Statistics

Large numbers of simulated events are needed to accuratalglrithe vertex mass templates used in
the fits to the data for the SVO mass analysis. To address tteztamty due to the limited simulation
statistics the bin contents of the mass templates have tsrédwvithin their statistical uncertainties.
For the negative tag analysis, the statistical uncertsrdnk,; andk; have been propagated through the
analysis. The resulting uncertainties are about 10%.

6.3.7 Track Multiplicity

The simulation does not properly describe the multiplicgfytracks associated to jets. This could be
due to an imperfect modelling of fragmentation, the re&afraction of quark and gluon jets in the light-
flavour sample or differences in the track reconstructionlata and simulation (the charged particle
multiplicity in b-hadron decays is quite accurately known). Reweightingses have been applied to
match the observed track multiplicity distributions in aand simulation for the inclusive jet sample
(for the negative tag analysis) or to shift the track muitipf distribution for light-flavour jets before
applying theb-tagging requirement (for the SV0 mass analysis). Thetiagulincertainties are typically
below 3%.

6.3.8 Long-Lived Particle Decays, Material Interactions Fake Tracks

The decay products from decays of long-lived particles dilge K2, A°, hadronic interactions or photon
conversions in the detector material (mainly interactiorthe first material layers of the detector) may
cause reconstructed secondary vertices in light-flavast jgvhile the SVO algorithm applies a veto
to secondary vertices consistent with these decays omatttens, not all of these can be detected and
there is a sizable fraction of vertices where one trackragifiom such decays or interactions is paired
with a track from a different source into a vertex. Fake orlyawleasured tracks may also give rise to
additional vertices. To estimate the resulting systematiertainty, the fraction of jets containing long-
lived particles likeK? andA° or material interactions have been varied by 20% and 10%guctisely.
These variations are motivated by studies of reconstridtthdecays, photon conversions and nuclear
interactions in the detector material as well as other stidensitive to material effects (e.g. g
mass in data compared to simulation) and comparing resahlis data and simulation. The rate of badly
measured tracks has been estimated based op’HROF of the track fit and varied by 30% for the
negative tag analysis. The other sources causing a taggymynaetry in the negative tag analysis have
been varied by 20%. The resulting uncertainties are belowd%e SV0 mass analysis and about 6%
for the negative tag analysis.

6.3.9 Track Impact Parameter Resolutions

Inclusive secondary vertex reconstruction is very semsit tracking resolutions and proper estimation
of the errors, especially in light-flavour jets where a laagmtribution of fake vertices is present. It
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has been shown in [14] that the track impact parameter riésodin simulation are slightly better than
those in data. Therefore, track impact parameters in thalation have been smeared in order to bring
data and simulation into better agreement. The chosen Brgegpproach does not take into account
correlated modifications of the impact parameters of traéiciis pass through the same pixel module, as
would be needed to model residual misalignments in the idetctor. The parameters for the smearing
have been chosen to cover the observed discrepancies imiaeti parameter resolution between data
and simulation in a conservative way. After having applie€l track impact parameter smearing to the
tracks in simulation, the primary vertex reconstructior &tagging have been rerun and the whole
analyses repeated. The resulting uncertainties rangealmta 15%.

6.4 Combination of Mistag Rate Results

The results from the SV0 mass method (Section 6.1) and thatimegag method (Section 6.2) were
combined using the Best Linear Unbiased Estimator (BLUE)how [18]. In the combination, the
number of kinematic bins for the mistag scale factor was cedurom ten to two: one for jets with
pr < 40 GeV, and another for jets witt > 40 GeV, where in botlpr ranges the twag) rangegn| < 1.2
and 12 < |n| < 2.5 have been combined. For each analysis eight kinematiarbips andn are above
40 GeV, so all sixteen of these are treated as separate ragents and combined accordingly. For
the low pr combination, however, the measurement in thenjeange|n| < 1.2 from the SVO mass
measurement has such high uncertainties that it was extfoole the combination and the other three
measurements were used.

In the combination, statistical uncertainties in both datd simulation are treated as uncorrelated,
while the systematic uncertainties are treated as fullyetated within each individual method. More-
over, most systematic uncertainties are treated as fullseladed between the two methods. The ex-
ceptions are the uncertainties on the pretag flavour fragtior the negative tag method, and the heavy
flavour modelling uncertainty for the SVO mass method, wisich treated as uncorrelated to any sys-
tematic uncertainty from the other analysis. The systamaitertainty originating from the modelling
of the track impact parameter resolutions in simulatiomis-eorrelated between the two measurements
(the smearing of the impact parameter distributions raisesmeasured mistag rate for the SVO mass
analysis and lowers it for the negative tag analysis). As iththe largest uncertainty in both measure-
ments, the cancellation of this systematic uncertaintjhanfinal result that would occur if this source
of uncertainty was treated as fully anti-correlated in tbenbination, is considered overly aggressive.
The combination is thus performed without considering timearing uncertainty and this systematic
uncertainty is instead added in quadrature to the systematiertainty obtained in the combination.
Uncertainties of 12% and 14% have been taken as consenrediveates for the two jgbr bins. The
same approach is taken for the trigger uncertainty wheré/a (18%) uncertainty has been assigned to
the first (second) jepr bin. Table 2 summarises the uncertainties for the combiasdlt; whereOther
denotes all uncertainties, including the statistical dhat have been individually considered with their
correlations in the combination.

7 Results

Both theb-tag efficiency and mistag rate measured in data dependgstron the jet kinematics. The
calibrations to be used in physics analyses are therefstead provided in the form gfr-dependent
scale factors correcting thetag efficiency or mistag rate in simulation to that measunedata. The
b-tag efficiency and mistag rate scale facta&?*™andk{***™, are shown in Fig. 11.

For theb-tag efficiency, the scale factor is close to one for all valagjet py. The measured scale
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Source Relative Uncertainty
20< pr <40 GeV pr > 40 GeV

Track Impact Parameter Resolutions 12% 14%
Run Dependence, Trigger 16% 19%
Other 7% 4%
Total 21% 24%

Table 2: The systematic uncertainties on the mistag rate faetor k@™,
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Figure 11: The final scale factorss™?*™andk*¥*™, as a function of jepr. The error bars show the

total uncertainty (statistical and systematic unceri@énddded in quadrature).
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factors are:

25< pr<40GeV : 100+0.03(stah +0.12 (sysh
40< pr<60GeV : 088+0.04 (stah +0.09 (sysh
60< pr<85GeV : 105+0.11 (stah +0.10 (sysh

The largest systematic uncertainties arise from the miodetif the b-hadron direction, the nobet
templates and the jgtr spectrum in simulation. The measurement is only made fer\igth pr <
85 GeV. For jets with largepr, the scale factor in the 6@ pr < 85 GeV bin is used, but the systematic
uncertainty is inflated by a factor of two.

The mistag rate scale factors are obtained by combiningeathelts of the two mistag analyses as
described in Section 6.4. The combination yields a mistadesfactor of 127+ 0.26 for jets with
pr < 40 GeV and 107+ 0.25 for jets withpr > 40 GeV. The largest systematic uncertainties arise from
the smearing of the impact parameter resolution in simaradnd from the modelling of the trigger.

As a final validation, thdo-tag efficiency and mistag rate scale factors were applied j@t-by-jet
basis, to the tagged jets in simulation, and the resultimglmar of tagged jets were compared to an inclu-
sive jet sample in data. The result is shown in Fig. 12, as etiomL/o(L). The overall normalization
of the simulation was done by scaling the number of pretaggfsdn simulation to match the data. As
the number of tagged jets does not only depend on the effieeaad mistag rates but also on the flavour
composition of the pretagged sample, the flavour fractiorsmulation have been adjusted to those ob-
tained from template fits to the SVO mass distribution in d&gstematic uncertainties associated with
this have not been propagated to the uncertainty on the aietutistribution.
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Figure 12: The signed decay length significabge (L) for the SVOb-tagging algorithm in data (points)
and simulation (stacked histogram) for an inclusive jetgi@mThe cut used in the analyséso(L) >
5.72, is indicated by the vertical line. The contributions loé tdifferent flavours in simulation have
been scaled by thie-tag efficiency and mistag rate scale factors as measurdidsimaote. The flavour
composition of the pretagged sample is taken from data, hemtke systematic uncertainties associated
with this do not contribute to the uncertainty on the simedadistribution.
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8 Conclusions

In this note, measurements of theag efficiency and mistag rate of the SVO tagging algoritherev
presented. Jets were considefethgged if the signed decay length significance of the rdoocted
secondary vertex was greater than 5.72 (an operating paibytelds a 50%b-tag efficiency for jets in
simulatedtt events). Both thé-tag efficiency and mistag rate measured in data dependgstron the
jet kinematics. In the range 25 Ge¥ pr < 85 GeV, theb-tag efficiency rises from 40% to 60%, while
the mistag rate increases from 0.2% to 1% between 20 GeV énG4%.

The calibration results are given in the form pf-dependent scale factors which correct thag
efficiency or mistag rate in simulation to that measured ta.d&heb-tag efficiency scale factor is found
to be between 0.88 and 1.05 depending onpigt with relative statistical (systematic) uncertainties
ranging from 3% to 10% (10% to 12%). The mistag rate scalefastfound to be 27+ 0.26 for jets
with pr < 40 GeV and 107+ 0.25 for jets withpr > 40 GeV.

Currently, there is no explicit measurement of thtag efficiency available in ATLAS. As both the
b- and c-tag efficiencies are dominated by decays of long-lived dwagir they are expected to show a
similar behaviour. It is therefore assumed that iag efficiency scale factor is valid also fofjets.
However, to take into account any possible deviations friois assumption, the systematic uncertainty
for the c-tag efficiency scale factor is inflated by a factor of two.
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