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Abstract

This paper describes a measurement of the flavour composition of dijet events produced in pp
collisions at \/s= 7 TeV using the ATLAS detector. The measurement uses the full 2010 data sam-
ple, corresponding to an integrated luminosity of 39 pb~1. Six possible combinations of light, charm
and bottom jets are identified in the dijet events, where the jet flavour is defined by the presence of
bottom, charm or solely light flavour hadrons in the jet. Kinematic variables, based on the properties
of displaced decay vertices and optimised for jet flavour identification, are used in a multidimensional
template fit to measure the fractions of these dijet flavour states as functions of the leading jet trans-
verse momentum in the range 40 GeVto 500 GeVand jet rapidity |y| < 2.1. The fit results agree with the
predictions of leading- and next-to-leading-order calculations, with the exception of the dijet fraction
composed of bottom and light flavour jets, which is underestimated by all models at large transverse
jet momenta. The ability to identify jets containing two b-hadrons, originating from e.g. gluon splitting,
is demonstrated. The difference between bottom jet production rates in leading and subleading jets is
consistent with the next-to-leading-order predictions.

arxiv:1210.0441v3 [hep-ex] 28 Mar 2013


https://core.ac.uk/display/223220857?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://arxiv.org/abs/1210.0441v3

Eur. Phys. J. C manuscript No.
(will be inserted by the editor)

Measurement of the flavour composition of dijet events impp collisions
at /s= T TeV with the ATLAS detector

The ATLAS Collaboration

1

Received: date / Accepted: date

Abstract This paper describes a measurement of the flavoupected to be described accurately using perturbative €alcu
composition of dijet events producedpipcollisions at,/s= lations. A measurement of the production features of these
7 TeV using the ATLAS detector. The measurement uses thiets can thus shed light on the details of the underlying QCD
full 2010 data sample, corresponding to an integrated lumidynamics.
nosity of 39 pbl. Six possible combinations of light, charm Several mechanisms contribute to heavy flavour quark
and bottom jets are identified in the dijet events, where th@roduction, such as quark-antiquark pair creation in the ha
jet flavour is defined by the presence of bottom, charm ofnteraction or in the parton showering process. While the
solely light flavour hadrons in the jet. Kinematic variables former is calculable in a perturbative approach, the latter
based on the properties of displaced decay vertices and omay require additional non-perturbative corrections dr di
timised for jet flavour identification, are used in a multidi- ferent approaches such as a heavy quark mass expansion.
mensional template fit to measure the fractions of these din inclusive heavy flavour jet cross-sections, the contribu
jet flavour states as functions of the leading jet transversgion from gluon splitting in the final state parton shower-
momentum in the range 40 GeV to 500 GeV and jet rapiding could be identified by looking for two heavy flavour
ity |y| <2.1. The fit results agree with the predictions of hadrons in a jet, but the different mechanisms for prompt
leading- and next-to-leading-order calculations, withéx-  heavy flavour quark production in the hard interaction re-
ception of the dijet fraction composed of bottom and lightmain indistinguishable. This complicates a comparisoh wit
flavour jets, which is underestimated by all models at largeheoretical calculations. A more exclusive study of the-pro
transverse jet momenta. The ability to identify jets camtai duction of dijet events containing heavy flavour jets allows
ing two b-hadrons, originating from e.g. gluon splitting, is the different prompt heavy flavour quark creation processes
demonstrated. The difference between bottom jet produao be separated, in addition to the gluon splitting contribu
tion rates in leading and subleading jets is consistent withion. For example, the dominant QCD production mecha-
the next-to-leading-order predictions. nisms are different for pairs of bottom flavour jets and pairs
consisting of one bottom and one light jet. In this context,
a measurement of the flavour composition of dijet events
provides more detailed information about the different QCD
1 Introduction processes involving heavy quarks.

The dijet system can be decomposed into six flavour
A study of the production of jets containing bottom andstates based on the contributing jet flavours. The jet flavour
charm hadrons, which are likely to have originated from bot-is defined by the flavour of the heaviest hadron in the jet.
tom or charm quarks, is of strong interest for an understandA light jet originates from fragmentation of a light flavour
ing of Quantum Chromodynamics (QCD). Charm and bot-quark (1, d ands) or gluon and does not contain any bottom
tom quarks have masses significantly above the QCD scaler charm hadrons. Three of these dijet states are the symmet-
Aacp, and hence low energy hadronization effects shouldic bottom-+bottom Ifb), charm+charmdc) and light+light
not influence the total cross section and the distributidns get pairs. The three other combinations are the flavour-
the charm and bottom hadrons. In this approximation, propasymmetric bottom+light, charm+light and bottom+charm
erties of the jets containing heavy flavour hadrons are exjet pairs. In the following discussion, these six dijet flavo
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states will be denoteBB, CC, UU, BU, CU, BC, whereU sists of an inner tracking detector, surrounded by an elec-
stands for lightC for charm andB for bottom jet. tromagnetic calorimeter, hadronic calorimeters and a muon
Inclusive bottom jet antib_production in hadronic colli- spectrometer. For the measurements presented in this,paper
sions have been studied by several experiménts [1-5] in thiée tracking devices, the calorimeters and the triggeesyst
past, see also a revieW! [6] and references therein. Recentiye of particular importance.
CMS published cross-sections for inclusive bottom jet pro-  The innermost detector, the tracker, is divided into three
duction [7], bb decaying to muons _[8] and bottom hadron parts: the silicon pixel detector, the closest layer lying
production|[9], as well aBB angular correlation$ [10]. The 5.05cm from the beam axis, the silicon microstrip detector
bb cross-section was also measured by LHCB [11]. ATLASand the transition radiation tracker, with the outermogeta
published a measurement of thie cross-section in proton- situated at 07 m from the beam axis. These offer full cover-
proton collisions at,/s = 7 TeV [12], employing explicit age in the azimuthal angtgand a coverage in pseudorapid-
b-jet identification b-tagging). However, théb final state ity of || < 2.50. The tracker is surrounded by a solenoidal
constitutes only a small fraction of the total heavy flavourmagnet of 2T, which bends the trajectories of charged parti-
guark production in dijet events, and the inclusive bottomcles so that their transverse momenta can be measured. The
cross-section contains a significant contribution fromtimul liquid argon and lead electromagnetic calorimeter covers a
jet states. This paper presents a simultaneous measuremeseudorapidity range dfj| < 3.2. It is surrounded by the
of all six dijet flavour states, including those with charm. hadronic calorimeters, made of scintillator tiles and inon
The BC, CC andCU dijet production at the LHC is stud- the central region|| < 1.7) and of copper/tungsten and
ied for the first time. This approach provides more detailediquid argon in the endcaps 8< |n| < 3.2). A forward
information about the contributing QCD processes and chakalorimeter extends the coverage|tp < 4.9. The muon
lenges the theoretical description of the underlying dynamspectrometer comprises three layers of muon chambers for
ics employed in QCD Monte Carlo simulations. track measurements and triggering. It uses a toroidal mag-
The analysis procedure exploits reconstructed secondanetic field with a bending power of 1-&Tm and provides
vertices inside jets. Since kinematic properties of seaond precise tracking information in a range|of| < 2.7.
vertices depend on the jet flavour, a measurement of the indi- The ATLAS trigger system [13] uses three consecutive
vidual contributions of each flavour can be made by employlevels: level 1 (L1), level 2 (L2) and event filter (EF). The
ing a fit using templates of kinematic variables. No explicitL1 triggers are hardware-based and use coarse detector in-
b-tagging is used, i.e. no flavours are assigned to individudiormation to identify regions of interest, whereas the Lig-tr
jets. The excellent separation of charm and bottom flavoureders are based on fast online data reconstruction algaithm
jets in the ATLAS detector is demonstrated in the analysis. Finally, the EF triggers use offline data reconstructioroalg
The analysis uses the data sample collected by ATLASithms. This study uses single-jet triggers.
at /s= 7 TeV in 2010, corresponding to an integrated lu-
minosity of 39 pbl. The prescale settings of the different
single-jet triggers used in the analysis varied with lunsino 3 Event and jet selection
ity such that the actual recorded luminosity is dependent on
the transverse momentupy of the leading jet. Selected events are required to have at least one recon-
This paper is organised as follows. The ATLAS detec-Structed primary vertex candidate. A candidate vertex must
tor is briefly described in Sedf] 2. Sectibh 3 describes th&ave at least 10 tracks with transverse momenfym>
event and jet selection procedure for data and Monte Carld50 MeV associated to it, to ensure the quality of the ver-
simulation. Sectiofil]4 summarises the Monte Carlo simulat€X fit. If several vertex candidates are reconstructedytiee
tion. Sectior[b discusses the theoretical predictionstfer t With the largest sum of the squared transverse momenta of
flavour composition of dijet events. The reconstruction ofassociated tracks is considered to be the main interaction
secondary vertices in jets as well as the kinematic template/ertex and used as the primary vertex in the following.
for the flavour analysis are presented in SEEt. 6. A detailed Jets are reconstructed using the da@igorithm with
account of the analysis method is given in Sect. 7. In Sect. 8 jet radius parametd® = 0.4 [14]. Topological clusters of

the results of the analysis are presented and systematic u@ergy deposits in the calorimeters are used as input for
Certainties are discussed_ the CIUStering algorithm. TraCkS W|th|n a cone AR =

LATLAS uses a right-handed coordinate system with its origitthe
nominal interaction point (IP) in the centre of the detecod thez-
2 The ATLAS detector axis along the beam pipe. Theaxis points from the IP to the centre
of the LHC ring, and thg-axis points upward. Cylindrical coordinates
. (r,) are used in the transverse plagepeing the azimuthal angle
The ATLAS detector [13] was designed to allow the study ofaround the beam pipe. The pseudorapidity is defined in tefrtiseo

a wide range of physics processes at LHC energies. It compolar angled asn = —Intan(8/2).



Leading jetpr [GeV] 40-60 60-80 80-120 120-160 160-250 250-500
Subleading jepr [GeV]  30-60 40-80 50-120 75-160 100-250 140-500
Number of events 304103 251406 887185 660168 242979 146117
[ Ldt[nb™1] 70 247 1880 8640 8640 38700

Table 1 Kinematic boundaries, together with the numbers of sefedijet events and the corresponding integrated lumiressior each leading
jet pr bin.

(A9)2+(An)2 = 0.4 around the jet axis are assigned tion of multiple parton interactions, using a specific ATLAS
to the jet. Only jets with a transverse momentumpef>  Underlying Event Tune (AUET1) [26]. The possible influ-
30 GeV and a rapidity ofy| < 2.1 are considered. Jets in ence of multiple proton-proton interactions within the gam
this rapidity range are fully contained in the tracker accep bunch crossing is studied by adding minimum bias events,
tance region, such that track and vertex reconstructiadéns customised to the beam conditions of the 2010 LHC run at
jets are not affected by the boundaries of the tracker accep-TeV, to each PTHIA event.

tance. Jets are furthermore required to pass a quality-seleC The PyTHIA 6.423+E/TGEN [27] event generator, us-
tion [15/16] that removes jets mimicked by noisy calorime-ing charm and bottom decay matrix elements with all se-
ter cells or those that stem from non-collision backgroundsquemia| decay correlations and measured branching ra-
Finally, the two jets with highespr in the analysis accep- o5 where available, is utilised for the simulation of the

tance are required to have an angular separation in azimufihysics of bottom and charm hadron decays. It will be called
of Ag > 2.1rad, i.e. to be consistent with a back-to-backpy 14 +EvTGEN in the rest of the paper.

topology. This cut removes events in which one of the lead-

e . - . The NLO generator 8wHEG [28+31] is used to inter-
ing jets is produced by final-state hard gluon emission or jet _ Co

S . pret the analysis results. IOWHEG, the parton distribution
splitting in the reconstruction.

The full data sample is split into six bins in the trans_functlon set used for the event generation is MSTW 2008

N : . NLO [32] and the parton shower generator igTRIA .
verse momentunpr of the leading jet. The bin boundaries
correspond to the 99% efficiency thresholds of the vari- N order to compare Monte Carlo predictions with data,
ous single-jet triggerd [17]. For events passing the tiigge truth-particle” jets are used. They are defined by the &nti-
requirement, the leading and subleading jets have to fulR = 0.4 algorithm using only stable particles with a lifetime
fil pairwise-specificpr conditions that are summarised in longer than 10ps in the Monte Carlo event record. Muons
Tablel1. The numbers of events selected in each leading j@f'd neutrinos do not contribute significantly to the jet gger

integrated luminosities. particle jets, to avoid having to correct for the missing jet

energy in data.

The flavour of jets is assigned in the Monte Carlo sim-
4 Monte Carlo simulation ulation by labelling a jet as b-jet if a bottom hadron with
pr > 5 GeV is found within a conAR = 0.3 around the jet

Dijet events are simulated usingrPHIA 6.423 [18] for axis. If no bottom hadron is present but a charm hadron is
the baseline template construction, parameter estimatidn  found using the same requirements, then the jet is labelled
Monte Carlo (MC) comparisons. This leading-order (LO)aS ac-jet. All other jets are labelled as light jets. If two bot-
generator is based on parton matrix-element calculations f tom hadrons withpr > 5 GeV are found within a cone of
2 — 2 processes and a string hadronisation model. Modifie§iZEAR = 0.3 the jet is labelled as lrjet with two bottom
leading-order MRST LO*[10] parton distribution functions hadrons, and similarly fa-jets with two charm hadrons.
are used in the simulation. Samples of dijet events were gen- The particle four-momenta are passed through the full
erated using a specific set of generator parameters, known gisnulation [33] of the ATLAS detector, which is based on
the ATLAS Minimum Bias Tune 1 (AMBT1).[20]. GEANT4 [34]. The simulated events are reconstructed and
For the study of systematic effects and for the in-selected using the same analysis chain as for data. After the
terpretation of the final results, other Monte Carlo sam-dijet event selection, the Monte Carlo events are reweijhte
ples are utilised. The main cross-check study is performeth each analysigr bin to match the observed leading and
using the Herwig++ 2.4.2[[21] generator. The other LOsubleading jefpr spectra. Any remaining discrepancies in
samples used areYPHIA with the next-to-leading-order the rapidity distributions between data and simulation are
(NLO) CTEQ 6.6[22] parton distribution functions and Her- small and are included as sources of systematic uncertainty
wig 6.5 [23] used with (MmY 4 [24/25] for the simula- as detailed in Sedi. 8.3.
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Fig. 1 The contributions of the different production processesttusiveb-jet production in 7 TeVpp collisions are shown as a function lnfet

pr, as given by RTHIA 6.423 and obtained for truth-particle jets. The plot on #@i¢ (a) shows the contribution of quark pair creation, heavy
flavour quark excitation and gluon splitting; the plot on tight (b) shows the different processes contributing taglsplitting, namely initial-
and final-state gluon splitting, the latter leading to jeithvene or twob-hadrons. Truth-particle jets are reconstructed with thiéla R= 0.4
algorithm in thely| < 2.1 rapidity region.

5 Theoretical predictions pidity range of|y| < 2.1 with the PrTHIA 6.423 [18] gen-
erator. Figurd I(B) shows the decomposition of the gluon
5.1 Heavy flavour production splitting process into initial- and final-state gluon i,

the latter leading to jets with one or tvishadrons.
Following the discussion i [35], heavy flavour quark pro-  The above classification is not strict but can be used as a
duction in hadronic collisions may be subdivided into three, 56is for gaining a qualitative understanding of the fesstur
classes depending on the number of heavy quarks participaf heavy flavour quark production. Pair creation of heavy
ing in the hard scattering. Hard scattering is defined as thg,,our quarks gives an insight into perturbative QCD with
2 — 2 subprocess with the largest virtuality (or shortest dis155sive quarks. The back-to-back requirement used in the
tance) in the hadron-hadron interaction. In the followiQ,  analysis reduces the contribution of NLO QCD effects to the
stands for a heavy flavour quarfor a light flavour quark jet-pair cross-sections with two heavy flavour je& and
andg for a gluon: CC. The heavy flavour quark excitation process, on the other
hand, is sensitive to the heavy flavour components of the par-
ﬁ)n distribution functions of the proton. It produces mginl
5 — avour asymmetri@U andCU jet pairs. The gluon splitting
by gg = QQ andqq > QQ. mechanism is sensitive to non-perturbative QCD dynamics

— Heavy flavour quark excitatiora single heavy flavour ) S i )
quark from the sea of one hadron scatters against a pazF)._nd also contributes significantly to the mixed flavour jet

ton from another hadron, denotg® — gQ andqQ — pair states, i.eBU andCU. However, this contribution is
qQ, respectively. AIterna’éiver, the heavy flavour quark different from heavy flayour quarl_< excitz;tion because i_t- cre
excitation process can be depicted as an initial—statmglugtes a heavy quark-antiquark pair. The jet reconstruction a

splitting into a heavy quark pair, where one of the heav;ﬂqr'thm eltherf [[r;]cludetf] bOth:e?"y ?#arks n atsm?Iz J_e: or
guarks subsequently enters the hard subprocess. MISSEs one of tnem, Ihus reducing the reconstructed Jet en-

— Gluon splitting in this case heavy quarks do not parti- ergy and its fraction taken by the remaining quark. The two

cipate in the hard subprocess at all, but are produced iROSS'b'ImeS :jesult mddlfferen.t klngmatlc propertlﬁ;t:b b
g — QQ branchings in the parton shower. reconstructed secondary vertices in these jets, which ean

exploited for the separation of gluon splitting from theea
The relative contributions of the different heavy flavour flavour quark excitation contribution.
quark production mechanisms to inclusivget production To compare the predictions of theoretical models with
are shown in Fid. I(&) for simulated proton-proton collio data, the truth-particle jets defined in Secfidn 4 are used in
at 7 TeV. The fractions are calculated for akitjets in ara- the analysis. The truth-particle dijet system is definedhas t

— Quark pair creationtwo heavy quarks are produced in
the hard subprocess. At leading order this is describe
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e energy loss is absent for light jets and is very different

c

2 1- ATLAS . EH E for bottom and charm jets.

E - Simulation, Pythia 6.423 A CC ] — If several heavy flavour quarks appear in the jet fragmen-
- Truth dijets, Is=7Tev M Eg ] tation process (e.g. via gluon splitting) one of them can

be left outside the jet volume by the jet reconstruction
algorithm, which leads to a reduction in the jet energy.

_ A....._..r.—m—.—Q—Q—.—.—H—.—.-’.'
101

F ._._m*m-“

el As a result, the average jet energy for heavy flavours be-
N comes smaller than the jet energy for light flavours, such
102 AR ah g aA that heavy flavour jets are predominantly produced as sub-
B i leading jets in the mixed-flavour dijet pairs. This effechca
oV R S = be described using a flavour asymmetry defined as
| | | | NSL
Y
100 200 300 400 500 Poc=rr — L, 1)
b,c

Leading jet P, [GeV]

L,SL . .
whereN. >~ denote the number of leading or subleading bot-
Fig. 2 PYTHIA 6.423 predictions for different bottom and charm dijet b,c 9 9

fractions as a function of leading jet, obtained for truth-particle jet tom or charm jets. The predictions f-AB,C given by different
pairs, where the jets are back-to-back and hpye> 20 GeV in the  Monte Carlo generators are shown in [Eip. 3 for the truth par-
ly| < 2.1 rapidity region. ticle jets defined in Sedil 4.

g
~

I
o

two truth-particle jets with the highegtr in the|y| <21 £ atias | 1 €7 aras’ ]
rapidity range, required to be consistent with a back-tokba g 12 Smuaton 7 g 0spSmuaton - ]
. . E [ e Powheg + Pythia 6.423 E [ e Powheg + Pythia 6.423
topology,A¢ > 2.1rad, with both the leading and sublead- g i pythia6.423 1 4 04F u Pythia 6.423 ]
ing jets havingpr > 20 GeV. | o I hm et Fos LB
The leading-order predictions for flavour jet production o+ —41 E
in truth-particle dijet events are illustrated in Fig. 2, eva o L I W ]
. . . . o4l — o 4 - —
the ratio of different heavy+heavy and heavy+light dijet L e ] e T ]
cross-sections to the total dijet cross-section is shown fc  o02=—4— i**’i ] O;#:ii_k ]
ly| < 2.1 as a function of leading jgtr, for 7 TeV pp col- P . ]
lisions as predicted by WHIA 6.423. Heavy flavour jets |~ eV b Tundies 7Ty
in the dijet system are mainly produced in tBg andCU o0 106 200 300 50 100 200 300
combinations. PTHIA 6.423 predicts a slow decrease of the Leading jet p, [GeV] Leading jet p, [GeV]
BB andCC fractions and an increase of tB& andCU jet (@) (b)

fractions as a function of the leading jet. The mixedBC

fraction increases with jgbr and becomes equal to tiz8 Fig. 3 The asymmetries in the amount of (a) bottom and (b) charm
. truth particle jets as taken from dWHEGHPYTHIA 6.423 (black
fraction above- 350 GeV.

points), FrTHIA 6.423 (squares), Herwig++ 2.4.2 (triangles) and
PYTHIA+EVTGEN (open squares) in leading and subleading jets, for
each leading jepr bin used in the analysis.

5.2 Differences in heavy flavour rates in leading and

subleading jets

The ki . : fth duced in had PowHEG, which includes higher-order QCD effects, pre-
e kinematic properties of the partons produced in ha ro(Elicts,asignificantfIavourasymmetrywhichincreasesstJrong

nic interactions are mostly flavour independent, if mass efIy with jet pr. The flavour asymmetry predictions of the
fects are neglected. The two back-to-back partons with thEO PyTHIA generator are smaller than those of the NLO

highestpr in the event should therefore not show any Sig'POWHEG generator. The latter usesrPHIA 6.423 for the

nificant flavour-dependent difference in their kinematia-fe fragmentation and thus shares the same description of the

tures. Howefverl, the partops can be SIUd'e,d o-nly through th(?ecays of heavy flavour hadrons. Since the influence of the
corresponding jet properties after hadronisation. Heasy fl different parton distribution functions was also found ® b

vour quark presence in a jet can influence the jet prOpertieﬁ’egIigible, the differences iAy, . between these generators
through the following mechanisms: (Fig.[3) should be attributed pfimarily to NLO QCD effects.
— Semileptonic decays of heavy flavour hadrons decreasthe LO Herwig++ generator employs another fragmenta-
the jet energy, because neutrinos are not detected and thien model and predicts asymmetries similar to tleenIEG
muon energy is hot measured in the calorimeter. Thiones, although with a somewhat differgrtdependence.



For the measurement of the dijet flavour fractions, thismomenta of associated particles and assigning them pion
flavour asymmetry needs to be correctly described in thenasses [36], greater thard0GeV.
data analysis. The fact that the Monte Carlo generators pre-

dict significantly different asymmetries indicates tigf.
should be determined directly from the data. 6.2 Secondary vertex reconstruction efficiencies

The secondary vertex reconstruction efficiency is dependen
on the jetpr due to several effects such as the depen-
dence of the track reconstruction accuracy and the increase
of the flight distance of heavy flavour hadrons with grow-
ing jet pr. The probability of reconstructing a fake vertex

Secondary vertices are displaced from the primary verte>|(n a light jet is also affected by the increase of the number

pecause_ they Qr|g|nate fTo”‘ the decays 9f long-lived PaTLf tracks in a jet with jetpor. Due to thepr-dependent ver-
ticles. Kinematic properties of these vertices, e.g. the in

. . - tex efficiency and differenpr distributions for leading and
variant mass or total energy of the outgoing particles, de-

) : .- subleading jets in dijet pairs, the number of reconstructed
Raour hachons and are thevefore diferent for botom andi°CCTdalY veries n these jes are diferent.
. LT The secondary vertex reconstruction efficiencies pre-
chqrm jets. Reconstructed secondar-y vertlcgsmlllghe;e{s dicted by the ATLAS detector simulation based on dijet
mainly due tng andA [36] decays, interactions in the de-

tect terial. or fak i The fak truckd events from RTHIA 6.423 are shown in Figl4. There is
ector matenal, ortake vertices. The fake reconsttucll V-, yifterence between secondary vertex reconstruction effi

tices are composed of tracks which occasionally get clossiencies in leading and subleading jets for charm and bot-

Eogekther duet to ? high dens_lltryl/ (.)f trackst_ln the jet core_fan om jets. However, the fake vertex reconstruction probabil
rack reconstruction errors. Their praperties are verje ity in light jets is noticeably higher for subleading jethi¥

ent frqm those OT heavy flavour decgy_s. The cu_rrent a_nalys'?equires the introduction of two separate secondary vertex
exploits these differences by combining the kinematic fea-

. ) : ﬁrobabilities for leading and subleading light jets.
tures of the reconstructed secondary vertices in an optim
way into templates for bottom, charm and light jets.

6 Secondary vertex reconstruction and analysis
templates

6.3 Template construction and features

6.1 Secondary vertex reconstruction in jets The specific choice of the kinematic variables for the dijet
flavour measurement is driven by the requirement to have
The vertex reconstruction algorithm aims at a high reconmaximal sensitivity to the flavour content. Furthermore, if
struction efficiency and therefore determines verticesnin a several variables are to be used, the correlations between
inclusive way, i.e. a single secondary vertex is fitted fatrea them should be kept small. Another important requirement
jet. In the case of a bottom hadron decay, the subsequeista minimal dependence on the jet and rapidity, in or-
charm hadron decay vertex is usually close to the bottom on@er to minimise systematic effects due to a possiileor
and is therefore not reconstructed separately. A detaiked d rapidity mismatch between data and Monte Carlo simula-
cussion of the algorithm and its performance can be found ifion. Also, pr-invariant variables allow a robust analysis to
theb-tagging chapter of Ref,_[17]. The reconstruction startdoe made over a wide range pf.
by combining pairs of good quality tracks inside jets to make ~ For this study the following two variables are chosen:

vertices, where the latter are required to be displacedfsign Ei
Myertex— 0.4 GeV. vertex

icantly from the primary interaction vertex. The two-track 7 = (2)
vertices coming froan andA decays and interactions in Me %tEi

the detector material are removed from further considera-

tion. For the light jets, the remaining candidates aftes thi VATE % luil

cleaning are mainly fake vertices. All remaining two-trackB = ————~——, 3)

vertices are merged into a single vertex. This vertex is re- Mvertex /Piet

fitted iteratively by removing tracks until a good vertex fit where each sum indicates whether the summation is per-
quality is obtained. The corresponding decay length is deformed over particles associated with the secondary vertex
fined as a signed quantity, where the sign is fixed by ther over all charged particles in the jet. Particle transgers
projection of the decay length vector—the vector pointingmomentum and energy are denotedmgsand E, respec-
from the primary event vertex to the secondary vertex—ontdively. In essencelT is the product of the invariant mass
the jet axis. The vertex is required to have a positive deeof the particles associated with the vertem ey and the
cay length and a total invariant mass, calculated using thenergy fraction of these particles with respect to all cbdrg
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particles in the jet. The.@ GeV constant in E4.[2) is the cut bin, as predicted by the full detector simulation of

value used for the secondary vertex selection in this arsalys PYTHIA 6.423 events. These two-dimensional distributions

The parameteB corresponds approximately to the relativis- are used as flavour templatgg/1",B"), C(I17,B") and

tic y factor of the system composed of the particles assoB(/17,B") in the analysis as detailed in Sectioh 7. Fea-

ciated with the vertex, normalised to the square root of theéures of the observables are also illustrated in Higs. 6 and

jet transverse momentum. Thas = 5.2794 GeV constant [7. Both /1T andB' are independent of jet rapidity for all

is the averag8-meson mas$ [36] and is used for normalisa5et flavours. This is illustrated in Figl 6 for the light jeinie

tion. plates, which are most sensitive to reconstruction ancceete
To facilitate the fit procedure, the variables are trans+or effects. The1' variable is very similar in shape in the

formed into the interval [0,1]: [40,60] GeV and250,500 GeV bins and is only weaklpr-

T rn 4 dependent. Figuriel 7 demonstrates thdt is only weakly
- [1+0.04 ) dependent on the different heavy flavour production mech-
. B-B anisms described in Sefl. 5. In contrast, Blevariable is
~B-B+10. () sensitive to the gluon splitting contribution, in partiauto

The tuning constants.04 in Eq.[) and 10 in EGI5) have the case where this mechanism produces two quarks of the
' Ssame flavourin a jet. In additid®’ has a distincpr depen-

dence. However, thB' variable provides good sensitivity
o the charm contribution. No difference in flavour tempéate
between leading and subleading jets is observed.

been chosen to maximise the difference in the mean valu
between the light and heavy flavour distributions.

Joint distributions of these observables are shown i
Fig.[  for light, charm and bottom jets in tH&0,80 GeV
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[250,500 GeV range fof (H) charm jets afid(d) bottom jets obtained fuillly simulated P THIA 6.423 dijet events. The distributions are shown
separately for jets stemming from quark pair creation, lidavour quark excitation, gluon splitting (GS) with one @t heavy flavour quarks
inside the jet. All distributions are normalised sepasatelunit area.

The fraction of jets with two heavy quarks produced infault 2b-jetB(/71",B") content provided by PTHIA 6.423.
gluon splitting may be incorrectly predicted by thei1A  The charm jet template is modified similarly with substitu-
simulation, especially in the higbr region where this con- tionsb, — c; andB,(117,B") — C,(M",B"). Using Eq[(6),
tribution becomes large (see Fig. 1). This phenomenon wake heavy flavour template shapes can be obtained directly
discussed in more detail in [37]. Therefore a separate corfrom the data by optimising thb, and c, parameters to
tribution of doubly-flavoured jets is included in the analy- achieve the best possible data description. As is demaedtra
sis, to account for the corresponding dependence oBthe in Sect[8, the adjustment of the contribution of jets witlo tw
variable. The two-dimensional template for bottom jets isb-hadrons to the bottom template significantly improves the
replaced by the two-component template overall quality of the description of the dijet data.

B(NM",B") = (1—by)-B(IM",B")+by-By(I1",B"), (6)
whereB,(1",B") is a template for jets with twb-hadrons
andb, is a parameter governing the deviation from the de-



6.4 Template tuning on data using track impact parameterleV

N =2(1-w) - w-fuu+2(1—vc) v fcc (8)
The secondary vertex reconstruction algorithm uses track +2(1—vg) Vg fes
impact parameters divided by their measurement uncertain-
ties for the vertex search, thus its results depend cryaiall (=) ve+w - (1=ve)) - feu
the track impact parameter resolution. A good description +((T=w)-ve+w-(1-ve))- feu
of the track impact parameter accuracy and the correspond- +((1—vc)-ve+vc-(1—vB))- fec
ing covariance matrix is therefore mandatory in the detecto
simulation, in order for the secondary vertex templatesto b Noy = N — Nyy — Ny (9)

constructed correctly. . .. .
y Here N is the total number of dijet events arfgx is

To improve the agreement between data and Montene fraction of the respective dijet flavour component chose
Carlo simulation, the analysis templates are tuned on datach that

Firstly, an additional track impact parameter smearing is

applied to the PTHIA events. To estimate the necessaryUU + fec+ fes+ fou + fau + fec = 1. (10)
amount of smearing, the data and Monte Carlo track impact The joint distribution of thel7" andB' variables for
parameter distributions are compared in bins of tragland  dijet events with one reconstructed secondary vertex can be
pseudorapidity [38]. However, the smearing procedure doesbtained using Ed.{8):

not correct the track covariance matrices. A second step is

therefore taken. Two sets of templates are produced, using(1",B") = 2(1—w)w fuyU (1 ",B") (12)

both the ;meare_d anq non-smeared iMA §.423 samples._ +2(1—ve)vefecC(T,BT)

A normalised mlxture_|s then cpmpared with the data, using +2(1— Ve) Ve TagB(MTT,BT)

secondary vertices with negative decay length to obtain the

optimal mixing fraction. These vertices depend only weakly +{(1—Vu)\cC(I",BT) + W (1—ve)U (M 7,B)} fey

on the exact flavour content of jets and are not used in thet+ {(1—wy)veB(M",B") + vy (1—vg)U(M7,B")} fu

Fiijet analysis. The mixing fracti.on. is chosen to be flavour {(1—vc)veB(MT,BT) +vc(1—ve)C(MT,B")} fac.
independent. The optimal description of the data for thie ful

pr range is obtained with a fractidfymear= 0.65440.023 Here 2(M",B") is the observed data distribution and
for the smeared template in the mixture. This template tunU (l1",B"), C(T1",B") andB(11",B") are templates de-
ing procedure gives a significant improvement in the data fitived from Monte Carlo simulation with

quality in the signal region. /U(I‘IT,BT)dI'ITdBT _ /C(I‘IT,BT)dFITdBT (12)

cC C

= / B(rn'",BNdm dB" = 1.

The case of two reconstructed vertices requires more
careful consideration. Assuming that the two jets are inde-
7 Analysis method pendent, the joint distribution g " andB' can be written
considering Eq{7) in the following way:
7.1 Dijet system description
ol P 2(n{ .B].Mj B}) = (13)
. . ww fuu -U (1 ,BHU(M, ,BJ
The secondary vertex reconstruction procedure can find ver- W fuu - U( i’ Tl) ( Tz’ TZ)
tices with probabilitiesty, vc andvg for light, charm and +veve fec - C(M1y, By )C(M1,,B;)
bottom jets, respectively. For simplicity, thgg-dependence +vgve fes-B(I1; ,B])B(I1, ,B])
of ;hessl prgpapilitie(s andsr'_c_i] gig()erences tl)ethefn |e:din90.5-vuvc fou
and subleading jets (see 2) are neglected for the mo: ¢\ 17 BT\c(T BT T T T nT
. o . , ,By)+U(M, ,B,)C(; ,B
ment. In the leading and subleading jet of a dijet event, zero (U8 )C(1z ,B2) +U (177, B, )C(My By )}
one or two secondary vertices can be reconstructed overalf;0-5-Vuve fau
The numbers of 2-, 1-, or 0-vertex dijet events can be calcu-x {U (M, ,B{)B(/1, ,B])+U(, ,B])B(1;,B])}
lated as: +0.5-vcvg fae
— = ww fuu +Vveve fec + veve fee (7) ,
. ¢ ¢ Provided that the templated (I17,B"), C(I17,B")
+WuVeleu +Vuvslsu + VeVelec and B(M'",B") are given, the eight variables
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VU, Ve, VB, fce, fes, feu, fcu, fsu fully describe the 7.2 Data fitting function
properties of secondary vertices in ideal dijet eventseuith
kinematic dependencies. Note that only five fractions ard he complete dijet model combines all the ingredients pre-
needed, since any of the six fractions depends on the othegented in the previous sections. The formulae above can be
through Eq[{ID). In this paper the quantity, is excluded. modified to take into account the dependence of the vertex
reconstruction efficiencies on jgtr, as well as on whether
The description of the dijet system must be modified td€tS are leading or subleading (Séctl6.2). Variable fomti

take into account the dijet flavour asymmetry (SEcT 5_2)9f jets with two bottom or charm quarks inside can alsq be
The BB andCC dijet states are flavour-symmetric and thusncorporated (Seck.6.3). The full model has the following
do not require any modifications in their treatment. The deS€t Of parameters:

scription of theBC dijet fraction is also left symmetric be- i (pr), Vi (pr),ve(pr), vB(PT), (16)
cause charm and bottom asymmetries partially compensate fag, fac, fec, fau, fou,
each other and the fraction itself is smai 0.5%). Thus

only the treatment of th&U andCU fractions has to be Ae, C2, Ao, b

modified. The analysis formalism is changed in the follow- In order to reduce the set of parameters in the model to
ing way. The sample of dijet events with only one recon-the maximum that is affordable with the 2010 data statistics
structed secondary vertex is split into two subsamples, aadditional assumptions need to be made. The charm and bot-
cording to whether the vertex is reconstructed in the leadtom vertex reconstruction efficiencies are defined mainly by
ing or subleading jet. These two subsamples are describdwavy flavour hadron lifetimes and heavy parton fragmenta-
separately, assuming different contributions of @i¢ and  tion functions, which are known well from previous exper-
BU dijet fractions. More specifically, thécy and fgy co-  iments. Therefore, Monte Carlo predictions fay and v
efficients in Eql(B) and Eq.(11) are replaced by pairs of coare more robust than the fake vertex probability in lighs jet
efficients f5, S5 and f5,, f§5 for leading and sublead- vy, which is governed mainly by detector and reconstruc-
ing jets, respectivelyL and SL denote here whether the tion accuracies. The charm asymmefy is smaller than
heavy flavour is in the leading or in the subleading jet.the bottom one (Fid.]3) and the admixture of jets with two
The jet flavour asymmetry of EgI(1) can be rewritten ascharm quarks influences the charm template shape less than
Apc = f{SBL,C}u/f{LB.c}u — 1. The new equations for events in the bottom case (Fi§l 7). Therefore, the following simpli
with a reconstructed secondary vertex in the leading jet cafications are used in the analysis:

then be written: — The fraction of jets with two charm quarks is set to the

baseline PTHIA 6.423 prediction.
Nk, — The charm jet asymmetry is fixed g = max0, AM)
=2 @-w)w-fuu+2-(1-ve)verfee (14) using the RTHIA 6.423 prediction, see Fif] 3.
+2-(1—Vg)- Vg fes — The pr-dependent pgrame_terisa_tions obtained with the
1 (L 1 £SL full ATLAS detector simulation (Fid.}4) are used for bot-
+HI-w)-ve- cv - (I-v)- v tom and charm vertex reconstruction efficiencies
+(1—=w)-ve- fgy +wu - (1—va)- fay ve(pr) = V¥ (pr) andvg(pr) = V¥C(pr).
+((1—vc)-ve+Vvc-(1—vg))- fac — The light jet vertex reconstruction probabilities are para
metrised as; (pr) = s\ ~VLL,<MC)(pT) and
Vi (pr) = s\t v ™% (pr) for leading and sublead-
L . L(MC L(MC
Z4nT,BT) =2 (1—w)wfuu -U(TT,B") (15) ing jets, respectively. HemU( )(pT) andvU< )(pT)
2. (1 ¢t C(T BT are thepr-dependent secondary vertex rates in light jets,
+2:(1—-ve)vefee-C(M B ) obtained with the full detector simulation and shown in

+2-(1—vg)vefes-B(M',B") Fig.[. The scaling factors\j, s\G" are allowed to vary
+(1—-w)ve-C(NT, BN, +w(l—ve)-U(nT,BN)fSy in the fit.
+(1—w)ve-B(IMT,BN)fE, +w(1—ve)-U(MT,BT)fSY The final model has a reduced set of nine free parame-
+{(1—vc)vg-B(M",B") +vc(1—vg)-C(M",B")} fac. ters:
s\y,s\6- fee. fac, fec, faus fou, Ao, 2. 17)

The corresponding equations for dijet events with a re-This simplified model is used for fitting. Systematic effects
constructed secondary vertex in the subleading jet canbe obriginating from the simplifications above are included in
tained from Eq[(I¥) and EQ.{L5) by substitutiflg, <> f3;  the systematic uncertainties on the flavour fraction mesasur
andfl, < 5. ments.
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7.3 Validation of the analysis method simulation. The probability is averaged over leading and
subleading jets in eacpy bin. The vertices found in light

A dedicated simulation technique was developed to valijets are mainly fake ones (Sect. 6), therefore their prdbabi
date the analysis method. It uses a set of secondary verticeg is very sensitive to the details of the track and vertex
which are reconstructed in all jets in the dijet sample genreconstruction. Good agreement between data and Monte
erated with RTHIA after full ATLAS simulation, and are Carlo simulation demonstrates that the ATLAS detector per-
stored in a dedicated database in bins ofjgtrapidity and  formance is well understood in the Monte Carlo simulation.
flavour. Figure[9(b) shows the deviation of the admixture of jets

To produce a dijet event, ther and|y| values for each  containing two bottom hadronis;, from the PrTHIA 6.423
jet are generated randomly according to the correspondingrediction. The significance of the measured admixture ex-
data distributions. Jet flavours are assigned accordingeto t cess confirms the importance of this additional contributio
predefined dijet flavour fractions and the flavour asymmeof double-bottom jets for a correct description of the data.
tries (Sect[5R). The flavour-dependent vertex reconstrucThis observation agrees with the results’of [37]. The double
tion efficiencies (Fig.4) determine whether a secondary vemottom jets are produced by the gluon splitting mechanism
tex is reconstructed in the generated jet. The vertex paramgSect. 5). However, the analysis is unable to determine if a
ters are then taken from a fully simulated secondary vertexgontribution from this mechanism to the fraction of jetstwit
picked at random from the vertex database bin with correa single bottom hadron (see Fig. 4(b)) is also enhanced in
spondingpt andly|. data.

Two independent sets of events are generated in a pseudo- The fit results for theb-jet asymmetryA, need to be
experiment, one for the construction of templates and oneorrected for detector effects, in order to represent truth
to define a pseudo-data sample. These pseudo-data are aparticle jets. The necessary correction is defined as ardiffe
lyzed, using the relevant templates, to estimate the madel pence between truth-particle jet and reconstructed jet asym
rameters. Repetition of the pseudo-experiments has demometries, averaged over afiy bins using RTHIA 6.423,
strated that the fit method is able to measure the model pgerwig++ 2.4.2 and PTHIA+EVTGEN dijet events. The
rameters in EQ.(17) within a wide range of initial valueseTh resulting correction of 0.08 0.02 units is added to the
estimators obtained from the fits are unbiased and have puit results. The corrected-jet asymmetry is compared
distribution dispersions close to one. to the truth-particleb-jet asymmetries in PTHIA 6.423,
POWHEG+PYTHIA 6.423 and Herwig++ 2.4.2 in Fif] 9(c).
PYTHIA 6.423 predicts a much smallesjet asymmetry than
observed in the data. Since semileptonic decays are well
described in PTHIA 6.423, the undetected energy due to
neutrinos and muons from these decays cannot be the main

An event-based extended maximum likelihood fit is used té:ontnbutor to the observeltjet asymmetry. Modifications

fit the data. The fit is performed using theIMIT [39] of the PrTHIA 6.423 generator, such as different proton
package in.cluded in the GO [40] framework. A multi- structure functions or different bottom parton fragmeiotat

nomial distribution is used in the likelihood function to-de functions, are unable to improve substantially the agregme

scribe the numbers of dijet events with zero, one or two repetween the data and Monte Carlo simulation. THet

. X . ++2.4.
constructed vertices. Using theiNUIT package, a detailed asymmetry predicted by Herwig 2 4 2 grows faSter with
. - . - . pr than for the data. The best description of the data is pro-
investigation of the likelihood function in the region anzl i :
. . ; vided by the PWHEG+PYTHIA 6.423 generator, suggesting
its maximum value has been performed, to estimate the St?ﬁat NLO accuracy is needed to reoroducetiiet asvmme
tistical uncertainties. It has been found that the paratagi y P g Y

proximation of the analysis fitting function is valid around try reliably.
the maximum point.
The quality of the description of the data obtained withg8.2 Unfolding
the fit is illustrated in Fig[18, where the data are compared
with the Monte Carlo distributions predicted by the fit in the To allow for a comparison with theoretical predictions and
[160,250 GeV analysis bin. All features of the data distri- to remove detector resolution and acceptance effects, the
bution are correctly reproduced, with a relative accuracy oflavour fractions for data must be unfolded to the truth-
better than 10%. The residual differences are within the sysatrticle jet level as defined in Sett. 5. A simple bin-by-bin
tematic uncertainties of the measurements. correction method is used. The expected inaccuracy intro-
Figure[9(a) presents the fitted vertex probability in lightduced by the unfolding procedure itself is small in compari-
jets together with the prediction for dijet events genatate son with the measurement uncertainties. The unfolding cor-
with PYTHIA 6.423 and passing through the full detectorrection factors for each flavour combination and leading jet

8 Results

8.1 Data fit results
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Fig. 8 Data description with the Monte Carlo templates obtained msult of the fit in thé160, 250 GeV analysis bin. (a) and (b) show the"
andB distributions for secondary vertices in the leading jetafed (d) show the same distributions for secondary vertitése subleading jet in
events with a single secondary vertex in two jets. (e) angh@w thel7T andBT distributions in the events with two secondary verticesaged
over leading and subleading jets. Data statistical unicei¢a only are used to calculate the errors of the data td/kbete Carlo prediction ratios.

pr bin are determined as ratios of the reconstructed dijelated using the fully simulatedY®HIA 6.432 dijet sample
events with required jet flavours to the corresponding truthand are typically in the 60%-100% range, mainly because
particle dijet events (Sedil 5) in a given bin. They are calcuof the pr cut on the reconstructed subleading jet. The correc-
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Fig. 9 Data fit results for the (a) average fake vertex probabifitlight jetsv, , (b) 2o-jet admixture deviatiom, and (c) bottom dijet asymmetry
Ap. Statistical uncertainties only are shown. The fake vepiebability is shown with the PTHIA 6.423 reconstructed jet predictions. THejat
admixture deviation parameter should be zerov¥frRIA 6.423 were fully consistent with data. The fitted bottom tiigymmetry is corrected to
the truth-particle jet level and compared with FHIA 6.423, Herwig++ 2.4.2 and@®WHEG+PYTHIA 6.423 truth-patrticle jet predictions.

tions are different for dijet flavour fractions in the sampge — The JES uncertainty and differences in energy between
bin due to semileptonic decays of heavy flavour hadrons and light and heavy flavour jets influence the unfolding cor-
different jet energy distributions for light and heavy flavo rection factors. The template shapes are also affected by
subleading jets. the remainingpr dependence of the' variable.
The truth-particle dijet flavour fractions in each analysis — Imperfect description of bottom and charm hadron decay

bin are calculated using the following formula: properties in Monte Carlo generators.

f.unfold _ fi/& (18) The influence of the differences in the jet and rapid-

: Sk(f/&)’ ity distributions between data and Monte Carlo simulation

on the analysis results is estimated by using A 6.423
templates obtained with and without thpg and rapidity
reweighting, respectively. The differences in the resatts

not coincide with thef; because all correction factogsin a ; - .
given analysis bin are different, as explained earlier.dllgu taken_ as systematic uncertamtu_as. Both r_na_ke only minor
8 ontributions to the full systematic uncertainties. Thituin

& is smaller than one; therefore the normalisation in[Eq.(1 f ) . . ) L .
is needed. The unfolded flavour fractions for truth-paeticl ence of pile-up is estlrpated by adding minimum bias even_ts
dijet events defined in Sed 5 are presented in Table 2, the PrTHIA 6.423 dijet events and repeating the analysis

well as in Fig[10, for the different leading jet bins. procedure. The eﬁect is found t°_ be negligible. )
A potential bias due to the incorrect modelling of the

JES is estimated by varying the jet energy response by
its uncertainty [[16]. Detailed studies have shown that the
JES uncertainty is smallest in the central calorimeter re-

wheref; is a flavour fraction obtained in the fit ardis the
corresponding unfolding correction factor. TRE"!4 does

8.3 Systematic uncertainties

The measured dijet flavour fractions are subject to syster‘rg'fon gz—,'o; 0'8(; fr(])r J_et?' W'th”pr |> 60hGe;/(’)/V\:'th \I/z:Iuei
atic uncertainties, due to the assumptions made in sajpctir? ~ 2:5%, and that itis well below the 5% level for the

the model parameters in EG{17) and the following effects: whole kinematic range of this analysis. Both jets in a jet pai
are varied simultaneously. An additiorajet energy uncer-

— Reconstructed jets in data and Monte Carlo simulatiortainty is taken into account, and also applied for charm jets
may have different kinematic properties due to triggerTemplates obtained fromy?HIA 6.423 events with mod-
requirements, jet energy scale (JES) uncertainties, €leaified jet energies are used for the data fit. Due to the de-
ing cuts in the data selection procedure and event pilependence of the parameterisation of the charm and bottom
up. vertex reconstruction efficiencies on jet, these values are

— Differences between data and Monte Carlo simulatiormodified following the jet energy scaling. The systematic
in the template shapes are possible, despite the tuning ohcertainty due to the JES is estimated to be half of the
the template shape to the track resolution, and the adiifference between the fit results with positive and negativ
justment of the fit to increase the fraction of jets with variation of the jet energy. The JES uncertainty is one of the
two b-quarks. major systematic uncertainties for all flavour fractions. |
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Lead. jetpr [GeV] 40-60 60-80 80-120 120-160 160—250 250-500
fag [%6] 0.65+0.04:0.12  0.63:0.04:0.11 0.58:0.02£0.11 0.61:0.03:0.10 0.58-0.05:0.07 0.3%-0.08:0.06
fic [%] 0.49+0.15:0.18  0.31%0.13:0.18 0.530.08:£0.19 0.52-0.09:0.22 0.28:0.17+0.24  0.93-0.36+0.24
foc [%] 1.08£0.30£0.31 1.51:0.29+0.33 1.03:0.11+0.28 0.86:0.13:0.24 1.68:0.30:0.44 0.70:0.47+0.50
fau [%] 4.07+0.14-0.45 4.780.14t0.46 5.430.08:0.54 6.02:0.09:0.52 6.55:0.17£0.42  6.69:0.29+0.52
feu [%] 10.6+£0.5+1.7  10.3:0.5:1.3  11.3:0.25+1.5 10.9-0.24:1.8  11.0:0.5£2.0  12.4-0.8+2.8
fuu [%] 83.140.6£2.0  82.4:0.5+1.7  81.2:0.3t1.8  81.10.3:2.0  80.0:0.6£2.4  78.9:0.9+3.6

Table 2 The unfolded dijet flavour compositions for each leadinggetbin, with statistical uncertainties as first entries andftliesystematic
uncertainties as second entries.

particular, forfgy andfcy it varies from absolute values of tematic uncertainty, the data fit is redone with the inclasiv
0.2% and 11 % in the lowestpr bin, to Q1% and 08% in  jet templates. The statistical fluctuations due to the iedep
the highespr bin. dent templates are reduced by smoothing the differences in

The charm and bottom secondary vertex reconstructiofle fit results, using a linear function fit over the whole anal
efficiencies are fixed in the analysis to the predictions fop/SiS Pr range with weights/N;, whereN; is the number of

PYTHIA 6.423 dijet events, as explained in S&tt. 7. To estiSelected data events in binThe smoothed differences in

mate possible deviations of these efficiencies, severaténon the flavour fractions between data fits are taken as system-

Carlo generators are used. The influences of a differerfitic uncertainties. In absolute values, they vary frad886
proton structure function set (@HIA+CTEQ 6.6), a dif- N the lowestpr bin to 02% in the highespr bin for the
ferent parton fragmentation function ¥PHiA +Peterson), fcc fractions and from @6 % to 13 % for thefcy fractions.
a different showering model (Herwig++), different charm This systematic qncertalnty is significantly smaller foe th
and bottom hadron decays descriptiovtRia+EvTGen)  Other flavour fractions.
and additional track impact parameter smearing have been Another check of the influence of the template shape is
studied. Herwig++ shows the largest deviations in the secmade by generating templates using Herwig++ instead of
ondary vertex reconstruction efficiency for bottom from thePYTHIA 6.423. The dedicated simulation model described
PYTHIA 6.423 Monte Carlo. The absolute difference~is in Sect[7.B is exploited for this study. ThePH1A 6.423
6% in the lowestpr region, but decreases to 2% in the  fully simulated vertices are used for template creation, bu
highestpr region. In the case of charmyPHIA+EVTGEN  pseudo-data are created with Herwig++ vertices. Then the
predicts the largest absolute deviations ©f2% from  standard analysis procedure is applied. The averaged val-
PYTHIA 6.423. Since the largest uncertainty in the vertex reues based on 200 pseudo-experiments are compared with the
construction efficiency comes from the fragmentation modeinitial fast simulation model parameters and the diffeesnc
(Herwig++) for bottom and from the charm hadron de-are considered as systematic uncertainties. Overallythe s
cay description (ETGEN) for charm, the deviations in the tematic uncertainty due to the template shapes constiautes
charm and bottom vertex efficiencies are treated as indepetarge contribution to the full systematic uncertainty fdr a
dent for the systematic study. The systematic uncertaiimie flavour fractions, and is similar in size to those from JES
the flavour fractions are estimated by varying the charm andnd secondary vertex reconstruction efficiencies.
bot_tom vgrtex rec_on_struction efficienc_ies in the data fit by The predictions of the Monte Carlo simulation for the
their max-|rr-1al deylatlons. The U”‘fe”a'”ty due to the pononhmount of heavy flavour in the leading and subleading jets
vertex efﬁmency 1S comparable with the JES uncer.tamty. fordi1‘fer significantly from one generator to another, as can be
_the fIavourfractlon_s with bottpm, ar_1d small otherwise. SiM-gaanin FigLB. In the current analysis the charm production
|Iarly, the s_,ys_tematlc uncertainty d_nven b_y the charmerert asymmetry is fixed to the YPHIA 6.423 prediction. To de-
efficiency is important for the fractions with charm. termine the systematic effect of an imprecise description o
The influence of imperfections in the Monte Carlo tem-the charm asymmetry, the data fit is redone with the charm
plate shapes is estimated in two ways. The baseline tenasymmetry values given by (RVHEG+PYTHIA 6.423 as
plates are constructed from Monte Carlo jets passing the dshown in Fig[B. This systematic uncertainty reacket) %
jet selection procedure. Alternatively, one can use jete-wi of the total uncertainty for thécc fraction and~ 20% for
out a dijet selection. The templates obtained in this way aréhe fgc fraction in the highpr region, in all other cases it is
biased, due to different kinematic properties of the jetd an below~ 10%. The admixture of jets with two charm quarks
changes in the contributions of the different heavy flavouiinside is also fixed to the YAHIA 6.423 prediction in the
production mechanisms. The number of contributing jets isnalysis. To determine the systematic effect due to thés, th
also significantly larger, which makes these templatesvirt double-charm admixture is varied by a fixed value, equal
ally independent from the baseline ones. To extract the syde 1/3 of the measured double-bottom jet admixture. This
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choice is justified by a comparison of the bottom and charn® Conclusions

asymmetries in Fid.]3, which are governed by similar QCD

effects. This systematic uncertainty becomes important foAn analysis of the flavour composition of dijet events

the fcy and fgy fractions for largepr. In absolute values, has been performed, based on an integrated luminosity of

it is 1.2% for fcy and 035% for fgy in the[250,500 Gev 39 pb! collected by the ATLAS detector in 2010 at a

bin. centre-of-mass energy of 7 TeV. The analysis makes use of
reconstructed secondary vertices in jets, without exgbfici

To improve the agreement between data and Mont@SSigning individual flavours. Instead, kinematic projesrt
Carlo simulation, the flavour template shapes are tuned ofif the ensemble of tracks associated with a secondary ver-
the 2010 data as described in S&ci] 6.4. The systematic ufx aré used to distinguish between light, charm and bot-
certainties due to this procedure are estimated by reppatifo™ jéts. Specially constructed and optimised variables th
the full analysis using the fully smeareBsfear= 1.0, see &€ highly sensitive to the flavour content of jets, have been
Sect[6.4) RTHIA 6.423 dijet sample for template construc- employed. 'I_'h.e dijet. heaV)_/ fIav_our fractions are determingd
tion and definition of the vertex reconstruction efficierscie from @ multidimensional fit using templates of these vari-
This systematic uncertainty is 50 % of the total systematic 2PIes.

uncertainty for thefgy fraction in the highpr region and The analysis demonstrates the capability of ATLAS to
significantly smaller in other cases. measure the dijet fractions containing bottom jets and the

more challenging charm jets down to the level~oD.5%.
All five dijet final states with heavy flavours are reliably ex-
tracted and measured as a function of the leadingjet

A significant difference in the bottom hadron con-
tent between leading and subleading jets is observed.
This difference is poorly described by the LO generators
PYTHIA 6.423 and Herwig++ 2.4.2, whereas the NLO gen-

The unfolding procedure for obtaining the dijet flavour
fractions at the truth-particle level is based on estinretiof
the dijet reconstruction efficiencies from Monte Carlo simu
lation. Systematic uncertainties on these are estimaiad us
the differences in the unfolded flavour fractions calculate
with the unfolding coefficients predicted byyPHIA 6.423

erator BWHEG reproduces the data well.

and Herwig++ 2.4.2. The flavour dijet reconstruction effi-
g : The data-driverb-jet shape approach used in the fit

ciencies are calculated for each analysisbin and there- . . . .
fore also depend on the JES modelling. The changes in th%emonstratesadef|C|ency of thgettemplate obtained with

unfolded flavour fractions due to the shifted jet energies ar_PYTHIA 6.423, particularly in the high Jepr _re_gion. An
considered as the JES-induced unfolding systematic uncehcrease of the template contribution describing the pres-
tainties. In both cases, the differences in the unfoldedtlav

ence of twob-hadrons inside a jet substantially improves
fractions have significant statistical fluctuations duehe t the_lzi\ﬁreement between dfatr? an-d '(\j/l_?ntﬁ Carlofsymglatlon.
fact that the number of Monte Carlo events used for the re- € measurements of the six dijet flavour fractions are
construction efficiency estimation is limited. The diffeoes

compared with the predictions of the two LO generators
for each flavour fraction are therefore smoothed in the sam

gYTHlA 6.423 and Herwig++ 2.4.2, and also with the NLO
way as the template shape systematic uncertainty. In the Iogﬁtrr‘]erator: B‘t’:]HEG- A(‘j” generat(_)tfhp:ﬁdlctlons aredconIS|stent
pr bins the systematic uncertainties due to the unfolding ard/th each oiher and agree wi € measured values, ex-
comparable in size to the uncertainties from JES and tentCPt for the mmecB_U _duet_fractlon_, Wh'Ch_'S systematically
plate shapes fofcc, fsu andfcy. In all other cases they are above all the predictions in the higi region.

relatively small.
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Fig. 10 The unfolded dijet flavour fractions for each leadingpetbin (black points) with RTHIA 6.423 (squares), Herwig++ 2.4.2 (circles) and
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full uncertainties appear as shaded bands.
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