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Abstract

The diferential cross sections for associated production dfomson and at least one
(Z + b) and at least twoZ + bb) b-jets have been measured as functio@ doson and jet
kinematic observables. Berential measurements of tle+ b event-level cross section as
function ofZ bosonpr and rapidity are made, together with jet-level cross sections measured
as a function ob-jet pr, rapidity and the angular distancaR, A¢, Ay andypeost between
the Z boson and thé-jet. The fiducialZ + bb cross section times branching ratio of the
into electrons or muons is measured to be

o(Z + bb) - BRIZ — ee uu) = 0.54+ 0.02(stat) *298(syst) + 0.01(lumi)pb

A differential measurement of tf#+ bb cross section as function @ bosonpr, rapid-
ity, invariant mass of the pair df-jets and the angular distanadR between them is also
performed.

© Copyright 2013 CERN for the benefit of the ATLAS Collaboratio
Reproduction of this article or parts of it is allowed as sfied in the CC-BY-3.0 license.
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1 Updates from previous version

11

1.2

1.3

1.4

15

To Do
split the b-tagging systematic into eigenvectors
evaluate remaining systematics - MET, pileup, zvtx (small), MC statistics on undo{d + b)

(re)run aMC@NLO in the Atlas framework (+ b)

Cross checks in the pipeline

cross check unfolding using sherpa
electron vs muon channel also for thb analysis, plots need to be remade

cross check dierentb-tagging OPs foZ + b

updates from v1.3

Major: added the Zb part of the analysis back in (yield extraction, unfolding and theory compa
ison).

Reminder of updates in 1.3 compared to v1.2

QCD background estimate is now final (common tehZand Z-bb)

Reweighting of b-hadron decays to EvtGen is now final (commonio @d Z-bb)
text clarified and reorganised

extensive appendix on ee-mumttdirences observed in the double tag sample

Final non-perturbative corrections for MCFM, and updated aMC @ dt€alictions.

Updates from 1.4
New Z+b differential distributions dy and yboost

MEt cut changed from 30 to 70 GeV

electron vs muon channekbb appendix B completely rewritten
added Z rapidity in Zbb, andAy andypeostVariables in Zb.
updated theory comparisons

Final breakdown of b-tag and JES systematics

MPI and gluon splitting uncertainty calculated forlz analysis
electron muon comparisons added fa#y

TODO: add appendix detailing the MV1 60% scale factor issues.
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147 e TODO: add appendix detailing Zb unfolding statistical uncertainty closutddeshe Bayesian
148 method

149 e TODO: correlated MC stat uncertainties for Zb unfolding
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2 Introduction

In the complex environment of a hadron collider like the LHC, the electronnaumah decay modes of
the Z provide a very clear experimental signatureZoproduction. The two leptons are generally high
transverse momentunp{), and isolated from other activity in the event. This provides an ideal gigna
for both triggering and reconstruction. Combining the leptons gives a olaas peak centred dviz,
and selecting only events close to this peak greatly reduces the bacitgroumnch come mainly from
semi-leptonic decays of top pairs, and real or fake leptons from multi-jetggv

Events contain@ bosons are an ideal testing ground for QCD predictions. Severalaids exist
for predicting such final states, from parton level pQCD calculationk agsicem [1], through to full
event generators. These event generators typically combine a poiwaranodel with matrix elements
for Z production at leading order (LO) (2 1 at tree level), such astaia [2] anduerwic [3], next-to-
leading order (NLO) matrix-element, suchas@n~ro [4], or with multi-leg tree level matrix elements,
such as\pGen [5]) or suerpa [6].

The production cross section forZaboson in association with at least ohget was measured
previously at the Tevatroql[[7] 8] and the LHC[[9] 10], where the Tevatneasurements were normalised
to the cross section for inclusivé + jets production. Generally the data are well described by pQCD
models.

With the increased statistics of the ATLAS 2011 data set, correspondingritegnated luminosity of
4.6 fb~1, both a higher precision inclusive cross section measurement and theraraaest of dferential
cross sections become feasible.

For this analysis, trub jets were defined by matching weakly decayinigadrons to AntiKiR = 0.4
jets at particle level. At reconstruction levéltagged jets were required to pass the MV1 tagger cut
corresponding to the 75 %feciency operating point. In all analyses, the yieldbgkts was extracted
from template fits of @ discriminant, In(pb/pc).

In final states with & boson and at least h jet, the following measurements were performed:
differential cross sections were measured as a function of the jet-basedatided jet pr andy and the
angular quantitied¢(Z, b), AR(Z, b) between th& boson and thé jet with the highespr in the event.
Also, the event basedftierential cross section as a functionzobosonpt was determined.

For final states with & boson and at least twibjets, the inclusive cross section was measured. In
the same final state, féierential cross section measurements were performed as a function ektite e
based observable&sbosonpr, Z boson|y|, the massnyy, of the di-b system andRy, between thé jets.

Results from these analyses are compared to NLO predictions, permittisigaiots to be placed on
theoretical models of heavy flavour production in hadron collisions.

This document is structured as follows: The data and MC samples usetvemdrgSectiol B. To
obtain the final result, both electron and muon decay modes o tlvere used. The event selection
is described in detail in Sectidd 4. A correction to the descriptiob badron decays in the Monte
Carlo simulation is described in Sectidn 5. The determination of the data-dniuéjet background is
covered in Sectiofl7. The extraction of the numberg ef bb events using an extended likelihood fit
method, are presented in Section 10 12. SeLiibn 10 also coverslthéast@rs needed to match
the heavy flavour component in the Monte Carlo to data. Selcfibn 13 destibefiducial cross section
results were obtained from the fit results. Systematic uncertainties anedaneéectio 14, and the final
result compared to theoretical predictions in Sedtidn 16. Finally, the caonbiare given in Sectidn1L7.
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3 Data and Monte Carlo Samples

3.1 The data set used

The analysis uses the data taken between 13th March and 30th OctobebD2@lto the nearly exponen-
tial increase in LHC instantaneous luminosity over the year, the trigger mehto e adjusted to deal
with the increasing trigger rate. The analysis uses the unprescaled sriggemmended by the &/
group for 2011 analyses. For the electron channel, di-electron teggere used, while for the muon
channel single lepton triggers were used, as shown in[table 1. Run p&ikid were taken with version
2 of the trigger menu, while from run period K2 version 3 was used. [SHe ¢t further documentation
of the menus.

Z decay channel data periods trigger integrated luminosity after GRE][fb
Z — ee D-J EF_2e12_medium 166
Z — ee K EF_2e12T_medium 0.58
Z — ee L-M EF_2e12Tvh_medium 2.40
Z— ee D-M 4.64
Z — uu D-1 EF_mul8_MG 144
Z — uu J-M EF_mul8_MG_medium 3.20
Z — uu D-M 4.64

Table 1: Triggers used and integrated luminosities collected during 201 1aftatig periods.

The good runs list (GRL) was produced centrﬂJyThe names of the triggers are listed in Table
[, along with the data taking periods during which they were used for thigsasa@and the integrated
luminosity collected after applying the GRL. Resulting integrated luminosities fagritiee period D-M
data set considered are also shown.

3.2 Monte Carlo samples

To decribeZ + jets events, including theb andZbbsignal, theaLecen [5] matrix element MC generator,
version 2.13, has been used. It was interfacadtoic version 6.520[3] which describes parton shower
and hadronisationfiects, and tommy version 4.31[[3] for generating multiple parton interactions. Ma-
trix element and parton shower results were matched via the MLM appri@dgHgvent generation was
based on generator tune AUET2-CTEQG6L1/[13] and the CTEQ6L1 RD[4].

The same combination of generators was also used to describe the hexdgflomW + jets final
states. Backgrounds froth and single top production, as well as diboson final states, were getherate
using thewc@x~vo program|[4], version 3.41, interfacedrerwic + immy and to PDF set CT10[15, 116].

Tabled2 and]3 list the MC samples used for the description & thbb signal, the Standard Model
background samples and samples used for systematic studies, regpdetiveach sample, the ATLAS
ID, a short description, the cross section, k-factor and number ot®generated are shown.

The analysis was based on i@l 1c samples, with reconstruction ta§043_r2993, for which con-
ditions used in the reconstruction corresponded to the optimised paranetetsieed to the entire 2011
LHC data. The D3PD files were prepared by the Standard Ma&tgbhysics groupNTUP_SMWZ*) cor-
responding to production tggl035.

1GRL datal17TeV.periodAllYear.DetStatusv36prolCoolRunQuery000408VZjets allchannelsDtoM.xml was used
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ID description MC generator(s) er - o [pb] k-factor  Neyts
109300 Zbb+0 part.,Z — ee  ALPGEN+JMMY 6.57 1.25 409999
109301 Zbb+1 part.,.Z — ee  ALpGEN+JMMY 248 1.25 160000
109302 Zbb+2 part.,Z — ee  ALPGEN+JMMY 0.89 1.25 60000
109303 Zbb+3 part.,Z —» ee  ALPGEN+JMMY 0.39 1.25 30000
107650 Z+O0 part.,Z — ee ALPGEN+JMMY 66832 1.25 6618284
107651 Z+1lpart.,Z »>ee  ALPGEN+JIMMY 13436 1.25 1334897
107652 Z+2part.,Z - ee  ALPGEN+JMMY 40.54 1.25 2004195
107653 Z+3part.,,Z > ee  ALPGEN+JIMMY 1116 1.25 549949
107654 Z+4 part.,Z — ee ALPGEN+JMMY 2.88 1.25 149948
107655 Z+5part.,Z > ee  ALPGEN+JIMMY 0.83 1.25 50000
109305 Zbb+0 part.,Z — up  ALPGEN+JMMY 6.56 1.25 409949
109306 Zbb+1 part.,.Z — uu  ALPGEN+JMMY 247 1.25 160000
109307 Zbb+2 part.,Z — uu ALPGEN+JMMY 0.89 1.25 60000
109308 ZzZbb+3 part.,Z — pyu  ALPGEN+JIMMY 0.39 1.25 29999
107660 Z+0 part.,Z — uu ALPGEN+JMMY 66868 1.25 6615230
107661 Z+1part.,Z — uu ALPGEN+JMMY 13414 1.25 1334296
107662 Z+2 part.,.Z — uu ALPGEN+JMMY 40.3 1.25 1999941
107663 Z+3 part.,.Z — uu ALPGEN+JIMMY 1119 1.25 309899
107664 Z+4 part.,Z — uu ALPGEN+JIMMY 2.75 1.25 35000
107665 Z+5 part.,.Z — uu ALPGEN+JIMMY 0.77 1.25 50000

Table 2: Signal MC samples, filtefficiency times cross section, k-factor and number of events.

3.3 Overlap removal between samples using the HFOR tool

The aLpgen generator can calculate exact matrix-elements for processes involving gton pair, a
pair of bottom quarks (where the mass of the bottom quark is taken into @¢@nd optionally extra
light partons. In this analysis, samples based on these~ matrix-elements are used (see Tdhle 2),
where the showering of the partons is modeledibywic . However, events with a lepton pair and a
pair of bottom quarks can also appear fromarcen lepton-pair with gluon final state, where the gluon
splits into a bottom-quark pair in the parton shower (as iritheparton samples listed in Taljle 3, where
the additional partons are gluons or light quarks, including charm). Thikgshat there is a potential
event overlap between thercen Z + bb andZ+light-parton samples.

The Heavy Flavour Overlap Removal (HFOR) tool removes this overlapdan the assumption
that for small angle gluon splitting (i.e., a small angular separati®ibetween thd andb quarks), the
parton shower gives a more correct description of the kinematics andetlde whereas for large angle
splitting, the exact matrix-element calculationaitpGen is more correct.

For this, the HFOR tool first classifies thequarks in an event as coming from tkiecen matrix-
element calculation (ME), from gluon splitting in the parton shower (GS)nftbe underlying event
or multi-parton-interactions (MPI), or from the-quark content of the colliding protons (PDF). The
PDFb/b-quarks participate in the hard-scattering, but the parton showeregesdtavour conservation by
inserting ab/b-quark in the event. This last categorytefjuarks only appears from the MPI contribution
becauserrcen does not consider tHePDF. Moreover, they are not relevant for the overlap removal.

To remove the overlap betweehlight-parton andZ + bb samples, events are then classified as
follows, using the final statle-quarks in the event.

e Ifin a Z+light-parton sample, bt_)—pair from the parton shower withR < 0.4 is found, the event
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ID description MC generator(s) e - o [pb] k-factor Nevts
105200 tt MC@NLO+Jmmy 79.01 1.146 14983835
108346 Wtinclusive MGaNLO+Jmmy 14.59 1.079 899694
108344 Wts-channel M@NLO+Jmmy 0.47 1.064 299998
108341 Wtt-channel M@NLO+Jmmy 7.12 0.979 299999
105930 ZZ, ¢ttqq MC@NLO+Jmmy 0.559 - 25000
105942 WHZ, qqtt MC@NLO+Jmmy 0.5415 - 24950
105972 W~Z, qqt¢ MC@NLO+Jmmy 0.2944 - 100000
107680 W+0 part.,W — ev ALPGEN+JMMY 693050 1.196 10495000
107681 W+1 part., W — ev ALPGEN+JIMMY 130530 1.196 7570000
107682 W+2 part.,W — ey ALPGEN+JMMY 37813 1.196 3770000
107683 W+3 part.,W — ev ALPGEN+JMMY 10186 1.196 1010000
107684 W+4 part., W — ey ALPGEN+JMMY 25.68 1.196 1075000
107685 W+5 part.,W — ev ALPGEN+JIMMY 6.99 1.196 1000000
107690 W-+O0 part.,W — uv ALPGEN+JMMY 693240 1.195 10495000
107691 W+1 part., W — uv ALPGEN+JMMY 130590 1.195 7500000
107692 W+2 part., W — uv ALPGEN+JMMY 37807 1.195 3770000
107693 W+3 part., W — uv ALPGEN+JMMY 10185 1.195 1010000
107694 W+4 part., W — uv ALPGEN+JMMY 2572 1.195 1000000
107695 W+5 part., W — uv ALPGEN+JMMY 7.00 1.195 1000000
107280 WU§+O part., W — ¢y ALPGEN+JMMY 47.35 1.2 1000000
107281 Whb+1 part., W — v ALPGEN+JMMY 35.76 1.2 1240000
107282 Whb+2 part., W — {v  ALPGEN+JMMY 17.33 1.2 175000
107283 Whb+3 part., W — ¢y  ALPGEN+JMMY 7.61 1.2 700000
Table 3: Background MC samples, cross section and number of events.

243 is kept; otherwise the event is rejected.

" e If in a Z + bb sample, ab-pair from theaLrcen matrix-element calculation, withR > 0.4 is

245 found, the event is kept; otherwise the event is rejected.

246 In the present analysis, HFOR is applied to the bb andZ+light-parton samples. Since it is not

27 certain whether the parton-shower approach really gives a betteipdescof small-angléb-quark-pair

28 production than the full matrix-element calculation, a systematic uncertaintfoddBOR is estimated
29 (See Section14).

250 Further details regarding the technical implementation of the HFOR procaddris d€fect on rele-

251 vant guantities can be found in Appenfik A.
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= 4 Object and event selection

Event vertex definition vertex with mg, p (track))

Event vertex quality > 3 tracks assigned to event vertex
author 1 or 3
egammaPID:: ElectronMediumPmPpassed

Electron selection criteria crack regiorBY < |n¢| < 1.52 excluded
e < 2.47
electron trackp < 1 mm,|dg/o(do)| < 10
2 oppositely charged selected electrons

Z — eeselection no furthee or i in event
76 < Med GeV) < 106
use STACO combined muons

Muon selection criteria Zo(u) < 1 mm,|dg/o(do)| < 3
In, < 2.4, pr(u) > 20 GeV
isolation:Zpt(ID)/pr < 0.1
2 oppositely charged selected muons

Z — uu selection no selecteslwith AR(e, u) > 0.1
76 < M,,( GeV) < 106

Event selection based &}"*° pass “looserET"*° cleaning

(to suppress top background) ET"®< 70 GeV, usinglET_RefFinal
recalculated with calibrated jets and leptons.

Anti-kr jets, built from topo-cluster®} = 0.4
pr(jet) > 20 GeV

Jet selection criteria ly(jet) < 2.4
AR(jet signal¢) > 0.5
JVF > 0.75
pass “looser” cleaning requirements
jet notin LAr hole
When constructing jet observables (@g(b, b), the two leading
tagged jets are used.

Jet flavour (in MC) Jets matched to a weakly-decayidadron withpy > 5 GeV
based on a simpl&R < 0.3 matching are labelled
asb-jets. If nob hadron is found, the same criteria are
applied using charmed hadrons. If still no match is found,
the jet is labelled as a light flavour jet.

Table 4: Object and event selection criteria used for reconstructediseve

253 The object definition and event selection criteria are listed in Table 4. Thgglyafollows the

24 baseline WZ group selectiawith a few exceptions. A narrower dilepton mass window is used to reject
255 background from top decays, and multi jet production, which have progjmately flat distribution in

26 the dilepton invariant mass. A maximum MEt cut is also used to reject more tagioamd. Jet rapidity

257 IS used instead of pseudo-rapidity, and fji@nd jetpr ranges utilise the full range available for heavy
28 flavour tagging.

2httpsy/twiki.cern.chitwiki/bin/viewauthAtlasProtecteVZ ElectroweakCommonTopics2011
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For the electron selection criteria, the clusjes used for the crack region removal ap#inematic
cut. In the following steps, electron candidate kinematics use either clustexctrbased quantities
depending on the number of hits in the ID, as standard. In the definition ofi isatation, the variable
pr(ID) denotes the transverse momentum sum of inner detector tracks ir 8.Rcone around the
muon. Jets are corrected to the EJES scale with fiset and beam-spot corrections.

The MV1 algorithm is used to tag a jet as a candidate b-jet. MV1 is a neurabrietvased algo-
rithm that uses the output weights of IP3D, SV1 and JetFitterCombNN as ififjtésee Sectiohl5 for
more details on b-tagging variables). The MV1 tagger is used at the Tiadiercy operating point,
corresponding to a cut af(MV1)> 0.404219, wheray(MV1) is the MV1 weight.

4.1 Monte Carlo Corrections

Simulated events are required to pass the (simulated) trigger requiremesedda data, and the same

detector level event selection. Smaland pr dependent scale factors are applied to correct the lepton

reconstruction ficiency in simulation to match the data (an average correction9& i the electron
channel, M8 in the muon channel). The electron and muon resolutions are also srimehieedimulation
to match the data, using the standard prescriptions described in the WZ BEsalifurther scale factor
(which averages to approximatelyOb) is applied to bring theficiency of the MV1 cut (MV1)>
0.404219) into agreement with data (applied per jet, using the standard B@agalibration Interface).
For the corrections, standard tools are used, as listed in Table 5.

Purpose Package, Version

Muon Trigger Recommendations 2011 TrigMudhé&ency-00-02-32

Muon HEficiency Correction MuonfciencyCorrections-02-01-12
Muon momentum correction MuonMomentumCorrections-00-08-07
Electron corrections egammaAnalysisUtils-00-04-22
Electron scale factors ElectrofittiencyCorrection-00-00-13
Pileup Reweighting PileupReweighting-00-02-09

Jet Calibration ApplyJetCalibration-00-03-03

JES uncertainty provider JetUncertainties-00-08-05

JER provider JetResolution-01-00-00

Advanced B-tagger JetTagAlgorithms-00-00-01

B-tag calibration interface CalibrationDatalnterface-00-02-01
MET ultility MissingETUtility-01-01-04-01

Table 5: Versions used of common packages for obtaining scale facides/ant reweighting prescrip-
tions, as far as these need to be applied at the analysis stage.

4.2 Particle Level Selection

To extract the cross section, the signal must be defined at the particle Bvis is done matching
as closely as possible the detector level selection, to minimise the introductioravétical model-
dependent corrections. Details are given in Table 6.

3httpsy/twiki.cern.chitwiki/bin/viewauthAtlasProtecteVZElectroweakCommonTopics2011
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Lepton dressing  Dressed leptons are constructed using all photons in
a coneAR < 0.1 around any stable (stattl) muon or electron
Lepton selection The two highest pT dressed, same flavour leptons are the
used. They are required to hage > 20 GeV, || < 2.5,
be opposite-charge, and have a dilepton mass K6< 106 GeV.
Jet Selection All other stable particles are passed to the jet finder (the
Antikt4TruthWZ collection is used).
Jets are required to hayg > 20 GeV andy| < 2.4. Any jets
within AR < 0.5 of a signal lepton are discarded.
Jet flavour Jets matched to a weakly-decayiftadron withpr > 5 GeV
based on a simpl&R < 0.3 matching are labelled
asb-jets. If nob hadron is found, the same criteria are
applied using charm quarks. If still no match is found,
the jet is labelled as a light flavour jet.
When constructing jet observables ®g(b, b), the two leading
b-jets are used.

Table 6: Object and event selection criteria used for particle level events
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5 B-Hadron Decay Modelling in Herwig

The results presented in this document are based on extended maximum diétefiisato data using
probability templates derived from MC simulations. Variables chosen to foentetmplates are those
which discriminate jets containing heavy flavduhadron decays from those without such decays. To
ensure the fit results are not significantly systematically biased it is esgeniddidate that the shapes of
templates in MC for a given jet flavour accurately represent the sh@gee®ed in data for that jet flavour.
This section describes validation of templates representing jets contaifiadron decays. These are
investigated using a data control region enriched in such jets, specificpliguark decay candidate
events with a lepton (muon or electron) and four or more jets in the final statdioh exactly two
pass the MV1 algorithm 75% tagging requirement. Discussion of the selectteriacfor the control
region and corrections which need to be applied to correct the top MC ingfjiain so that it accurately
represents the data are described in appdndix E. The chosen cegtanl has previously been use to
investigate the properties bfjets by the ATLAS 201W-+b analysis[[18] and top groupjet eficiency
measurements [19].

Mismodelling of heavy flavour sensitive variables can originate from thdymtion, decays and re-
construction ob hadron daughters in the MC data. For the validation to be applicable to thé r&gien
it follows that the MC in the control region must have the same parton shayyéradronisation and
hadron decay tables as the signal region. In these analyses sueBg@®@re modelled by HERWIG
6 in the signal region so a top MC generator interfaced to HERWIG 6 mushésea for the control
region. The same MC@NLO sample used to model the top background in tla igion is therefore
used. It is also important to identify and understand whether correctiotie inontrol region can be
directly applied to the signal region due to théelient underlying physics processes. For top pair events
the majority ofb-jets originate from top decays and are well isolated, with a residual catitnibfrom
gluon splitting and CKM suppress&tl boson decays. In an inclusive signal sample @flaoson with
at least ond-jet the majority ofb-jets originate from gluon splitting (or equivalently from th&DF) in
the initial state which typically results in well isolatbget(s) in the final state. Only around 5%lwfets
at truth level originate from gluon splitting in the final state, although this dogease for a selection
requiring two or moreb-jets. It follows that, for the most part, isolatédets from top decays are a
reasonable cross-check of the physics of isolatgts in the signal region. However, the kinematics of
b-jets in the signal and control samples dffeli, with top decays having a harder spectrum on average.
It is therefore necessary to understand how any mismodelling in the coeioh behaves fierentially
in b-jet pr so that the dferent kinematics are accounted for when corrections are applied to tie sig
MC samples.

5.1 Evidence for Template Mismodelling

Figured1 anfll2 show the distributions of analysis fit variables basedpuatswf the JetFitterCOMBNN
algorithm, In(pb/pu) and In(pb/ pc) respectively, for the control region with muon and electron channels
combined. It can be seen that there is fiedence in shape between the lead and sublead tagged jet
indicating thepr dependence of these variables. Furthermore, in thelpjgeregion at higher values
the MC underestimates the data for both variables. The normalisation in MCdgdireatch that in data,
therefore, this dference is interpreted as a shape distortion due to a mismodelling of the NN atfgorith
response in the MC.

The JetFitterCOMBNN algorithm has seven inputs listed in TAble 7. Six inpidhies originate
from the JetFitter algorithm which aims to reconstruct secondary vertiogs\ireak heavy flavour de-
cays; three of the inputs are continuous and three discrete. The finglanginates from the IP3D
algorithm which assigns weights to preselected tracks associated to gegidepending on their three
dimensional impact parameter significance. The neural net algorithm isdraidependently fob, ¢
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Figure 1: Comparison of Ifpb/pu) distribution shape in the two tagged jet control region showing (a)
the leadpr and (b) the subleapr tagged jet.

and light jets giving the three response distributipis pc and pu respectively; these responses define
the In(pb/pu) and In(pb/ pc) variables used extensively in these analyses. F[gure 3 shows the six JetF
ter input variables for the leap tagged jet with the muon and electron channels combined. It can be
seen that the agreement between data and MC is not perfect for a nofithervariables. The equiva-
lent plot for the IP3D weight is shown in Figuré 4 where again there is syate diterence observed
between data and MC. In order to determine whether the disagreementM~Nthesponse output is a
direct consequence of mismodelling in the input variables, each inpublaitsareweighted in the top
MC so the overall MC distribution matches the data and tfterince between data and MC of the NN
output is examined for any improvement. Figlite 5 shows ratios of data anéoMabth NN output
variables from the lead tagged jet in the muon channel with each input kareeighted individually.

It can be seen that the largest improvement comes from the variable tVirkand the IP3D weight
with a larger improvement from the former. Figlile 6 shows tiece of reweighting these two variables
separately and then together (nTrkAtVix first then IP3D weight) for thheessample; it can be seen that
the combined reweighting gives little improvement over just reweighting nTrkABigure[ T shows the
applied nTrkAtVix weight as a function of number of tracks for the leadsutilead tagged jets in each
control region channel; the correction weight is seen to be largely sangegeéndent, although this
breaks down somewhat for higher track multiplicities where statistics become limiteath the data
and MC.

5.2 Study ofb Hadron Decay Properties

The variable nTrkAtVix represents the number of reconstructed trasgdsin secondary vertex fits by the
JetFitter algorithm. Its mismodelling in the MC can derive from eith&edént track and vertex selection
and reconstructionficiencies compared to data or from incorrect modellingadron properties in

the MC giving rise to an incorrect average number of stable chargeidiparfrom their decays. The
contribution ofb hadron decay tables to the lattéfeet can be investigated by comparing the number of
charged particles frorbh hadron decays in the default HERWIG 6 sample to those in an identical sample
but where the decays after hadronisation are implemented by the EvtGexgpad he advantage of such
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Figure 2: Comparison of I(pb/ pc) distribution shape in the two tagged jet control region showing (a)
the leadpr and (b) the subleapr tagged jet.

a comparison is it factorises th&ect of decay tables from fragmenation and hadronisation modelling,
and it can be made at generator level without requiring full simulation of TeAS detector response.
To this end modified job options using the EvtGen ‘afterburner’ based @ethsed by th&/+b 2011
analysis group are implemented. Table 8 lists the samples generated with then folbhGptions; the
samples are centrally produced and haffcial ATLAS dataset identification numbers which are given
in the table.

Figurd 8 compares the stable charge particle multiplicityledidron decays for MC@NLO top events
with and without EvtGen decays. It can be seen that on average HERWI@erestimates the number
of charged particles with respect to EvtGen. EvtGen decay tables ard bas®DG measurements and
so are more likely to give a better representation of the response expedatath. Figurd]9 shows a
subset of the same distributions with kinematic cuts of parigle>500 MeV and particldn| < 2.5
to mimic ATLAS track acceptance. Significantly, with these kinematic cuts appliedjiderestimate
at generator level by HERWIG 6 is consistent with the phenomenological rdlitgy seen in the
JetFitter nTrkAtVix distribution. This suggests that a dominant component imis@odellling of the
nTrkAtVix distribution in data, and hence to a large extent the NN outpubresg is due to incorrect
b hadron decay tables in HERWIG 6. This conclusion has also been bhghibeW+b 2011 analysis
group in their independent study of the same data control region [1&]itiddal comparisons db and
¢ hadron decay properties between HERWIG 6 and EvtGen have beéadstudl no other significant
differences beyond the decay multiplicities are observed so these studiestwal discussed here.

Given the above contribution to the mismodellingosiiet templates in HERWIG 6 it is desirable to
correct the MC before performing template fits to data. A natural choicthi®rcorrection is to apply
event by event weights based on the charged particle multiplicityhafdron decays in an event; edzh
hadron decay is assigned a weight equal to the ratio of HERWIG 6 to EvitiBenat hadron’s charge
particle multiplicity and the overall event weight is the product of all individuabdron weights in an
event. The result is HERWIG 6 MC decays which emulate the EvtGen chargel@ multiplicities.
However, this procedure is complicated by the desire to apply weightseddnem EVNT samples to
their D3PD equivalents where some of the information is lost in the transfadméiere decays and
material interactions simulated by GEANT4 have been added to the truth reCordparisons of the
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Algorithm Name Nature Description
JetFitter Mass Continuous Invariant mass of secondary vertex
fitted tracks.
JetFitter eFrac Continuous Fraction of energy of fitted tracks relative
to all tracks in jet.
JetFitter 3Dd0 sig. Continuous 3D impact parameter significance of
secondary vertex.
JetFitter nVix Discrete Number of fitted vertices with two
or more tracks.
JetFitter n1TrkVix Discrete Number of vertices where single track crosses
fitted b hadron line of flight.
JetFitter NTrkAtVix Discrete Total number of tracks in the
secondary vertex.
IP3D IP3D Weight Partially Continuous Output of the IP3D tagging
algorithm.
JetFitterCOMBNN pb 0.0-1.0 Neural net responseligets
JetFitterCOMBNN pc 0.0-1.0 Neural net responsedgets
JetFitterCOMBNN pu 0.0-1.0 Neural net response to light jets
JetFitterCOMBNN  In(pb/pu) - Discriminates b-jets from light jets
JetFitterCOMBNN  In(pb/pc) - Discriminates b-jets from c-jets

Table 7: Definitions for JetFitter and IP3D inputs and subsequent respa@riables of the JetFitter-
COMBNN algorithm.

charge particle multiplicity ob hadron decays between EVNT, AOD and D3PD have been made. A
residual diference between EVNT and AOD is found, the origin of which appears tithibutable to

the ATLAS software not perfectly preservibdiadron decay GenVertex structure between these formats.
There is a more significantfiierence between AOD and D3PD which turns out to be due to the relevant
D3PD brancheanchfpart_) not storing daughters in thehadron decay tree which hape <200 MeV

or || >5.0. Applying these cuts at AOD level largely recovers this. Due to thesiatic cuts, it is
necessary to apply the particle level selectiop®f>200 MeV andn| <5.0 to the EVNT samples when
deriving weights so they can be directly applied to D3PD samples. Weighteasé&ructed as a function

of number ofb hadron decay stable charged partﬂlpassing the kinematic cuts. Charged particles from
GEANT4 (barcode200000) are explicitly excluded when counting charged particles in thé®B3P

5.3 Systematic Hects from EviGen Reweighting

Weights which emulatb hadron decay charged particle multiplicities from EvtGen in HERWIG 6 sam-
ples are derived to correct thejet template distributions in MC used in fits to extract thiet yields.
FiguresID and11 show the impact of applying weights to the top MC sample indhiadgged jet control
region for the lead and sublelaeagged jets respectively in both(pb/ pu) and In(pb/ pc) distributions.
The agreement does improve with respect to the distributions observed liesfifjand 2 but there is

a slight over correction of the template shape in the fdjet region. This is likely consequent of an
additional mismodelling in eithds hadronisation or reconstructioiffieiency mismodelling of charged

b decay daughters. Rather than investigate thésets directly, systematic variations to the templates
are applied based on the top control region as described in the nerttiohs

4status=1
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HERWIG EvtGen

MC Name DSID nEvts (EVNT) e-Tagl DSID nEvts (EVNT) e-Tag
AlpgenJimmyZeebbNpO | 109300 410000 835 129460 410000 el431
AlpgenJimmyZeebbNp1 | 109301 160000 e835 129461 160000 el431
AlpgenJimmyZeebbNp2 | 109302 60000 e835 129462 50000 el431
AlpgenJimmyZeebbNp3 | 109303 30000 e835 129463 30000 el431
AlpgenJimmyZmumubbNpQ 109305 410000 e835 129464 405000 el431
AlpgenJimmyZmumubbNp1 109306 160000 e835 129465 160000 el431
AlpgenJimmyZmumubbNp2 109307 60000 e835 129466 50000 el431
AlpgenJimmyZmumubbNp3 109308 30000 e385 129467 30000 el431

AlpgenJimmyZeeccNpO | 126414 605000 1008129468 605000 el431
AlpgenJimmyZeeccNpl | 126415 260000 €1008129469 255000 el431
AlpgenJimmyZeeccNp2 | 126416 110000 1008129470 110000 el431
AlpgenJimmyZeeccNp3 | 126417 40000 €1008129471 40000 el1431
AlpgenJimmyZmumuccNpQ 126418 600000 e1008129472 600000 el1431
AlpgenJimmyZmumuccNpl 126419 265000 €1008129473 250000 el431
AlpgenJimmyZmumuccNp2 126420 115000 €1008129474 115000 el431
AlpgenJimmyZmumuccNp3 126421 40000 1008 129475 40000 el431
T1 _McAtNIo _Jimmy 105200 14995000 e83% 129476 1275000 el431

Table 8: List of mc11 datasets reprocessed at generator level fre 1lr vector files implementing
EvtGen decays. The original HERWIG and new EvtGen ATLAS datasettifamtions (DSIDs) are
given along with the number of generated events for each sample.

At reconstruction level, applying the weights in the signal region results ¥ an2rease irb jet
tagging dficiency for MV1 75%; no change infliciency is observed foc and light jets as expected.
Figure[12 shows the MV1 75%ficiency for jets matched tb hadrons in the signal MC as a function
of jet pr and rapidity. It can seen that the MV1 75%ieency scale factor uncertainties provided by
theb-tagging CP group are larger than the 2% increase observed fromraptilg EviGen weights. An
additional study has been made which corrects the MiCexcy component of the b-tagginffieiency
and indficiency scale factors by this observed 2%. When unfolding with the EvtGaghts applied
and applying this ficency correction the result is found to be identical to unfolding without tH&&n
weights applied and using the default uncorrected scale factors. As thapproaches are equivalent
we choose not to apply the EvtGen weights in the unfolding but instead oply #qem when forming
templates containing b-jets to be used in fits to data.

5.4 Alternative Reweighting Scheme fob Templates

As noted above, application of EvtGen weights in the top pair control rediigintly over corrects the
In(pb/pc) shape used extensively in analysis fits. An alternative reweightingrsxiderived directly
from the control region and used as a systematic variatiorb fimmplate shapes is described in this
section. All selected-jets in the top pair control region are combined into a singlplnpc) distribution
and a functional form of the resulting dA#C ratio is determined. Figuie L3 shows the resulting fitted
ratio. The fit range is restricted to thejet dominated region of (2.0,9.0) and a 3rd order polynomial
is found to give a good fit to these data witf/DoF=14.1310. Tabld® shows the fitted parameters for
the polynomial. To determine if this functional correction is kinematically indepetand thus directly
applicable to the signal MC the integrated distribution used to derived thé&daris split into bins of
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jet pr and they?/DoF of the dataMC ratio in each bin with respect to the derived function is calculated.
Table[T0 lists the calculategf values. It can be seen that within the statistics available in the control
region the assumption of kinematic independence of the ratio holds. It i$aheedérectly applied to the
signal region as described in section 14.5.

Parameter Fitted Value
pO 0.689:0.152

pl 0.213:0.105
p2 ~0.0510.022
p3 0.004:0.001

Table 9: Fitted polynomial parameters derived from the inclubijyet top pair control region datsiC
ratio of In(pb/pc).

pr Range [GeV]| x?/DoF

20-30 16.3210
30-50 16.7710
50-75 8.6910

75-110 13.3710
110-200 17.6310
200-500 15.1910

Table 10: Calculateg¢?/DoF in bins ofb-jet pr for the dat@VIC ratio in that bin with respect to the fitted
function derived from the inclusivie-jet top pair control region datslC ratio of In(pb/pc).
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Figure 12: Signal MC MV1 75%b-jet efficiency as a function of (a) jgbtr and (b) jet rapidity. It
can be seen that the application of EvtGen weights to the signal results in acB8ada in thé-jet

efficiency, independent of the jet kinematics, and that this increase is well witierexisting MV1 75%
CP uncertainties.
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6 Data - Monte Carlo comparison

This Section shows a comparison between the data and Monte Carlo foalseweortant kinematic
distributions. The comparison is made between the data and Monte Carlo withritders! k-factors and
CP group smearing and scale factors, and and reweighting of B-hddoarys described in Sectioh 5. It
is known that the AlpgerHerwig Z+jets simulation underestimates the heavy flavour contribution, but
no corrections are applied here, in order to give a sense of the sdake istue.

Applying all selections up to and including tl#e boson mass cut, kinematic variables of the
boson are plotted in Fig. 14, separately for the electron and muon deaapealk. For these plots, no
requirements are made on number of jets Etﬁﬁs. Note that no multijet background is included here,
which can lead to an excess of data over Monte Carlo. The multijet badkdjisuderived in a data-
driven way in Sectiofil7. This background is known to be larger for thetrele than it is for the muon
channel.

Additionally applying theEQ"iSS cut, the jet multiplicity is shown in Fid.15. Requiring at least one
jet, the multiplicity of tagged jets is shown in the same Figure. The transverse mamanturapidity
of tagged jets in the sample with at least 1 tagged jet are shown i Fig. 16. é-sanfple containing
at least twdb tagged jets, the transverse momentum of the leading and sub-ldagings well as their
rapidities are presented in F[g.]17. Again, the Monte Carlo heavy flavedigtion is taken “out of the
box”, with no additional scaling.

Fig.[18 shows the distributions used in thée&lientialZ + bb measurement with the same binning
as used in the fit. g The fit variables used in the two analyses are displayed. [h9. All flavour
combinations are shown individually as they are implemented in the signal M. @aand (b) show
the leadingb jet In(pb/ pc) distribution in the sub-sample with at least dntagged jet, parts (c) and (d)
the sum of the Ifipb/ pc) values for the twd jets with highesipr in the sub-sample with at least two
tags.

It can be seen throughout that the Monte Carlo underestimates the haawyrf€ontribution to the
data sample. It can also be see (for example infElg. 15 (c) and (d), a/ffB¥idpat there is a fierence in
the data-MC agreement for double-tagged events in the electron and imaramets. This is investigated
in detail in AppendiX™.
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Figure 18: Distributions of the variables in which théfedientialZ + bb measurement is performed.
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7 Backgrounds

7.1 Determination of multijet background in the Zband Zbbselection

The contamination from multi-jet events in the inclusifeselection and in th&bbselection is estimated
with a data driven method. The motivations for this choice are the limited statistitee available
simulated background samples and the uncertainty on the modeling of the ratsidéntification of
jets as leptons.

The procedure uses the shape of the di-lepton invariant mass to discrithimatelti-jet background
from the signal and the other physics processes with at least one paai lgassing the selection. For
each lepton channel & e u) the shape of the overall distribution, after all cuts are applied, can be
modeled with

M(my; a1, N s Nmii) = Nagy g1(mi) + N f(ms en ) (1)

where theg(my) represents the normalized distribution of the signal and non multi-jet bawgkdr
events,f(my; a) is the normalized distribution for the multi-jet events dﬂ#jJ andNpj, are the num-
ber of events in the two samples. The distribution of the signal and non multigeteis estimated
from MC simulations, relying on the simulated lineshape modeling and on the esidisundances of
the various processes which are summed in a single template with unitary notioaliZehe shape of
the fake di-lepton invariant mass in multi-jet events (analitic expression aadhptersy, ;) is derived
from a fit to data in a control region, defined as a sample of events seleittecriteria similar to those
defining the selection but not overlapping with the selection and enrichedltifjet background events.
It has been observed that a suitable analitic expression for the shépe iof/ariant mass of multi-jet
eventsf(my; @) is an exponentially decaying function with decay parameteT he exponential model-
ing was verified to be valid in several control regions witfietient background contaminations that will
be described later.

The number of multi-jet events passing the selectify, is obtained by fitting the observet,
distribution in data with equatidd 1. In the fit the total number of signal and ndti-faubackground
eventsN; is also treated as a free parameter.

The selection of the background enriched control regions, the detearométhe shape of the multi-
jet background and the extraction of the background normalization aceilded in the following for the
two lepton channels.

7.1.1 Electron channel control regions

A multi-jet enriched Zjets control region is obtained by applying all event and object selection re
guirements described in sectigh 4, with the exception of the b-tagging, andheifbllowing diferent
criteria:

e thee*e™ invariant mass range is 70-120 GeV,

e one of the two electrons is an object in the electron container not satisfygrgydmmaPID::
ElectronMediumPRyuality criterion.

The selection was applied to events pre-selected online by a single eleafger tvith a transverse
energy threshold of 20 Ge\EF_e20_medium). This trigger was unprescaled only in the first part of the
2011 data set for an integrated luminosity of 1.7-fth. The b-tagging request was not applied in order
to have a large statistics and because the flavor of the third jet is not edpedtepact on the shape of
the invariant mass built with two jets identified as electrons.

Thee'e™ invariant mass distribution obtained in the control sample is shown i Hig..2lta)same
selection is applied to simulated samples of non multi-jet events that can contrilbéestelection with
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Figure 20: Invariant mass fit in the multi-jet enriched nominal control refporithe electron channel
(a), corresponding to a+ets selection, in a wider control region (b), corresponding to an in@usgiv
selection, and in a region with a Z and one b-tagged jet (c). The fit resultvamiation of the selec-
tions above with both electrons failing tiMediumPPquality requirement but satisfying theoosePP
criterion: Z+jets (d), inclusive Z (e) and-#b-tagged jet (f) selection.
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Control region a Ny Nmj
Z+jets, M, M) -0.020+ 0.001 35033t 442 107519518
Z+jets, Ly, Ly)  —0.022+0.001 499+ 65 5154+ 94
Z, (M, M) -0.022+0.000 141517 661 263560 748
Z, (Ly» L) -0.025+0.001 2574+ 121 15872+ 167
Z+b-jet, M,M) ~ -0.025+0.001 5014+ 300 10240 308
Z+b-jet, Ly, Ly) —0.019+ 0.004 25+ 17 376+ 25

Table 11: Results of the fit to thed €™ invariant mass in various multi-jet enriched control regions: decay
constant and normalization of multi-jet and non multi-jet event samples. Thaam{®, Q') refers to

the identification quality requirements satisfied by the two electrons in the pai:NMdiumPPM =
electron failing MediumPP andgk = LoosePP but not MediumPP.

Control region Data Z tt Di-boson  single-top
Z+jets, M, M) 1425520 355586 68557 71817 12980
Z+jets, Ly Lyp) 56530 7782 147 205 31

Z, (M, M) 4050770 1682899 73912 77804 15396

Z, (L L) 184460 39122 156 227 34
Z+b-jet, (M, M) 152540 19239 35112 35534 6534
Z+b-jet, Ly Ly) 4010 405 74 90 19

Table 12: Composition, according to simulation, of the non multi-jet contributionesétections for
the various control regions. The notatioR, Q') is defined in tabl€11. The sum of the non multi-jet
contributions predicted by the MC is consistent with the overall normalizatan the fit to the the data
reported i 1IL.

real leptons. The data are well described by the sum of the variousnadiijet contributions (from
production of Z, top and pairs of gauge bosons), with total normalizatipustdl to the data in the fit,
and an exponentially decaying distribution, which represents the contriboftimulti-jet events to the
control sample, with normalization and decay parameter obtained from thehi tata. An inclusive
Z selection, where the electrons satisfy the same quality requirements as ontha cegion has been
studied. The invariant mass distribution obtained and the fit, with the sum okpgmmential distribu-
tion and the non multi-jet backgrounds, are reported in[Eig. 20(b). Thesteness of the exponential
modeling and the stability of the parameterwere tested by studying an alternative multi-jet enriched
control sample,with a larger contamination. This was obtained by selecting leathoas as passing
the LoosePPelectron identification criteria but failing thmediumPRequirement. The invariant mass
distribution and the fit obtained in the+fets selection and in the inclusive Z selection are shown in
Fig.s[20(d) an@20(e) respectively. As a cross check, a third caeg@n was derived from the nominal
one, after requiring that the jet is b-tagged. The low statistics distributiottseadli-electron invariant
mass are shown in Fig.s120(c) dnd 20(f). They show that in a b-jet edrishmple of multi-jet events
faking the signal, the slope of the exponentially decaying backgroundhie stéth respect to a sample
dominated by light jets.

The results of the fit are summarized in tablé 11, while table 12 shows the cdioini® of non
multi-jet events in the background enriched selections as predicted by thetsomula
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Figure 21: Invariant mass fit in the multi-jet enriched nominal control redwrthe muon channel
(a), corresponding to a-gets selection, in a wider control region (b), corresponding to an in@usgiv
selection, and in a region with a Z and a b-tagged jet (c). The fit results aniaion of the selections
above based on quasi anti-solated muonge® (d), inclusive Z (e) and-#b-tagged jet (f) selection.
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Control region @ Ny Nmj
Z+jets, anti-Iso —-0.036+ 0.001 83+ 115 77624 + 1447
Z+jets, quasi anti-lso  —0.036+ 0.001 15207 + 84.1 8698+ 119
Z, anti-Iso —-0.040+ 0.001 Q0+ 226 197520 + 208
Z, quasi anti-Iso —0.040+ 0.001 58521+ 1430 22167+ 192
Z+b-jet, anti-Iso —0.031+ 0.002 Q0+ 14 9530 + 309

Z+b-jet, quasi anti-Iso —0.031+ 0.002 1100+ 29.8 10669 + 43.0

Table 13: Results of the fit to the u~ invariant mass in various multi-jet enriched control regions: decay

constant and normalization of multi-jet and non multi-jet event samples.

Control region Data Z tt  Di-boson single-top
Z+jets, anti-Iso 784® 305 113 0.2 20
Z+jets, quasi anti-lso 1021® 11403 324 457 6.6
Z, anti-Iso 1975D 900 120 05 25
Z, quasi anti-Iso 28010 45257 342 7.6 488
Z+b-jet, anti-lso 953 21 36 02 0.2
Z+b-jet, quasi anti-lso 1170 684 150 0.9 23

Table 14: Composition, according to simulation, of the non multi-jet contributiondaétections for
the various control regions in the muon channel. The sum of the non multifjéiloutions predicted by
the MC is consistent with the overall normalization from the fit to the the datategpm[I3.

7.1.2 Muon channel control regions

In the muon channel a multi-jet enriched control region can be obtainezl/byting the isolation require-
ment. In particular, the Zjets selection applied to fit the shape of e~ invariant mass distribution
from multi-jet events dters from the nominal selection, described in sedfion 4, for these features

e asin the electron channel, th&u~ invariant mass range is 70-120 GeV,
e the muons are not required to satisfy impact parameter cuts;
¢ both the muons are anti-isolated, i¥pr(I1D)/pr > 0.1.

Also in this case, an inclusive Z selection based on the same muon definitistugéed in addition to
the Z+jets selection defined above. Similarly, a low-statistic cross check wasrpexdo by selecting
the sub-sample of the nominal control region with the jet tagged as b-jet. eléetisns have a large
multi-jet contamination and very small contribution from processes with retdrigp An exponentially
decaying distribution provides a suitable description of the contribution toithmudn invariant mass
from multi-jet events, also in the muon channel, as shown inFig. 21(a)) aab21(c). The distribution
is fit, as in the electron channel, to the sum of the MC templates for the non multieetgses with
floating total normalization, and the exponential function with decay conatahthormalization free in

the fit. In order to check the consistency of the multifgtshape in a sample much closer to the standard

signal selection, a new multi-jet enriched selection has been defined fitwrégeselections of inclusive
Z, Z+jets and Zb-tagged jets. The features of the di-muon pair in this case are:

e 70 < M,+,-(GeV) < 120 and no impact parameter cuts;

e both the muons are quasi anti-isolated, Xer(ID)/pt > 0.01.
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The invariant mass distribution obtained with this selection is reported in Higd),2Z(e) and21(f) for

the Z+jets, inclusive Z and Zb-tagged jet respectively. In all cases the fit is reliable and the results
summarized in table13, show that the determination of the slope of the multi-jeintarass spectrum

is stable with the background level and flavor composition. Table 14 shaysrédicted non multi-jet
contributions in the various control regions.

7.2 Multi-Jet background estimates in the Zb and Zbb signal regbn

The slope parameter, measured in the control region for each lepton channel is used to deéine th
multi-jet model in a fit to the invariant mass distribution in the signal region. The fiteodi-lepton
distributions from the nominal selection are shown, for both lepton charnndiig.[22 for the sample of
events with one or more jets tagged as b-jets (top), the sample with at leastags (@enter) and finally
the sample of events with two jets passing the selection and only one of themgptss b-tagging
requirement (bottom). The contamination of multi-jet events in the inclusive-b4eselection is found
to be very small (of the order of 1% of the non multi-jet selected events) ahe itlouble tag selection it
is found to be negligible. The method allows to derive the normalization of thiggbaend on the whole
sample of events selected with a relative error close to 100%. All the reseiésiammmarized in tab[e1L5.
Repeating the fit with variations of the value of lagparameter obtained fromftierent control regions,
has been shown to lead to negligibléfdiences in the value &y, (a few percents) with respect to the
statistical error.

An attempt to fit the multi-jet background contribution in each bin of the analgsigs, in bins of
b-jet pt, as been done. The results are shown in figurés 28 dnd 24 for theorlaaol muon channels,
respectively. They are consistenffezted by rather large fluctuations, due to the very low statistics.
However, within the statistical errors, the ratio between the multi-jet contamiratidthe non-multijet
events passing the selection appers to be constant over the entire fémgeariables studied.

Therefore, in each bin of théb inclusive selection, the final estimate of the number of multi-jet
events will use the fit result in the total signal region to determine the oveaalidnal multi-jet back-
ground contamination.

To cover the systematic uncertainties from the choice of the control regifrora the stability of
the shape of the exponential model for the multi-jet background and taiacfor the statistical error on
the final background normalization a 100% systematic uncertainty will bereesbig the fractional rate
of multi-jet events.

Finally, a template for the distribution of the b-flavor discriminan(ghb/ pc) in multi-jet background
events must be determined from data and used as input for the b-jet yeddtmn. The selection that
has been used to derive thg fib/ pc) distribution is based on the selection of the control region with the
addition of the requirement that one jet is tagged as b-jet. In the muon cdlséeptons are anti-isolated;
in the electron channel, both leptons are failing the MediumPP criteron. Thdésatespbtained for both
lepton channels are shown in figlird 25.
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Figure 22: Extraction of the multi-jet background in the signal regiongesponding to the nominal
selection, from the fit to the di-lepton invariant mass: inclugibeselection (a and b), arbb selection

(c and d). Plots on the left refer to the electron channel and plots on thtereiigr to the muon channel.
The control sample corresponding to the selectiondf@ne b-jet and a second jet failing the b-tagging
selection are shown in (e) and (f).
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Figure 23: The results of the QCD background estimate fits in the signahsemidins of observables
studied in the analysis, for the electron channel. The histogram showsdbhk of a fit to the whole
signal region.
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Figure 24: The results of the QCD background estimate fits in the signahsemgidins of observables
studied in the analysis, for the muon channel. The histogram shows tlieafesiit to the whole signal
region.
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Figure 25: The Irfpb/pc) template from multi-jet events as obtained from a modified control region
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selection Qe Nﬁ',e + cr(Nme) Nmje £ 0(Nmje)
> 1 b-tag -0.020+ -1.000 192446 0.0+650
> 1 b-tag -0.022+ -1.000 192446 00+627
> 1 b-tag -0.025+ -1.000 192446 00+595
> 1 b-tag -0.019+ -1.000 192446 00+664
> 2 b-tags -0.020+ -1.000 10897 44 + 286
> 2 b-tags -0.022+ -1.000 10897 46+ 275
> 2 b-tags -0.025+ -1.000 10897 49+ 258
> 2 b-tags -0.019+ -1.000 10897 44 + 293
1 b-tag and> 2 jets -0.020+ -1.000 80573 142 + 49.7
1 b-tag and> 2 jets -0.022+ -1.000 80573 129+ 498
1 b-tag and> 2 jets -0.025+ -1.000 80573 111+ 56.6
1 b-tag and> 2 jets -0.019+ -1.000 80573 148 + 49.6
selection @, Nej, £ 0Ngi,  Nmju £ 0 Nmjy
> 1 b-tag -0.036+ -1.000 254822 1401 + 853
> 1 b-tag -0.036+ -1.000 25482 1401+ 853
> 1 b-tag -0.031+ -1.000 25482 1354 + 86.3
> 1 b-tag -0.031+ -1.000 25482 1354 + 86.3
> 2 b-tags -0.036+ -1.000 14639+ 0.0 00+581
> 2 b-tags -0.036+ -1.000 14639+ 0.0 00+581
> 2 b-tags -0.031+ -1.000 14639+ 0.0 00+852
> 2 b-tags -0.031+ -1.000 14639+ 0.0 00+852
1b-tag and> 2 jets -0.036+ -1.000 106611+ 0.0 808 +57.3
1b-tag and> 2 jets -0.036+ -1.000 106611+ 0.0 808 +57.3
1b-tag and> 2 jets -0.031+-1.000 106611+ 0.0 778+ 580
1b-tag and> 2 jets -0.031+-1.000 106611+ 0.0 778 + 580

43

Table 15: Estimate of the multi-jet background contamination of the sample adfsgvassing the nomi-

nal selection, in both lepton channels.
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8 Extraction of differential Zbyields

8.1 Flavour fit in the Zb analysis

The reconstruction-level criteria detailed in table 4 are used to select desafrgvents with & boson
candidate and at least one tagged jet (passing the MV1 cut at #&&mcy). The number db-jets,

Np and the number of events withZaboson and & jet, Nz are extracted from the data using flavour
template fits to a variable which shows good flavour separation. An exteamd&dnum likelihood
binned fit using Roofit is used. For jet-level observables, all taggee s the flavour templates. For
event-level distributions, the leading (o7) tagged jet is used in the flavour templates.

The jet-level variable Ing,/ pc) is used as the baseline flavour discriminant. This variable was found
to give the best precision dd, compared to e.g. SV0 mass, used in the 2010 analysis. This precision is
attributed to the low correlation (around 20-25%) of beauy template with thdight andcharmtem-
plates. Two dimensional combinations of variables (e.gpddc) vs In(pp/ py)) were also studied, but
did not yield superior results and tended to be slightly less stable especiatylabking at diferential
fitsin e.g. b-jetpr.

A feature of the Infp/pc) discriminant is that thdight and charmtemplates are almost entirely
correlated ¥ 98%) and so in the default fit, treharmandlight flavour templates are combined. Thus
the two variables floated free in the fit are teauty and the ¢harm+ light) template normalisations,
where the flavour of the template is determined using the last criteria showreftéite. only theb-jet
flavour definition is used). The QCD multi-jet background is subtractau fitata for each distribution
using the estimation provided by the method detailed in SeEfidn 7.1. The otheyrbacks are taken
from MC normalised according to talle 3.

For the central results, the electron and muon channels are first confbmealch distribution by
simply adding the two sets of data, flavour templates and backgrounds togdtbgrocedure is shown
to improve the statistical precision and is robust against systentidt®related to flavour discriminant
shapes and unfolding. A cross-check of the individual electron arwhroliannels is also performed and
gives consistent yields. Two independent analyses are used tottieegield results and the agreement
is in general at the per mille and better thaB% in all bins.

The combined data are compared to MC after the template fit results have sszbmoualter the
normalisation of théeauyy andcharm-+ light templates, for all of the fierential bins of the analysis, in
figures[27 td_34.
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Figure 27: Flavour fit in the bins 2&b-jet pt[GeV]< 30 (a), 30<b-jet pr[GeV]< 50 (b), 50 <b-
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Figure 30: Flavour fit in the bins.0 < AR(Z,b - jet) < 1.0 (a), 10 < AR(Z b - jet) < 1.5 (b),
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Figure 34: Flavour fitin the bins 8Z]y| < 0.2 (a) 02 <Z|y| < 0.4 (b), 04 <Zly| < 0.6 (c), 06 <Zly| < 0.8
(d), 08 <Zly| < 1.2 (e), 12 <Z|y| < 1.6 (f), 1.6 <Z|y| < 2.0 (g) and 20 <Z|y| < 2.5 (h).
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8.2 Comparison of extracted yields withaLpGex

The fit results are shown at the reconstructed level for all obsewvalfiferentially in figuré 36 compared
to thearLpgen simulation.

8.3 Goodness of fit

The fit bias in the estimation of the number of b-jets is checked with a toy Monte-&asemble test. A
set of pseudo-data is generated according to the flavour compositiontestimalata; then a flavour fit
is performed to each pseudo-dataset. The procedure is repeategitaslypa each analysis bin. The pre-
vious version of this study is summarised in figures showing the pull mean it for all differential
distributions, shown in Fig._36 and37.
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9 Unfolding the differential Zbyields

The jet and event yielddl, and Nzp, extracted using the method in sectl[dn 8, are next corrected for
detector &ects. The Bayesian unfolding method, as implemented in RooUnfold with coearérors,
is used as the baseline unfolding method, with the bin-by-bin method used@ssacbeck.

A two dimensional histogram is filled for each observable, with a recoristiuevel variable on
the x-axis and a patrticle level variable on theaxis. If a reconstructed levékjet is matched with a
particle levelb-jet using a simpl&\R < 0.4 matching, then it enters the two dimensional histogram. A
reconstructed or particle levbljet is one that matches with a stable B hadron using the same criteria
used for defining the flavour templates and given in table 4. For thefs-jedriable two additional truth
jet bins are added: ¥15GeVand 1520GeV. This corrects irfBciency in matching due to migration
below the fiducial truthpy cut and significantly increases the Accetance (defined below) in thetlowes
recontruction bin of this variable.

One dimensional histograms of the reconstructed and particle level varedelalso filled, but with
no matching requirement. The Acceptance afiicEency are then defined as

N(matched N(matched @)
N(reconstructeyl N(particle)

and in it simplest incarnation, the corrected number islji{giata)«Acce ptancgk f ficiengy. Bayesian
iterative unfolding is used to take into account the small correlations beiegrabd 4 iterations is found
to give a stable result.

The two dimensional matrix, the Acceptance and tlfieciency, are shown for each observable in
figured 38 tg 45. The Acceptance is in general high, while tfieiEncy is approximately 30%.

Observables are grouped into pairs that have the same integratedestiess.sTheZ boson must
have rapidityly| < 2.5 andpr < 500 GeV for all distributions. The jets must hape < 500 GeV for all
jet-based observables. Finally, for the angular jet-level variahlRsAy andA¢, Zpr > 20 GeV in order
to have a well defined of theZ, andAR(Z, b—jet) < 6.0.

Acceptance- Ef ficieny =
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Figure 46: Comparison of b-jgir unfolded cross-sections using the bayesian and bin by bin methods,
cross-sections for the indivdual electron and muon channels as vib#iasum are also shown.

9.1 Zbunfolding cross checks

Various cross-checks are made for the eight unfoldledistributions:

The unfolding is performed using the bayesian method and cross-chettkethe bin by bin method
with excellent consistency observed. The full analysis chain of fits agddian unfolding is repeated
separately for the electron and muons channel for all variables. Thigsateo important cross-checks.
Firstly the electron and muonftiérential cross-sections, expected to be identical, can be directly com-
pared and checked for consistency; for the most part this consissawdin the statistical uncertainties
although the electron cross-section does fluctuate high in some bins rétativee muon cross-section.
Secondly the individual analysese of electron and muon channel caddeel after unfolding and com-
pared to the cross-section obtained when the channels are combined is #melfunfolding. Excellent
agreement is observed validating the analysis procedure of combiningaheeds.

The above checks are displayed in figurds 46 to 53 which show the edfoidss-sections described
above.

In addition to these checks, toy experiments using the bootstrap method &wemget for the
Bayesian unfolding procedure to validate the statistical uncertainties eetémom RooUnfold. These
toys will be documented in an appendix in the next version of this note bafgmeval is requested.

One further appendix is in preparation detailing a cross-check whehelyb analysis was per-
formed with an alternative cut on the MV1 tagger output (60% working piostead of 75%). With
the default &iciency corrections from the b-tagging group-8% difference in unfolded cross-section
was observed. More detailed investigation has pointed to the dlijehey methods causing this tension
and in particular the tension occurs for the tighter working point and nadefeult working point used
in this analysis. For this reason we do not currently change our cemtablsés or add an additional
uncertainty due to thisfeect.
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cross-sections for the indivdual electron and muon channels as weadlasuim are also shown.
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Figure 48: Comparison oAR(Z, b — jet) unfolded cross-sections using the bayesian and bin by bin
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Figure 50: Comparison ohy(Z b — jet) unfolded cross-sections using the bayesian and bin by bin
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Figure 52: Comparison of 1 unfolded cross-sections using the bayesian and bin by bin methods,
cross-sections for the indivdual electron and muon channelsas weadlasuim are also shown.
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10 Inclusive fit for Zbb

To extract theZ + bbyield from the sample 0Z+2 tagged jets, the data are fitted using templates from
Monte Carlo, in a variable which provides discrimination between tferéint jet flavours (b, charm,
light). To improve the statistics, the electron and muon decay channels @&flboson are combined
before performing the fit by adding the channels for each of the distritsutidrnis fit is first done
inclusively, as described in this Section, thefiatientially (see Sectidn112).

Sectior 1011 gives an overview oftfirent possible approaches to the fit that have been explored, as
well as describing the baseline that was chosen for the cross sectionrameast. The results of a toy
MC based fit validation study are summarised in SubseEfion 10.4.

10.1 Comparison of diferent fit methods

The number of trudb-pairs in the doubld-tagged sample is extracted using a template fit. The fit
procedure uses an extended likelihood fit based enwiM To obtain the best fit performance, we must
select the appropriate variable to fit, and the number and type of templatesseda the fit.

For the fit variable, two options were compared, motivated by the resultimglations between the
fitted b, c and light jet contributions. These are the sum dfdb/ pu) and the sum of Ifpb/pc), where
the sum runs over the two leadipg tagged jets.

Several combinations of the jet flavour are possible for the two tagged @tsriter the fit, namely:
bb, bc, bu, cc, cu, uu (whereu stands for any type of light flavour or gluon jet). The limited statistics
and degenerate shapes of these templates means that several of grelatkemplates are combined
together before the fit is performed. The following combination options haea compared, where the
parentheses indicate which of the combinations enter a common termplate

e (a) 2 templatesT;: bb, T2: (bc, by, cc, cu, uu) ;

e (b) 3 templatesT;: bb, T»: (bc, bu), T3: (cc, cu, uu) ;
e (c) 3templatesTy: bb, To: (bc, cc), Ts: (bu, cu, uu) ;
e (d) 3templatesT;: bb, To: cc, Ts: (bc, by, cu, uu) ;

e (e) 3templatesTs: bb, T,: (bc, by, cc, cu), T3: uu

In addition to the templates explicitly listed above, a background template is fonoradiie com-
bination of the background Monte Carlos (top, diboson, multijet, etc - se@8&). This background
template is not allowed to float in the fit.

An overview of the statistics available for each of the templates is providedie[I8. The diferent
ways to group the dierentZ + jets background templates have also been compared in terms of template
correlations. Table-17 gives an overview of the results.

Given the limited statistics for the + jets templates corresponding to events with less than two true
b’'s for options (b) — (e), the simplest grouping of templates, option (a),cliasen as the baseline.
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fit  N(T1),raw N(Ty), raw N(T3), raw

(a) 10536 5128 -

(b) 10536 2092 3036
(c) 10536 2187 2941
(d) 10536 1411 3717
(e) 10536 4332 796

Table 16: Overview of fit template statistics in terms of unweighted MC eventsilooting to each of
the templates.

fit option template combination Ifpb/pu) In (pb/po)

(@) bb, (bc, bu, cc, cu, uu) -0.50 -0.55
bb, (bc, bu) -0.77 -0.86
(b) bb, (cc, cu, uu) +0.51 +0.62
(bc, bu), (cc, cu, uu) -0.84 -0.84
bb, (bc, co) -0.60 +0.53
(© bb, (bu, cu, uu) +0.38 -0.63
(bc, co), (bu, cu, uu) -0.89 -0.97
bb, cc -0.18 +0.64
(d) bb, (bc, bu, cu, uu) +0.00 -0.77
cc, (be, by, cu, uu) -0.94 -0.93
bb, (bc, bu, cc, cu) -0.66 -0.18
(e) bb, uu +0.47 +0.03
(bc, by, cc, cu), uu -0.88 -0.96

Table 17: Correlations between the fit templates, for tiigedint ways of grouping th2 + jets back-
grounds.
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10.2 Single-b Scale Factor

In the default fit method, the templatbs, bu, cc, cu anduu are combined before the fit into a general
non-bb template. This assumes the Monte Carlo correctly describes the relativerjiwof each of
these samples. However, we know the Alpgelerwig samples underestimate the amounf ef b, so
this template must be scaled up before the combination in order to obtain thet ahrape for the nob-
template.

To derive the scale factors, the following fits are performed:

1. Fitto In(pb/pl) in a sample oZ+2 jets with exactly one tag, to mimic the configuration. This
fitis used to derive the default charm andcale factors.

2. Fitto In(pb/pl) in the inclusiveZ+ > 1 tagged jet sample, to study kinematic dependence of the
charm and scale factors and set a systematic uncertainty.

3. Fitto In(pb/pc) in a sample oZ+2 jets with exactly one tag, to validate thget scale factor in
the variable used in the final analysis. The charm scale factor caniadtlyebe obtained in this
fit, due to the degeneracy of the charm and light templates(ijplfpc).

4. Fitto In(pb/pc) in the inclusiveZ+ > 1 tagged jet sample, again to cross checkibeale factor.

The results of these fits can be seen in Eig. 54 f¢phy pl), and5b for the validation in I(pb/ pc).

~ 7 ———— ~ F T
et 3000 —e-Data B 8 F —e- Data B
S F Wl b-jets ] g 7000 B b-jets =
< = Ec-jets 1 < F [ cjets E
S 2500 Dtightjets S 6000 [Dightjets -
1% F [JBackground n C [JBackground ]
£ 20001 sf, =1.33£0.03 4 £ 5000F ST, =145+ 0.02 ]
€ = sf_=1.01+0.06 c E sf,=1.02+0.04 7
w r sf=1.03+0.03 w F sf=1.01+£002 3
F fj=1.08£0.03 4 4000} f=101£002
1500 X“/DoF = 24.3/18 — F X'/DoF =22.3/18 J
E ] 3000 =
1000 — 20005 ]
500( E 1000 E

Q4 10 Q4 10
In(p,/p,) In(p,/p,)

(a) (b)

Figure 54: Extractindp andc jet scale factors from fits to lfpb/ pl) in (a) the Ztagged jet+ non-tagged
jet sample, and (b) the inclusiverfagged jet sample.

In the main fit region (1), shown in Fif. b4 (a), we obtaim acale factor of 1.29. In the more
inclusive fit region, we seelascale factor of 1.44. We therefore assign a 15% systematic uncertainty to
thisb scale factor. These results are consistent with those in {fpb/ipc) fits.

We also observe a charm scale factor greater than unity. However findht variable (In(pb/ pc)),
the charm and light templates are essentially degenerate, and scaltiogvagthe charm contribution to
the nonb template has negligbleffect. So, we take a charm scale factor of unity with again a 15%
systematic to cover any possiblfezts.

Hence, when building the ndobk template to fit the double-tagged sample, we apply the following
scaling:

1. light-light, light-charm and charm-charm are not changes (scalerfaicio0)

2. lightb and charnb are scaled up by 1.29.
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Figure 55: Validating thé jet scale factors with fits to Ipb/pc) in (a) the Zrtagged jet+ non-tagged
jet sample, and (b) the inclusiverfagged jet sample.

10.3 Inclusive Fit Results

The fit results corresponding to the baseline option are shown in Higlier %6(pb/pc), comprising
separate fit results for the electron and muon channel as well as the eshfiibiresult used in the cross
section measurement. Tablg 18 gives an overview of the correspondinigens as well as a comparison

to results obtained from the (pb/ pu) variable. The data are reasonably well described in both cases.

Results obtained from the two variables compared are in excellent agrewitlereach other. Also
results of the combined fit of electron and muon channels are consisterthadé obtained by fitting
the individual channels.

variable Z-—->ee Z- uu combined fit

In (pb/pc) 483+34 727+43  1207+55
In (pb/pu) 480+33 706+41 118953

Table 18: Overview of fit results for both fit variables consideredassply for electron and muon decay
channel, and for the combined fit of both.

For completeness, the fit results obtained without the reweightibedeicays obtained in Sectifh 5
are shown in Tablg19. It can be seen that g&¢ndf for the fits is higher without the reweighting,
corresponding to a poorer description of the data. It can be seen atshehin(pb/pc) and In(pb/ pu)
results are in slightly worse agreement without the reweighting. Since onstatistical uncertainty of
the fit result is shown in the table, no impact of the reweighting on the uncigriaiseen.

variable  result, norew. fig?/ndf, norew. result, with rew. fig?/ndf, with rew.

In (pb/pc) 0+0 0.0/0 1207+ 55 88/6
In (pb/pu) 0+0 0.0/0 1189+ 53 121/8

Table 19: Hect of reweighting on combined fit results for both fit variables constere
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Figure 56: Templates and fit result obtained for the baseline fit appréacta, b) the electron and (c,
d) the muon decay channel of the Z boson, respectively, as well §fg¢ethe combination of these as
used in the cross section measurement. The baseline variable, baséglyipb), is used.

10.4 Validation of the fit procedure

For the technical implementation of the fit, thedRir software [20], as provided within theoRr pack-
age [21], was used. The fit was validated using 5 million toy MC events. Assaie test, the pulP
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Figure 57: Fit validation: (a) shows the pull distribution, (b) the linear oesp of the fit when varying
the true fraction of signal in the toy MC sample.

defined as
P Xfitted — Xtrue

Ofitted
was calculated for each toy experiment. For the fit to pass the closuredestitidistribution is expected
to have a mean value close to 0 and a width: 1. In order to test the linearity of the fit, the fraction
of trueZ + bb events was systematically varied in steps of 10 % of the nominal fit value fio¥h
150 % of the nominal. At each step, 100,000 toy experiments were perforfiliedmean and RMS of
each set of toy experiments was plotted as function of thedruebb fraction. The fits show a linear
behaviour within statistical uncertainties, in agreement with the expectatienP@ithdistribution and a
plot showing the linear behaviour of the fits are shown in Fi§ute 57.
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11 Data - Monte Carlo comparison After Scaling

Having determined the need to scale up the heavy flavour contribution in tikeM@arlo, we now
present a further data-Monte Carlo comparison after applying thekefaceors. The scales applied are:

¢ in the inclusive Ztagged jet sample, thHejet contribution is scaled up by 1.45.

e inthe Z+ 2xtagged jet sample, thernon-b-jet contribution is scaled up by 1.33. Thbk contribu-
tion is scaled up by 1.23.

All of these scale factors are simple normalisation changes; there is noddgpme on kinematic vari-
ables. The dference in the two-tag sample between electron and muon channels is still Visikileg
into account only statistical errors, this is ad.6ffect. Again, a more detailed investigation into this
difference is presented in Appendik B.
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Figure 58: Inclusive tagged jet multiplicity in the subsample with at least one jet.
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Figure 59: Transverse momentum (a-b) and rapidity (c-d) of taggedojetsd sample with at least one
tagged jets, shown for the electron and muon channel separately.
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Figure 60: Transverse momentum leading and subleading tagged jetfatdapidity for the leading
and subleading jets (e-h) for the sample with at least two tagged jets, shdha @ectron and muon
channels.
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Figure 61: Distributions of the variables in which théfeientialZ + bb measurement is performed.
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Figure 62: Variables used in determining the flavour composition. (a,b) &b/ pc) of b-tagged
jets in the subsample with at leasblag required. (c,d) show the sum of thg b/ pc) values for the
subsample selected by requiringp 2ags. The various jet flavour templates are individually shown using
the normlisation from the Monte Carlo, before the fit is performed.
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12 Differential Z + bbfits

For the diferentialZ + bb cross-section measurement, the same discriminating variable is used, namely:

|n@+|n@—2|

The fits to this variable are now performed in bins of 3 kinematic distributidmg: My, AR(b, b). To
reduce sensitivity to statistical fluctuations in the limited Monte Carlo samples, a teneplavolution
method is used, described in Secfion 12.1. The fit results are then giventior§12.2.

12.1 Template construction

The shape of the distribution forftierent flavour jet pairs is obtained from Monte Carlo simulation. Two
methods to extract the templates can be used. The simplest method is to takeeted ¥dh(pp/ pc) for
each jet pair in MC. However, the finite size of the simulated event samplegatatistical fluctuations
in these templates. To avoid this issue, a second method is introduced thes e (pp/ pc) template
from the In(pp/pc) shape of individual jets. This so-called convolution method utilises the fattitle
b-hadron decay is a process inside the jet, which can only depend orotherties of the containing jet.
Moreover, it is found that the shape of pp( pc) depends strongly on ther of the jet and very little on
other jet variables. The convolution method exploits this relation by replacangatue of Infy/pc) for

a jet of pr = X by the distribution of Infy/ pc) found for any jet ofpr = X.

The convolution algorithm works as follows: in a sample of dijet pairs, theihgad/ersus sub-
leading jetpr is binned in a two-dimensional histogram. For each individual jet in this sampe, th
In(pw/ pc) value is binned as a function of jet. To generate a dijet template BfIn(py/pc), the algo-
rithm loops over all bins in thg@y histogram with a non-zero number of entries. Via theof the two
jets, each of these bins corresponds to two single-jet templates. A partidedijelate is then generated
by multiplying every bin in the first template with every bin in the second templatengdole result to
the bin that corresponds to the sum of the bin values of the individual teraplEbe number of entries
in bin ny of this partial dijet template is therefore given by:

k—i+1

nk(pr1, Pr2) = Z Z ni(pr1) x nj(pr2).

i j=k-i

Here the ambiguity that arises due to the granularity of the bins is resolveaditiijng each contribution
between two bins in the dijet template. To prevent this from smearing the distribtiti® convolution
is performed in a finer binning and the dijet template is rebinned afterwandbisl way eaclpr com-
bination from the two-dimensional dijet histogram results in a partial dijet tem@gtadding the dijet
templates for all these combinations, scaled by the number of times a combinatioa,acsmooth dijet
template is obtained.

A comparison between the templates extracted directly from Monte Carlo asel generated using
the convolution method is show in F[g.]63. The two methods show good agreemen

12.2 Fit method and results

The true number dbb pairs is fitted diferentially in bins of thept of theZ boson, the invariant mass of
thebb pair and the distance between the tvjets. For each of these bins, three templates f(pp/ pe)
are constructed from Monte Carlo. The doublemplate contain + bb events for which both-tagged
jets are trudo-jets. The flavour combinationgy, cu, cc, buandbcare added together and will be referred
to in the figures as “other”. In this template the singleentributions u andbc) are scaled by a factor
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of 1.37 as determined from th2 + b fits. Finally, a background template is used, representing the
background events that pass the bbsignal selection. The normalisation of the background template is
fixed to the expected number of background events, leaving only the heatian of thebb and nonbb
templates as free floating parameters. The fit results are shown i Hiff& &4d 66.
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13 Unfolding the Z+bb Distributions

The next step is to correct the fitted b-jet yields for resolution diciency dfects. The method proceeds
as follows:

e the fits toXIn (pb/pu) yield the number of reconstructed+Z4et events where at least two jets
b-tagged and contain b-hadrons. This is either the total number, or inféndistribution.

e this number is corrected for the b-taggin§@ency, using a correction derived in Monte Carlo

e a bin-by-bin correction (o€-factor) is then applied, to correct for detector resolutifeas and
other reconstruction irfBciencies, such as the trigger, leptdficencies and jet reconstruction,
as well as the cut on Missing transverse energy, which is not appliedrttle level. For the
differential distributions, this result is cross-checked using the Bayesiatding method, as
implemented in RooUnfold.

e the result is then divided by the luminosity, to obtain a cross section, andaa @ to convert
theee+ mumuresult to a per-lepton result.

More details on these steps are provided in this Section.

13.1 b-Tagging Hficiency Correction

Before unfolding, the fitted Zbb yields are corrected for the b-tagginfi@ency. This is done based on

detector level quantities, as thffieiencies were determined based on detector-level jets. It is calculated

from Monte Carlo of all events with a reconstructed Z and at least two jétsrenat least two of these
jets contairb-hadrons, divided by the number of the same events wheredbjetls are alsd-tagged.
Figure[6T shows this correction factor as a function of the threrditial variables being studied.

13.2 Unfolding

To perform the unfolding, the resolution anéfigiency 2D matrix is filled in Monte Carlo for each
distribution as follows:

1. all events passing the reconstruction level selection are put in theflomdef the y axis, applying
all reconstruction level scale factors and generator level weights.

2. all events passing the particle level selection are put in the underfltve of axis, applying only
the generator level weights.

3. event which pass both reco and particle level, and in which the the lesstind-jets match the
leading particle b-jets (based on a simple < 0.4 matching) are also put into the body of the
matrix, plotting the particle quantity against the reconstructed, applying ahstaiction level
scale factors and generator level weights.

For this matrix, simple bin-by-bin correction8-factors) can be calculated from the ratio ¢ 2A
C-factor for the inclusive sample is simply the integral of 2 divided by the imategfr 1. When cross-
checking the full unfolding using the Bayesian method, the matrix (3) is akso. us

13.2.1 FiducialZ + bb inclusive cross section

All parts are now in place to extract the total fiduciatldb cross section. Tabl[e]20 details the fitted

yields, b-tagging ficiency andC-factor for each lepton channel, and the combined. Using the recorded

luminosity, the cross section tim&s— Il branching fraction is also given in the Table.
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Figure 67: Correction factor for the b-tagginfiieiency in the Zbb analysis. Shown as a function of
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term electron channel muon channel combined
Nop fit,0 483.8 727.3 1207.5
Nmtrec 380.5 500.4 880.4
Nm.rec 767.4 1027.8 1794.4
Nmtrue 1804.7 1802.9 3607.8
€2n¢ 0.50 0.49 0.49

Ce 0.43 0.57 0.50

L 4579.9 4579.9 4579.9

o(Z +bb)- BR 0.501 0.572 0.540

Table 20: Terms contributing to the cross section, separately for electcomaon channel and for the
combined measurement.

13.3 Z + bb differential cross sections

For the diferentialZ + bb measurements, bin-by-bin unfolding is used by default, with Bayesiandinfo
ing used as a cross check. Unfolding matrices with some additional inforrahptots are shown in
Figure§ 68 E71. The additional plots show:

e Matching correctiorshows the fraction of reconstructed events that also pass the partidledeve
lection. This “fake” correction therefore removes events from the saocaple that fail the particle
level selection (generally due to migratioffexts). It is handled either as a separate step in the
Bayesian unfolding, or is simply folded into the bin-by-bin correction.

e Efficiency correctiorshows the factor to correct for events that are not reconstructdd.isTtie
number of particle level events in a given bin, divided by the number tleadlao reconstructed.

e Efficiency is calculated from all particle level events that are also reconstructdds #ée fraction
in a given bin that are also reconstructed in the same bin. lfbeiencies implies a non-diagonal
resolution matrix.

e Purity, defined as the fraction of reconstruction level events in a given binotigihate in the
same bin at particle level. Purity contains similar information to tfii€iency, convoluted with
the shape of the distribution in question.

It can be seen that thdfiencies are all very high, hence the matrix is highly diagonal and the
simpler approach of bin-by-bin unfolding is justified.
Statistical uncertainties on the unfolded distribution are determined usingblestesting.

e 5000 pseudo-datasets are derived from the fitted b-jet yield in real Bataach pseudo-dataset,
the bin contents are fluctuated randomly within a Gaussian distribution with a width lgy the
fit uncertainty.

e all pseudo-datasets are then unfolded and compared the the nomina¢gldta m the case of
bin-by-bin unfolding, the RMS if the spread in each bin is assigned as th&tis&l uncertainty.

e For the Bayesian unfolding, The full covariance and correlation matrialsutated. The number
of iterations for the unfolding is chosen based on the behaviour of thelatton matrix, stopping
at 4 iterations gives bin-to-bin correlations which reasonably mimic thelatiors expected from
the form of the migration matrix, with no largefediagonal elements. Too few iterations under-
estimates the correlations; too many results in laffjeliagonals as the method converges on the
full matrix inversion solution.
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To perform a closure test and to estimate the unfolding bias, the unfoldadada folded back
through the migration matrix (including thétects of the #iciency correction and matching correction)
and compared to the input data distribution. The results of this “folding testslaown in Figures12
to[78. It can be seen that the two unfolding methods agree well, and aolgingf biases are generally
small.
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Figure 73: Left: comparison betweerfldrent unfolding methods at particle level #bbosony (Z + bb

differential measurement). Right: closure test result. The unfolded datin@ibtesing either Bayesian
or bin-by-bin unfolding) is folded back through the matrix and comparedeaéiector level data. The
ALPGEN+HERWIG distributions are shown for comparison.
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ALPGEN+HERWIG distributions are shown for comparison.
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14 Systematic Uncertainties

In this following section we list the systematic uncertainties considered. Aksatic shifts are applied
to Monte Carlo predictions only. They are taken into account for the fit @fsignal yield and also
applied to the unfolding and corrections.

14.1 CP Group uncertainties

The software packages that are used for this evaluation are listed if&lable

14.1.1 b-Tagging ficiency

The dominant systematic for this analsis is the uncertainty on the b-tagfjicigrecy. We break down
this dficiency uncertainty into the 10 eigenvectors for b-jets, but do not decserihe charm and light

jet uncertainties as these are significantly smaller in the final result. To estinmtenttertainty the
scale factors that are applied to the MC (see Se€lion 4) are shifted upamdadthin the uncertainties
(provided by the BTagging Calibration Interface, [[22]). Since theiency and the inficiency are
anti-correlated one has to shift one up when the other is shifted downieed/ersa. This is done
separately for b-jet, c-jet and mistaffieiency scale factors. Default scale factors are used for b-jets with
pr¢300GeV, no addition extrapolation factor is applied.

14.1.2 Jet Energy Scale

The uncertainty on the jet energy has been derived using the MultijetXtestidimtyProvider tool that
is provided by the JéEtmiss group ([23]). In this analysis, the breakdown into 16 individuéance
parameters is used.

14.1.3 Jet Energy Resolution (JER)

To account for a possible underestimate of the jet energy resolution in siomaa additionapr smear-
ing is added to the jet$ [24]. The resulting change in the cross section is synse@t® obtain an
estimate of the downward shift in resolution.

14.1.4 Lepton identification dficiency, energy scale and resolution

The lepton identificationféciencies are applied as recommended by the Egamma and muon performance
groups. Both for the electron and for the muon case theiency scale factors (see Sectidn 4) are varied
upwards and downwards according to the given uncertainty. Thisiiedeas a function of the kinematic
properties of the leptons. The electron and muon momentum scale and resahet@lso varied within

their uncertainties as determined by the relevant CP groups.

14.2 Luminosity uncertainty

An uncertainty of 18 % on the delivered luminosity is assumed|[25].

14.3 tt cross-section prediction

The overall normalisation for the template that corresponds to the aggtsZcontribution is fixed in
the fit of the signal yield. The theoretical prediction for the includiv@roduction cross section is
ot = 1668j§:g pb ([26] [27] [28] [29]). To estimate the impact of this uncertainty on the ndisation
the fitis applled withoy + Aot andoy — Ao.
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14.4 Estimate of systematic uncertainty due to gluon splittig and MPI effects

Using theMPI and gluon splitting flags obtained for events with a b parton from the HFO&eproe,
the systematic uncertainty resulting from these components is estimated by ddbkiincontribution
to the light jet sample and symmetrizing the resultinfjedtence with respect to the nominal result.

14.5 Db-Jet Template Shape Uncertainty

As described in sectidd 5 the Iolf/ pc) distribution forb-jets is observed to be mis-modelled in a top pair
control region. To correct for this in signal selected events, weigletsipplied to HERWIG showered
MCs with significantb-jet contributions to correct charge particle multiplicities frénhadron decays
to emulate those expected from EvtGen. These weights intentionally modify theplate shapes
for both signal and redi-jet background aiming to bring them closer to that expectedhfets in data.
However, corrections to decay tables do not account for additionatmodellings which may come from
hadronisation ob hadron decay daughter reconstructidiiceency. Sectiofi 514 describes an alternative
data-driven weighting scheme based on the top pair control region waiche directly applied to the
signal region. The derived functional form of the dM& ratio from that study provides a pérjet
weight as a function of Ingb/ pc) for the range (2.0,9.0), jets outside of this range are assigned weights
of unity. b-jet templates are then derived from the Alpgen MC replacing the evertHetw@en weight
with this alternative jet level weight. The fits are then repeated and ffexatice between the EvtGen
weighted fits and alternative weighted fits are taken as a measure of templag¢ausitertainty. Although
this method yields an inherently one sided measurement the result is symmetdr&edssigned as a
systematic uncertainty.

14.6 Non-b Template Shape Uncertainty

Fit results are less sensitive to mis-modelling of the light and charm jet templetese shapes are
almost degenerate in Ipb/ pc), as their distributions are narrow and well separated fronbjet dom-
inated region. However, mis-modelling of jet fragmentation or charm hadieoay charge particle mul-
tiplicities are among the physic$fects which could bias these shapes if the MC provides a poor model
of such processes. In order to evaluate the size such distortions mighbhahe fit result the Alp-
gen template shapes are re-weighted to emulate those expected from atiedtesimulation provided

by Sherpa with identical event selection requirements. Fits are then rdpeiditethe nonb template
components re-weighted and théfdience taken as a symmeterised systematic uncertainty.

14.6.1 Charm Jets

Charm jet templates from Sherpa simulationZafiet events are derived from samples generated with
massiveb andc quarks and then filtered for heavy flavour hadrons. For charm the fdtpiires no
weakly decaying hadron of anypr with |7| <4.0, and then requires at least one weakly decaging
hadron of anypt with || <4.0. The sample thus provides a pure truth level selection of events cogtainin
aZ boson and at least one charm hadron coming from the matrix elementegisiigt not fromb hadron
decays. Figure716 shows the inclusive comparison of charm jets fremp&to the default selection from
Alpgen. The ratio is found to be well fitted with a 2nd order polynomial wRtDoF=6.485, the fitted
parameters are given in talilel 21. The fit is restricted to the ranf€,3.0), jets outside of this range
are assigned weights of unity. The function provides per jet weights ascidn of In(b/pc) which

are applied when forming the Alpgen charm template to emulate the respongplyfdg for charm in
Sherpa.
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Figure 76: Distribution of Ingb/pc) for charm jets comparing Sherpa and Alpgen MC with identical
selection. The ratio is fitted with a second order polynomial which is usedweight templates con-
taining charm jets as a systematic uncertainty.

14.6.2 Light Jets

The method for obtaining a re-weighted Alpgen distribution for light jets is aymals to that for charm
jets described above. However, the light filtered samples generated wisivetaandc quarks provide
too few statistics to derive a usable weight function. Instead higher stafidkcdoPSZ+jets Sherpa
samples are used; however, these samples are generated with ntagekeds which causes the sbfi
contribution from gluon splitting in the final state to be significantly enhanceds€quently there is an
unphysical contribution to the light templates from jets containinglsbéidrons (i.e., wittpr <5 GeV).
Therefore, before forming a light jet template from this sample any eventaithadron in the truth
record is vetoed. Figute177 shows the inclusive comparison of selectegelg from Sherpa compared
to the default selection from Alpgen. The ratio is again found to be well fittiélol &v2nd order poly-
nomial with y?/DoF=6.465, the fitted parameters are given in tablé 22. The fit is restricted to the range
(-1.0,3.0), jets outside this range are assigned weights of unity. As for cttafunction provides per
jet weights as a function of lpp/pc) which are applied when forming the Alpgen templates so they
emulate the Ingb/ pc) light jet shapes from Sherpa.

14.7 Single-b template normalisation uncertainty for Zbb

When combining théoc andbl with cc, cl andll templates to make the ndib template, the singlé-
contribution was scaled up from the Monte Carlo prediction, based on alfittéo This scaling is varied
within the systematics obtained in Section10.2:
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Parametern Fitted Value
po 0.985:0.015
pl 0.129:0.027
p2 -0.061:0.016

Table 21: Fitted polynomial parameters for charm jets used to derive weigbtsfor template system-
atic uncertainties.

Parametern Fitted Value
p0 0.983:0.014
pl -0.0140.028
p2 -0.034£0.017

Table 22: Fitted polynomial parameters for light jets used to derive weightsfos template systematic
uncertainties.

e the singleb componentlju andbc) of the nonbbtemplate is scaled up and down by 15%;

e thec-component is scaled up and down by 15%;

14.8 Monte Carlo Statistics

The Monte Carlo statistical error directly enters the bin-by-bin unfoldingeation, as well as the b-
tagging dficiency correction. This statistical uncertainty is propagated to the fing$ @®ction results.

14.8.1 Statistical correlation in unfolding

For theZbanalysis by default the impact of MC statistics on the unfolding is evaluateiditaneously
smearing all bins in the migration matrix using a random Gaussian fluctuation witel#tize statistical
uncertainty of that bin as the standard deviation. This is repeated 5000 thdeke- of those 5000
unfolded values for a given bin taken as the relative uncertainty. Toofider this gives an uncertainty
~ N of the diagonal element in a given analysis bin. However this is consesvasi events in the
migration matrix are statistically correlated with the fiducial truth histogram alsh indeooUnfold. A
full treatment using binomial formalism will be made before approval.

14.9 Cross section systematics faf + b measurement

The fractional systematic uncertainties on thiedtential cross sections for all of the observables studied

in the Z + b phase space are presented in Figude 78. BFfiagging dficiency uncertainty dominates,
along with the Jet energy scale uncertainty.

Both of these systematic uncertainty have been evaluated using the tecbhiaelecomposition
of the total error, as shown in Higl78, into optimized combinations of the vados sources. In Fig.
[79 and 8D the breakdown into error components is shown for the b-tagfjicigncy and the jet energy
scale uncertainty respectively.

14.10 Cross section systematics fat + bb measurement

Systematic uncertainties on tBet+ bb differential cross section measurements are presented in Figures

81 -[84.
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Figure 77: Distribution of Ingb/ pc) for light jets comparing Sherpa and Alpgen MC with identical selec-
tion. The ratio is fitted with a second order polynomial which is used to re-wésghplates containing
light jets as a systematic uncertainty.

14.11 Systematic Tables

Uncertainties of fit signal yield factor and inclusiveZ + bb cross section are summarised in Tdble 23
and22. The detailed results for each eigenvector variation are giveablas[2b anfd 26.
Tabled 2V list the uncertainties obtained for tHéedéntialZ + bb measurement.
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Figure 82: Fractional uncertainties of systematics for tieedntialZ + bb cross sections measured
as function ofARyp. Systematics are broken into three categories (a) b-tagging systemalidg3b
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Figure 83: Fractional uncertainties of systematics for tifiedintialZ + bb cross sections measured as
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Figure 84: Fractional uncertainties of systematics for tieedntialZ + bb cross sections measured
as function ofZ|y|. Systematics are broken into three categories (a) b-tagging systemajidgSb
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electron channel muon channel
systematic Nohfit e €he Ce Oe M2bfit 1 €2by C,u oy
MC templ. stat. 2.1 - - 2.1 1.9 - - 1.9
JES +0.04 -2.26 +8.66 -581 +0.55 -2.81 +9.60 -5.60
JES -1.08 +2.62 -9.01 +5.94 -056 +259 -8.69 +6.16
JER -1.04 -0.61 +0.57 -0.99 +1.15 -1.35 +0.71 +1.82

bjetbtag &f. (EV)T +1.88 +1.29 +5.65 +6.41 +1.73 +1.40 +5.75 +6.25
bjetbtag &f. (EV)] -191 -125 -576 -6.08 -1.77 -1.34 -587 -5.95
cjetbtag etf.T +2.21 -0.05 +0.01 +2.25 +2.20 +0.01 +0.03 +2.15

cjetbtag df.| -247 +0.05 -0.01 -251 -242 -0.01 -0.03 -2.38
ujetbtag &f.7 - - - - - - - -
ujetbtag dt.| - - - - - - - -
TemplateW +6.06 +0.20 +0.67 +5.15 +6.69 +0.41 +0.77 +5.44
TemplateW -6.07 -0.20 -0.67 -525 -6.66 -042 -0.77 -554
TemplateSingleB  -2.11 - - -211  -155 - - -1.55
TemplateSingleB  +2.28 - - +2.28 +1.66 - - +1.66
Template@ +1.06 - - +1.06 +1.16 - - +1.16
TemplateQ -1.24 - - -1.24  -1.30 - - -1.30
EIEffT -1.79 -0.03 +0.76 -1.01 - - - -
EIEff] +1.72 +0.03 -0.58 +1.12 - - - -
ElTrig? -0.18 +0.02 +0.54 -0.74 - - - -
ElTrig| +0.18 -0.02 -0.54 +0.74 - - - -
MuUEft] - - - - -0.24 - +0.69 -0.93
MuUEfT| - - - - +0.24 - -0.69 +0.94
MuTrigT - - - - -0.18 - +0.49 -0.67
MuTrigl - - - - +0.18 - -0.49 +0.68
EES +0.15 - - +0.15 - - - -
EES +0.15 - - +0.15 - - - -
EERT -0.14 -0.03 +0.01 -0.12 - - - -
EER| +0.71 +0.03 +0.05 +0.63 - - - -
MEST - - - - -0.01 -0.01 +0.01 -0.01
MES| - - - - -0.07 +0.03 -0.04 -0.06
MERMS?T - - - - +0.02 -0.05 -0.03 +0.09
MERMS| - - - - +0.05 -0.04 +0.03 +0.06
MERID? - - - - -0.08 +0.01 - -0.10
MERID| - - - - - +0.01 +0.01 -0.01
MetResoSoft -0.10 +0.01 -0.04 -0.07 -0.17 -0.03 -0.01 -0.13

MetResoSof +0.27 +0.06 +0.02 +0.18 -0.02 -0.02 +0.01 -0.01
MetScaleSoft +0.42 -0.01 -0.12 +055 +0.21 -0.03 -0.05 +0.29
MetScaleSof -0.34 +0.04 +0.09 -0.47 -0.24 +0.01 +0.04 -0.29

Table 23: Systematic uncertainties for the inclusive Zbb measurement (ldégrtainties are given for
the fit result, Zb-tag dficiency, correction factor and the cross section.
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combination of electron and muon channel

systematic N2p it €2h C o
MC templ. stat. 1.4 - - 1.4
JES +0.34 +6.39 +9.20 -5.69
JES -0.75 -6.46 -8.83 +6.10
JER +0.33 -0.39 +0.65 +0.73
bjetbtag f. (EV) +1.81 +4.41 +5.71 +6.33
bjetbtag df. (EV)] -1.84 -448 -5.82 -6.01
cjetbtag dt.7 +2.21 +0.01 +0.02 +2.20
cjetbtag df.| -2.48 -0.01 -0.03 -2.47
ujetbtag df.7 -0.00 - - -0.00
ujetbtag df.| -0.00 - - -0.00
TemplateW +6.45 +1.05 +0.73 +5.35
TemplateW -6.44 -1.05 -0.73 -5.45
TemplateSingleB  -1.78 - - -1.78
TemplateSingleB  +1.91 - - +1.91
TemplateG +1.10 - - +1.10
TemplateQ -1.31 - - -1.31
EIEffT -0.73 +0.05 +0.14 -0.93
EIEff] +0.70 -0.08 -0.17 +0.93
ElTrig? -0.07 +0.24 +0.23 -0.32
ElTrig] +0.07 -0.24 -0.23 +0.32
MUEffT -0.14 +0.39 +0.40 -0.53
MuEft] +0.14 -0.39 -0.39 +0.54
MuTrigT -0.11 +0.28 +0.28 -0.39
MuTrigl +0.11 -0.28 -0.28 +0.39
EES +0.15 - - +0.15
EES +0.15 - - +0.15
EERT -0.14 -0.03 +0.01 -0.12
EER| +0.71 +0.03 +0.05 +0.63
MEST -0.01 -0.01 +0.01 -0.01
MES| -0.07 +0.03 -0.04 -0.06
MERMS?T +0.02 -0.05 -0.03 +0.09
MERMS| +0.05 -0.04 +0.03 +0.06
MERID? -0.08 +0.01 - -0.10
MERID| - +0.01 +0.01 -0.01
MetResoSoft -0.14 -0.04 -0.02 -0.10
MetResoSof +0.10 +0.03 +0.01 +0.08
MetScaleSoft +0.28 -0.10 -0.08 +0.39
MetScaleSoff -0.28 +0.09 +0.06 -0.36

Table 24: Systematic uncertainties for the inclusive Zbb measurement (ldiégrtainties are given for
the fit result, Zo-tag dficiency, correction factor and the cross section.
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electron channel muon channel
systematic Mohfite  E2be Ce Je Mobfity  €2bu Cy Ty

bjetbtag df. (EV)T +1.88 +1.29 +5.65 +6.41 +1.73 +1.40 +5.75 +6.25
bjetbtag €f. (EV)] -191 -1.25 -576 -6.08 -1.77 -1.34 -587 -5.95

bjetbtag EV O -0.11 -0.04 +0.10 -0.17 -0.09 -0.01 +0.08 -0.16
bjetbtag EV Q +0.11 +0.04 -0.10 +0.17 +0.09 +0.01 -0.08 +0.16
bjetbtag EV O -0.11 -0.04 +0.10 -0.17 -0.09 -0.01 +0.08 -0.16
bjetbtag EV Q +0.11 +0.04 -0.10 +0.17 +0.09 +0.01 -0.08 +0.16
bjetbtag EV I +0.08 +0.03 -0.08 +0.14 +0.03 +0.01 -0.09 +0.11
bjetbtag EV 1] -0.08 -0.03 +0.08 -0.14 -0.08 -0.01 +0.09 -0.11
bjetbtag EV 21 -0.03 +0.01 -0.01 -0.04 -0.01 +0.02 +0.01 -0.03
bjetbtag EV 2 +0.03 -0.01 +0.01 +0.04 +0.01 -0.02 -0.01 +0.03
bjetbtag EV 3 +0.07 -0.03 +0.10 - +0.06 -0.01 +0.09 -0.02
bjetbtag EV 3 -0.07 +0.03 -0.10 - -0.06 +0.01 -0.09 +0.02
bjetbtag EV 4 -0.05 +0.06 -0.23 +0.12 -0.06 +0.07 -0.26 +0.13
bjetbtag EV 4, +0.05 -0.06 +0.23 -0.12 +0.06 -0.07 +0.26 -0.13
bjetbtag EV 5 -0.06 -0.07v +0.40 -0.38 -0.11 -0.08 +0.40 -0.42
bjetbtag EV 9 +0.06 +0.07 -0.39 +0.38 +0.11 +0.08 -0.40 +0.42
bjetbtag EV 6 -0.24 -0.02 +0.14 -0.36 -0.26 -0.02 +0.15 -0.39
bjetbtag EV +0.24 +0.02 -0.14 +0.36 +0.26 +0.02 -0.15 +0.39
bjetbtag EV 7 -0.14 -0.61 +249 -196 -0.11 -0.61 +2.49 -1.94
bjetbtag EV 7] +0.13 +0.63 -2.45 +2.01 +0.11 +0.63 -2.46 +1.99
bjetbtag EV 8 +1.85 +1.13 -5.05 +6.07 +1.70 +1.25 -5.16 +5.91
bjetbtag EV § -1.88 -1.07 +5.19 -571 -1.74 -1.18 +5.30 -5.57

Table 25: Eigenvector decomposition contributions to the systematic uncertaystgmatic uncertain-
ties for the inclusive Zbb measurement (in %). Uncertainties are givehddit result, 2o-tag dficiency,
correction factor and the cross section.
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combination of electron and muon channel

systematic N2bfit ép C o
bjetbtag f. (EV) +1.81 +4.41 +5.71 +6.33
bjetbtag df. (EV)| -1.84 -448 -5.82 -6.01

bjetbtagEVOl  -0.10 +0.07 +0.09 -0.17
bjetbtag EV Q +0.10 -0.07 -0.09 +0.17
bjetbtag EV It +0.05 -0.07 -0.09 +0.12
bjetbtag EV 1 -0.05 +0.07 +0.09 -0.12
bjetbtag EV 2! -0.02 +0.01 -0.00 -0.04
bjetbtag EV 2| +0.02 -0.01 - +0.04
bjetbtag EV 3 +0.06 +0.07 +0.10 -0.01
bjetbtag EV 3 -0.06 -0.07 -0.10 +0.01
bjetbtag EV 4 -0.06 -0.18 -0.25 +0.13
bjetbtag EV 4 +0.06 +0.18 +0.25 -0.13
bjetbtag EV 5 -0.09 +0.32 +0.40 -0.40
bjetbtag EV § +0.09 -0.32 -0.40 +0.40
bjetbtag EV 6 -0.25 +0.12 +0.14 -0.38
bjetbtag EV € +0.25 -0.12 -0.14 +0.38
bjetbtag EV 7 -0.12 +1.86 +2.49 -1.95
bjetbtag EV 7| +0.12 -1.84 -2.46 +2.00
bjetbtag EV 8 +1.78 -3.98 -5.11 +5.99
bjetbtagEV8  -1.81 +4.06 +5.25 -5.64

Table 26: Eigenvector decomposition contributions to the systematic uncertaysematic uncertain-
ties for the inclusive Zbb measurement (in %). Uncertainties are givehédit result, 2o-tag dficiency,
correction factor and the cross section.
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Combined Channel

ARpp (0.4,1.15) (1.15,1.9) (1.9,2.4) (2.4,2.8) (2.8,3.2) (3.2,5.0)
1b7 -1.80 -2.82 -2.80 -2.88 -1.83 -1.92
1b| 1.97 3.08 3.11 3.28 1.99 2.12
charm? 1.12 1.45 1.18 1.44 1.47 1.74
charm| -1.41 -1.86 -1.48 -1.80 -1.77 -2.15
background -1.83 -4.68 -5.47 -5.24 -4.77 -1.87
background, 1.84 4.70 551 5.24 4.79 1.88
JERT -1.58 224 3.86 -0.01 -1.44 0.35
JER] 1.58 -2.24 -3.86 0.01 1.44 -0.35
e-energy scalg -0.01 0.02 -0.19 -0.19 -0.25 -0.08
e-energy scal¢ 0.15 0.32 0.09 0.58 0.34 0.03
e-energy re$ 0.22 -0.24 -0.08 1.21 0.04 -0.15
e-energy reg 0.28 0.02 0.18 0.77 0.75 0.51
e SFT -1.70 -2.20 -2.38 -2.28 -2.15 -1.63
e SF| 1.73 2.24 241 2.32 2.17 1.65
mu-energy scal¢ -0.06 -0.01 -0.02 -0.05 0.04 -0.13
mu-energy scal¢ 0.00 0.07 0.12 0.09 -0.06 -0.08
mu-energy res IO} -0.04 -0.02 0.05 -0.04 -0.06 -0.12
mu-energy res 10 0.05 -0.06 -0.06 0.10 0.00 0.03
mu-energy res M$ 0.13 0.26 0.01 0.10 0.06 -0.10
mu-energy res M$ -0.09 0.18 -0.03 0.19 0.12 -0.03
mu SFT -0.51 -0.60 -0.63 -0.64 -0.60 -0.49
mu SF| 0.51 0.60 0.63 0.64 0.61 0.50
Trigger SFT -0.32 -0.40 -0.44 -0.44 -0.43 -0.34
Trigger SF| 0.33 0.40 0.44 0.45 0.44 0.35
MPI T 1.26 0.72 0.19 -0.26 5.27 -0.49
MPI | -0.63 -0.32 -0.09 0.14 -2.81 0.31
Template weight |-jet$ -1.32 -1.57 -1.41 -1.10 -1.19 -1.24
Template weight |-jet$ 1.32 1.57 141 1.10 1.19 1.24
Template weight c-jet$ -0.39 -0.26 -0.40 -0.37 -0.78 -0.64
Template weight c-jet$ 0.39 0.26 0.40 0.37 0.78 0.64
Template weight b-jet$ 6.22 7.39 10.23 10.18 8.09 5.43
Template weight b-jet$ -6.22 -7.39 -10.23 -10.18 -8.09 -5.43
Pile-up? 0.08 -0.43 -0.34 0.36 0.10 1.27
Pile-up| 0.01 0.21 0.26 -0.37 -0.17 -1.08
MET ResoSoftTerm$ -0.11 0.14 0.11 -0.29 0.33 0.06
MET ResoSoftTerms 0.12 0.43 0.15 -0.04 -0.03 0.03
MET ScaleSoftTerm$ 0.09 0.55 -0.16 0.71 0.20 -0.01
MET ScaleSoftTerms -0.31 -0.17 -0.24 -1.07 -0.13 -0.25
Z vertex re-weightt -0.05 -0.42 3.32 2.88 1.07 3.91
Z vertex re-weight, 0.05 0.42 -3.32 -2.88 -1.07 -3.91
MC stat? 3.78 3.73 4.15 4.12 3.95 3.99
MC stat| -3.71 -3.66 -4.06 -4.03 -3.87 -3.91
JES HfectiveNP 17 -0.45 0.86 0.29 0.38 0.11 -0.55
JES HfectiveNP 1] 0.45 -0.86 -0.29 -0.38 -0.11 0.55
JES HfectiveNP 27 1.90 3.97 4.14 3.56 3.37 2.57
JES HfectiveNP 2| -1.90 -3.97 -4.14 -3.56 -3.37 -2.57
JES HfectiveNP 3t -1.23 0.21 -1.69 -0.39 -0.68 -1.09
JES HfectiveNP 3| 1.23 -0.21 1.69 0.39 0.68 1.09
JES HfectiveNP 47 0.85 1.12 0.96 0.89 1.13 0.47
JES HfectiveNP 4| -0.85 -1.12 -0.96 -0.89 -1.13 -0.47
JES HfectiveNP 57 0.11 0.97 0.26 0.77 -0.03 0.04
JES HfectiveNP 5] -0.11 -0.97 -0.26 -0.77 0.03 -0.04
JES HfectiveNP 6restTerm 0.13 1.02 0.58 0.79 -0.00 0.25
JES HfectiveNP 6restTerny -0.13 -1.02 -0.58 -0.79 0.00 -0.25
JES Etalntercalibration Modellingy -0.38 0.45 -0.41 0.45 -0.20 -1.26
JES Etalntercalibration Modelling 0.38 -0.45 0.41 -0.45 0.20 1.26
JES Etalntercalibration TotalStat -0.29 1.19 0.28 0.42 0.17 -0.28
JES Etalntercalibration TotalStat 0.29 -1.19 -0.28 -0.42 -0.17 0.28
JES RelativeNonClosure MC11c 0.39 0.62 0.44 0.51 0.21 -0.16
JES RelativeNonClosure MC11c -0.39 -0.62 -0.44 -0.51 -0.21 0.16
JES SingleParticle HighRt 0.67 0.61 0.61 0.87 0.33 0.28
JES SingleParticle HighRt -0.67 -0.61 -0.61 -0.87 -0.33 -0.28
JES Pileup @setNPVT 0.97 0.96 0.06 1.18 0.91 -0.10
JES Pileup @setNPV] -0.97 -0.96 -0.06 -1.18 -0.91 0.10
JES Pileup @'setMu? -1.20 1.78 -0.92 1.26 0.66 0.64
JES Pileup @setMu 1.20 -1.78 0.92 -1.26 -0.66 -0.64
JES ClosebyJets -2.49 1.15 0.05 0.03 -0.24 -0.22
JES ClosebyJets 2.49 -1.15 -0.05 -0.03 0.24 0.22
JES bJES -1.60 -0.02 -1.01 -0.39 -1.09 -1.58
JES bJES 1.60 0.02 1.01 0.39 1.09 1.58
JES FlavComg -0.09 0.71 0.62 0.61 1.19 -0.02
JES FlavComg, 0.09 -0.71 -0.62 -0.61 -1.19 0.02
JES FlavResp 0.25 0.23 0.26 0.96 0.44 0.46
JES FlavResp -0.25 -0.23 -0.26 -0.96 -0.44 -0.46
b-tag variable O 0.57 0.77 0.59 0.98 0.67 0.22
b-tag variable @ 0.54 0.56 0.28 0.61 0.42 0.15
b-tag variable 1 0.52 0.63 0.26 0.75 0.52 0.11
b-tag variable 1 0.59 0.70 0.61 0.84 0.57 0.26
b-tag variable 2 0.53 0.79 0.56 0.80 0.59 0.20
b-tag variable 2, 0.58 0.54 0.31 0.79 0.50 0.17
b-tag variable 3 0.57 0.58 0.36 0.71 0.47 0.19
b-tag variable 3 0.55 0.75 0.50 0.88 0.62 0.18
b-tag variable 4 0.54 0.68 0.47 0.88 0.64 0.20
b-tag variable 4 0.57 0.64 0.40 0.71 0.45 0.16
b-tag variable 3 0.74 0.96 0.66 0.80 0.58 0.24
b-tag variable § 0.37 0.37 0.21 0.78 0.52 0.13
b-tag variable & 0.69 1.07 0.87 1.16 0.83 0.29
b-tag variable § 0.42 0.25 0.00 0.43 0.28 0.07
b-tag variable 7 0.68 1.17 0.88 1.07 0.68 0.38
b-tag variable 7 0.43 0.16 -0.02 0.52 0.41 -0.02
b-tag variable § -0.28 -1.97 -2.33 -2.16 -2.00 -1.21
b-tag variable § 1.39 331 3.19 3.74 3.09 1.56
b-tag variable & 1.72 4.00 3.98 4.59 391 1.88
b-tag variable 9 -0.62 -2.68 -3.15 -3.02 -2.84 -1.52
b-tag c-jett 1.47 252 2.20 2.59 2.34 281
b-tag c-jet| -1.74 -2.91 -2.45 -2.87 -2.51 -3.14
b-tag I-jet 0.14 -0.17 -0.06 0.03 -1.14 -0.94

Table 27: Systematic uncertainties for th&eliential Zbb measurement @iRyp).
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Mpp (10, 45) (45, 65) (65, 85) (85, 115) (115, 165) (165, 350)
1b7 -2.15 -3.28 -2.45 -1.97 -1.82 -2.36
1b| 2.37 3.59 2.69 2.15 1.99 2.63
charm? 1.99 221 1.39 1.18 1.27 0.99
charm| -2.48 -2.65 -1.73 -1.46 -1.60 -1.32
background -1.07 -2.90 -4.52 -3.68 -4.40 -5.88
background, 1.08 2.92 4.55 3.68 4.38 5.86
JERT -1.93 -2.85 7.01 -1.38 -2.13 2.68
JER] 1.93 2.85 -7.01 1.38 213 -2.68
e-energy scal¢ -0.01 -0.08 -0.13 0.01 -0.17 -0.34
e-energy scalg¢ -0.07 0.60 0.08 0.14 0.40 0.39
e-energy re$ -0.21 0.98 -0.62 -0.46 0.43 0.70
e-energy reg 0.07 1.01 -0.55 0.33 0.66 0.78
e SFT -1.51 -2.02 -2.02 -2.06 -2.12 -2.38
e SF| 1.53 2.06 2.07 2.09 2.14 2.38
mu-energy scal¢ -0.03 0.02 -0.07 0.07 -0.01 -0.11
mu-energy scalg¢ 0.09 0.01 0.00 0.07 0.09 -0.12
mu-energy res IO -0.00 -0.02 -0.07 0.03 0.00 -0.06
mu-energy res 10 0.07 -0.02 -0.03 -0.03 0.03 0.03
mu-energy res M$ 0.13 0.08 -0.02 0.18 0.08 0.02
mu-energy res M$ -0.11 0.58 0.20 0.06 0.17 -0.08
mu SFT -0.47 -0.54 -0.65 -0.55 -0.59 -0.66
mu SF| 0.48 0.54 0.65 0.55 0.60 0.66
Trigger SFT -0.31 -0.36 -0.45 -0.40 -0.41 -0.46
Trigger SF| 0.31 0.36 0.45 0.40 0.41 0.46
MPI T 1.99 0.44 -0.39 1.26 0.12 0.34
MPI | -1.03 -0.30 0.25 -0.64 -0.06 -0.19
Template weight I-jet$ -2.15 -1.83 -1.67 -1.19 -0.97 -1.30
Template weight I-jet$ 2.15 1.83 1.67 1.19 0.97 1.30
Template weight c-jet$ -0.35 -0.05 0.04 -0.59 -0.66 -0.95
Template weight c-jet$ 0.35 0.05 -0.04 0.59 0.66 0.95
Template weight b-jet$ 6.45 10.94 5.82 7.00 8.34 7.70
Template weight b-jet$ -6.45 -10.94 -5.82 -7.00 -8.34 -7.70
Pile-up? 0.15 -0.70 0.25 0.38 0.01 0.10
Pile-up| -0.11 0.51 -0.46 -0.39 0.02 -0.02
MET ResoSoftTerm$ -0.01 -0.50 0.25 0.01 -0.25 0.36
MET ResoSoftTerm$ -0.07 0.05 0.14 0.03 0.06 -0.11
MET ScaleSoftTerm$ 0.19 0.64 0.04 -0.04 0.23 0.48
MET ScaleSoftTerms -0.27 -0.23 -0.25 -0.04 -0.64 -0.65
Z vertex re-weight 0.68 3.91 157 1.29 0.43 4.93
Z vertex re-weight, -0.68 -3.91 -1.57 -1.29 -0.43 -4.93
MC stat? 3.94 4.20 4.10 3.70 3.89 4.06
MC stat| -3.87 -4.11 -4.02 -3.64 -3.81 -3.98
JES HfectiveNP 17 0.21 0.95 1.79 0.34 0.41 -2.04
JES HfectiveNP 1] -0.21 -0.95 -1.79 -0.34 -0.41 2.04
JES HfectiveNP 2 1.53 4.81 4.55 1.39 2.66 3.61
JES HfectiveNP 2| -1.53 -4.81 -4.55 -1.39 -2.66 -3.61
JES HfectiveNP 3 -1.17 -3.63 0.27 -1.26 -0.38 0.10
JES HfectiveNP 3| 1.17 3.63 -0.27 1.26 0.38 -0.10
JES HfectiveNP 47 1.55 1.67 0.71 1.20 1.36 -0.84
JES HfectiveNP 4| -1.55 -1.67 -0.71 -1.20 -1.36 0.84
JES HfectiveNP 57 0.27 0.18 0.10 0.17 0.46 0.89
JES HfectiveNP 5| -0.27 -0.18 -0.10 -0.17 -0.46 -0.89
JES HtectiveNP 6restTerm 0.51 0.72 0.88 0.56 0.82 -0.68
JES HtectiveNP 6restTern -0.51 -0.72 -0.88 -0.56 -0.82 0.68
JES Etalntercalibration Modellingy 1.15 -0.44 1.78 1.81 -2.59 -2.12
JES Etalntercalibration Modelling -1.15 0.44 -1.78 -1.81 2.59 2.12
JES Etalntercalibration TotalStat 0.40 1.51 0.22 0.11 0.85 -0.91
JES Etalntercalibration TotalStat -0.40 -1.51 -0.22 -0.11 -0.85 0.91
JES RelativeNonClosure MC13c 0.75 -0.26 2.02 0.37 0.13 -0.59
JES RelativeNonClosure MC11c -0.75 0.26 -2.02 -0.37 -0.13 0.59
JES SingleParticle HighRt 0.46 0.86 0.79 0.35 0.56 0.48
JES SingleParticle HighRt -0.46 -0.86 -0.79 -0.35 -0.56 -0.48
JES Pileup @'setNPVT 1.25 -0.46 2.80 0.90 -1.12 0.64
JES Pileup @'setNPV] -1.25 0.46 -2.80 -0.90 112 -0.64
JES Pileup @setMut 0.58 -2.26 6.22 -0.48 1.00 -1.64
JES Pileup @setMu] -0.58 2.26 -6.22 0.48 -1.00 1.64
JES ClosebyJets 0.77 -1.61 4.28 1.24 -3.50 -1.57
JES ClosebyJets -0.77 1.61 -4.28 -1.24 3.50 1.57
JES bJES 0.18 0.93 -1.24 -0.72 -0.94 -3.57
JES bJES -0.18 -0.93 1.24 0.72 0.94 3.57
JES FlavCompg -1.61 1.54 -0.26 2.64 -1.29 0.85
JES FlavCompg 1.61 -1.54 0.26 -2.64 1.29 -0.85
JES FlavResfy -0.68 0.39 -0.05 2.44 -1.18 0.37
JES FlavResp 0.68 -0.39 0.05 -2.44 1.18 -0.37
b-tag variable O 0.30 0.88 0.74 0.48 0.79 0.68
b-tag variable Q 0.38 0.83 0.56 0.29 0.32 0.43
b-tag variable 1 0.27 0.87 0.49 0.35 0.47 0.49
b-tag variable 1, 0.41 0.83 0.82 0.41 0.64 0.62
b-tag variable 2 0.35 0.80 0.75 0.54 0.72 0.46
b-tag variable 2, 0.33 0.92 0.56 0.22 0.39 0.65
b-tag variable 3 0.35 0.91 0.70 0.28 0.33 0.55
b-tag variable 3 0.33 0.80 0.61 0.48 0.78 0.56
b-tag variable 4 0.30 0.68 0.47 0.36 0.70 0.92
b-tag variable 4 0.38 1.03 0.84 0.41 0.41 0.19
b-tag variable 3 0.52 1.08 1.07 0.69 0.74 0.25
b-tag variable § 0.16 0.63 0.23 0.08 0.37 0.86
b-tag variable 0.42 0.90 0.94 0.73 1.02 0.92
b-tag variable 6 0.26 0.81 0.36 0.03 0.09 0.19
b-tag variable 7 0.59 1.88 1.47 0.80 0.70 0.31
b-tag variable 7 0.08 -0.17 -0.18 -0.03 0.42 0.80
b-tag variable & -0.33 -0.88 -1.82 -1.70 -1.88 -2.55
b-tag variable § 1.01 2.57 3.10 2.46 2.97 3.62
b-tag variable 9 1.18 277 3.72 3.16 3.52 4.74
b-tag variable 9 -0.49 -1.09 -2.45 -2.40 -2.45 -3.68
b-tag c-jet] 2.80 3.62 2.35 2.10 2.02 1.97
b-tag c-jet] -3.25 -3.78 -2.66 -2.33 -2.29 -2.30
b-tag I-jet? -0.96 -0.79 -0.62 -0.45 -0.79 0.08

Table 28: Systematic uncertainties for th&eliential Zbb measurement ().
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Zpr (0, 20) (20, 40) (40, 60) (60, 80) (80, 110) (110, 250)
1b7 -1.85 -2.19 -4.08 -1.81 -2.07 -2.19
ib| 1.97 2.38 4.49 1.98 2.35 2.47
charm? 2.43 1.49 1.70 0.93 1.01 1.11
charm| -2.84 -1.82 -2.19 -1.23 -1.29 -1.39
background -2.44 -3.31 -4.57 -3.70 -5.49 -3.21
background| 2.44 3.31 4.58 3.72 5.49 3.22
JERT -5.82 2.92 1.00 -0.85 2.07 0.73
JER] 5.82 -2.92 -1.00 0.85 -2.07 -0.73
e-energy scal¢ 0.02 -0.03 -0.15 0.25 0.21 -0.69
e-energy scal¢ -0.06 -0.10 0.27 0.12 0.94 0.42
e-energy re$ -0.07 -0.82 0.99 0.94 0.83 -1.17
e-energy reg -0.60 0.89 1.56 0.55 0.54 0.03
e SFT -1.24 -1.96 -2.36 -2.19 -2.39 -1.77
e SF| 1.24 1.98 2.40 2.23 2.41 1.80
mu-energy scal¢ -0.21 0.07 -0.01 0.13 -0.37 0.05
mu-energy scal¢ -0.01 -1.44 1.08 -0.00 -0.28 0.34
mu-energy res IO -0.31 -1.18 0.90 0.06 -0.19 -0.10
mu-energy res |0 -0.02 0.11 -0.10 0.33 -0.54 0.21
mu-energy res M$ -0.27 -0.11 0.35 0.65 -0.59 0.13
mu-energy res M$ 0.10 -1.13 0.43 0.62 -0.04 0.58
mu SFT -0.57 -0.54 -0.58 -0.56 -0.63 -0.58
mu SF| 0.58 0.54 0.59 0.57 0.63 0.58
Trigger SFT -0.44 -0.38 -0.40 -0.39 -0.43 -0.37
Trigger SF| 0.44 0.38 0.41 0.39 0.43 0.37
MPI T 7.42 -0.26 -2.24 0.22 191 0.36
MPI | -5.15 0.13 1.26 -0.07 -1.05 -0.17
Template weight I-jet$ -3.40 -1.47 -1.14 -0.96 -1.13 -1.30
Template weight I-jet$ 3.40 1.47 1.14 0.96 1.13 1.30
Template weight c-jet$ -0.40 -0.10 -0.37 -0.95 -0.77 -0.34
Template weight c-jet$ 0.40 0.10 0.37 0.95 0.77 0.34
Template weight b-jet$ 4.52 8.28 8.64 7.58 9.11 7.27
Template weight b-jet$ -4.52 -8.28 -8.64 -7.58 -9.11 -7.27
Pile-upT -0.44 0.38 1.26 -0.53 -0.20 -0.38
Pile-up| 0.13 -0.47 -1.26 0.50 0.29 0.37
MET ResoSoftTerm$ -0.15 0.04 -0.45 0.11 0.84 0.06
MET ResoSoftTerm$ 0.09 0.00 0.18 -0.05 0.70 0.03
MET ScaleSoftTerms 0.06 0.31 0.23 -0.01 1.04 -0.01
MET ScaleSoftTerms -0.14 -0.44 -0.30 -0.18 -0.45 -0.48
Z vertex re-weightt 1.60 2.18 4.78 0.98 0.08 -0.67
Z vertex re-weight, -1.60 -2.18 -4.78 -0.98 -0.08 0.67
MC stat? 6.01 3.42 3.38 3.83 3.95 4.14
MC stat| -5.83 -3.37 -3.32 -3.76 -3.88 -4.06
JES HfectiveNP 17 0.34 0.29 0.06 -0.37 0.35 -0.27
JES HfectiveNP 1| -0.34 -0.29 -0.06 0.37 -0.35 0.27
JES HfectiveNP 21 4.13 3.51 3.55 2.07 2.83 2.10
JES HfectiveNP 2| -4.13 -3.51 -3.55 -2.07 -2.83 -2.10
JES HfectiveNP 37 -1.45 -0.95 -1.23 -0.92 -0.11 -0.77
JES HfectiveNP 3| 1.45 0.95 1.23 0.92 0.11 0.77
JES HfectiveNP 47 0.45 0.96 1.32 0.15 0.55 1.36
JES HfectiveNP 4] -0.45 -0.96 -1.32 -0.15 -0.55 -1.36
JES HfectiveNP 57 -0.28 0.17 0.62 -0.01 0.50 0.25
JES HfectiveNP 5] 0.28 -0.17 -0.62 0.01 -0.50 -0.25
JES HtectiveNP 6restTerm 0.09 0.30 0.76 0.02 0.41 0.33
JES HtectiveNP 6restTern -0.09 -0.30 -0.76 -0.02 -0.41 -0.33
JES Etalntercalibration Modellinty -0.53 -1.13 0.02 -0.37 0.69 -0.60
JES Etalntercalibration Modelling 0.53 1.13 -0.02 0.37 -0.69 0.60
JES Etalntercalibration TotalStat 0.47 0.26 0.35 -0.08 0.14 -0.01
JES Etalntercalibration TotalStat -0.47 -0.26 -0.35 0.08 -0.14 0.01
JES RelativeNonClosure MC13c -0.41 0.45 0.09 0.02 0.40 0.27
JES RelativeNonClosure MC11c 0.41 -0.45 -0.09 -0.02 -0.40 -0.27
JES SingleParticle HighRt 0.20 0.45 0.75 0.29 0.67 0.48
JES SingleParticle HighRt -0.20 -0.45 -0.75 -0.29 -0.67 -0.48
JES Pileup @setNPVT 0.62 1.06 0.66 0.52 1.05 1.00
JES Pileup @setNPV] -0.62 -1.06 -0.66 -0.52 -1.05 -1.00
JES Pileup @'setMu?t 2.97 0.11 1.00 0.12 1.04 0.17
JES Pileup @setMu| -2.97 -0.11 -1.00 -0.12 -1.04 -0.17
JES ClosebyJets 2.14 -0.53 -0.20 -0.16 -0.10 -1.03
JES ClosebyJets -2.14 0.53 0.20 0.16 0.10 1.03
JES bJES -1.77 -1.52 -1.68 -1.10 0.19 -0.46
JES bJES 1.77 1.52 1.68 1.10 -0.19 0.46
JES FlavComg 2.42 0.14 1.71 0.44 1.54 -0.01
JES FlavComg -2.42 -0.14 -1.71 -0.44 -1.54 0.01
JES FlavResf) 1.89 0.43 1.17 0.39 1.08 -0.05
JES FlavResp -1.89 -0.43 -1.17 -0.39 -1.08 0.05
b-tag variable O 0.31 0.46 0.72 0.22 0.95 0.74
b-tag variable Q 0.16 0.27 0.52 0.17 0.49 0.53
b-tag variable 1 0.14 0.33 0.54 0.10 0.68 0.62
b-tag variable 1, 0.32 0.40 0.70 0.28 0.76 0.64
b-tag variable 2 0.21 0.49 0.69 0.22 0.76 0.62
b-tag variable 2, 0.25 0.24 0.55 0.17 0.69 0.65
b-tag variable 3 0.20 0.30 0.62 0.14 0.67 0.59
b-tag variable 3 0.26 0.44 0.62 0.25 0.78 0.68
b-tag variable 4 0.16 0.43 0.63 0.21 0.77 0.70
b-tag variable 4 0.32 0.30 0.61 0.18 0.67 0.57
b-tag variable 3 0.44 0.47 0.79 0.31 0.86 0.79
b-tag variable § 0.04 0.26 0.45 0.08 0.59 0.48
b-tag variable 0.52 0.66 0.94 0.46 1.05 0.79
b-tag variable § -0.06 0.07 0.30 -0.07 0.40 0.48
b-tag variable 7 0.36 0.53 1.16 0.45 0.99 0.82
b-tag variable 7 0.10 0.19 0.07 -0.07 0.44 0.45
b-tag variable & -1.61 -1.49 -1.96 -1.79 -2.01 -1.14
b-tag variable § 2.10 221 3.18 2.16 341 2.39
b-tag variable 9 231 2.82 3.92 2.79 4.24 2.90
b-tag variable 9 -1.84 -2.13 -2.69 -2.43 -2.88 -1.67
b-tag c-jet] 3.92 2.61 3.24 1.29 1.75 2.02
b-tag c-jet] -4.04 -2.88 -3.75 -1.57 -1.98 -2.22
b-tag I-jet? -2.48 -0.43 -0.17 0.07 0.26 -0.01

Table 29: Systematic uncertainties for th&eliential Zbb measurement (@vpr).



September 5, 2013 - 12:57 DRAFT 116

Combined Channel

2y (0,0.2) (0.2,0.4) (0.4, 0.6) (0.6, 0.8) 0.8,1.2) (1.2,1.6) (1.6,2.5)
1bT -3.64 -1.90 -1.29 -1.59 -2.05 -2.89 -4.92
1b] 3.93 212 1.45 1.73 2.25 3.22 5.63
charm? 1.55 0.87 0.70 1.20 1.92 1.34 2.86
charm| -1.99 -1.11 -0.83 -1.52 -2.44 -1.62 -3.42
background -4.75 -4.10 -3.43 -4.04 -4.18 -2.78 -3.55
background, 4.77 4.10 3.44 4.03 4.15 2.80 3.56
JERT -2.35 2.01 -1.23 1.68 0.68 231 -1.08
JER] 2.35 -2.01 1.23 -1.68 -0.68 -2.31 1.08
e-energy scalg -0.79 -0.22 0.09 0.34 -0.22 -0.22 0.48
e-energy scalg 0.25 0.42 -0.22 1.21 -1.08 0.29 0.17
e-energy re$ -0.15 1.23 0.02 0.37 0.29 0.58 -2.73
e-energy reg -0.04 1.64 -0.30 1.56 -0.03 0.03 -0.22
e SFT -2.32 -2.01 -1.96 -2.25 -2.01 -1.65 -2.18
e SF| 2.36 2.04 2.02 2.26 2.01 1.67 2.21
mu-energy scal¢ -0.17 0.02 0.01 -0.10 -0.08 -0.17 0.47
mu-energy scal¢ 0.10 0.02 -0.04 0.18 -0.04 -0.08 -0.05
mu-energy res IO -0.11 0.09 -0.04 0.07 0.03 -0.17 -0.25
mu-energy res |0 0.03 -0.25 0.32 0.02 0.04 -0.12 0.10
mu-energy res M$ -0.08 -0.11 0.10 -0.23 0.36 0.24 -0.13
mu-energy res M$ -0.02 -0.11 -0.05 0.52 0.05 -0.00 0.20
mu SFT -0.53 -0.52 -0.50 -0.53 -0.61 -0.63 -0.72
mu SF| 0.53 0.52 0.50 0.53 0.62 0.64 0.73
Trigger SFT -0.44 -0.45 -0.40 -0.44 -0.43 -0.32 -0.20
Trigger SF| 0.44 0.45 0.40 0.44 0.43 0.32 0.21
MPI T -0.37 3.19 -0.68 -1.45 2.08 0.64 2.63
MPI | 0.17 -1.63 0.37 0.81 -1.08 -0.37 -1.31
Template weight |-jet$ -1.49 -1.19 -1.11 -1.23 -1.54 -1.30 -2.06
Template weight |-jet$ 1.49 1.19 1.11 1.23 1.54 1.30 2.06
Template weight c-jet$ -0.59 -0.50 -0.21 -0.63 -0.52 -0.20 -0.57
Template weight c-jet$ 0.59 0.50 0.21 0.63 0.52 0.20 0.57
Template weight b-jet$ 8.87 9.54 7.86 5.22 4.23 7.59 20.27
Template weight b-jet$ -8.87 -9.54 -7.86 -5.22 -4.23 -7.59 -20.27
Pile-up? -0.14 0.52 -0.53 0.36 0.48 -0.49 0.59
Pile-up| 0.11 -0.62 0.48 -0.53 -0.44 0.54 -0.33
MET ResoSoftTerm$ -0.04 -0.33 0.11 0.30 -0.33 0.29 0.20
MET ResoSoftTerm$ 0.01 0.08 -0.06 -0.07 0.13 0.61 -0.17
MET ScaleSoftTerms 0.11 -0.09 0.23 0.24 0.39 0.35 0.40
MET ScaleSoftTerms -0.70 -0.42 0.05 -0.58 -0.36 -0.19 -0.44
Z vertex re-weightt 1.71 1.54 -0.10 0.98 1.32 1.86 7.67
Z vertex re-weight, -1.71 -1.54 0.10 -0.98 -1.32 -1.86 -7.67
MC stat? 4.23 4.12 4.57 4.41 3.68 4.20

4.98

MC stat| -4.14 -4.04 -4.47 -4.31 -3.61 -4.12

-4.85

JES HfectiveNP 17 -0.92 -0.93 -0.26 -0.81 -0.05 0.00 3.88
JES HfectiveNP 1] 0.92 0.93 0.26 0.81 0.05 -0.00 -3.88
JES HfectiveNP 21 1.03 1.83 3.59 2.58 4.52 3.98 3.97
JES HfectiveNP 2| -1.03 -1.83 -3.59 -2.58 -4.52 -3.98 -3.97
JES HfectiveNP 37 -2.18 -1.45 -2.17 -1.91 -0.62 -0.68 1.64
JES HfectiveNP 3| 2.18 1.45 2.17 1.91 0.62 0.68 -1.64
JES HfectiveNP 47 0.50 0.34 0.89 0.14 0.31 1.14 3.87
JES HfectiveNP 4| -0.50 -0.34 -0.89 -0.14 -0.31 -1.14 -3.87
JES HfectiveNP 51 -0.77 -0.17 -0.02 -0.51 -0.10 0.49 4.08
JES HfectiveNP 5| 0.77 0.17 0.02 0.51 0.10 -0.49 -4.08
JES HtectiveNP 6restTerm -0.58 0.04 0.05 -0.35 -0.06 0.65 3.90
JES HtectiveNP 6restTern 0.58 -0.04 -0.05 0.35 0.06 -0.65 -3.90
JES Etalntercalibration Modellingy -1.20 -0.59 -1.17 -1.56 -0.41 -0.19 2.66
JES Etalntercalibration Modelling 1.20 0.59 117 1.56 0.41 0.19 -2.66
JES Etalntercalibration TotalStat -0.74 -0.63 0.07 -0.48 -0.20 -0.14 4.05
JES Etalntercalibration TotalStat 0.74 0.63 -0.07 0.48 0.20 0.14 -4.05
JES RelativeNonClosure MC11c -0.75 -0.08 0.17 -0.20 -0.40 0.13 351
JES RelativeNonClosure MC11c 0.75 0.08 -0.17 0.20 0.40 -0.13 -3.51
JES SingleParticle HighRt 0.00 -0.00 0.00 -0.00 0.07 0.89 3.72
JES SingleParticle HighRt 0.00 0.00 0.00 0.00 -0.07 -0.89 -3.72
JES Pileup @setNPVT -0.51 0.93 -0.23 0.45 1.35 0.54 2.18
JES Pileup @setNPV| 0.51 -0.93 0.23 -0.45 -1.35 -0.54 -2.18
JES Pileup @'setMu?T -2.27 0.31 -0.44 0.48 -0.68 0.98 4.27
JES Pileup @'setMu | 2.27 -0.31 0.44 -0.48 0.68 -0.98 -4.27
JES ClosebyJets -1.39 -1.03 -0.78 -0.86 -0.57 -0.16 4.55
JES ClosebyJets 1.39 1.03 0.78 0.86 0.57 0.16 -4.55
JES bJES -1.79 -1.68 -2.37 -1.28 -1.27 -0.68 2.96
JES bJES 1.79 1.68 2.37 1.28 1.27 0.68 -2.96
JES FlavComg -0.43 -0.07 0.47 -1.71 0.95 0.94 4.82
JES FlavComg, 0.43 0.07 -0.47 1.71 -0.95 -0.94 -4.82
JES FlavResp 0.05 -0.21 0.14 -0.50 0.63 0.44 2.65
JES FlavResp -0.05 0.21 -0.14 0.50 -0.63 -0.44 -2.65
b-tag variable O 0.09 0.06 0.03 0.12 0.24 1.03 3.49
b-tag variable Q -0.09 -0.06 -0.03 -0.12 -0.07 0.82 3.26
b-tag variable 1 -0.02 -0.04 -0.05 -0.09 -0.01 0.85 3.33
b-tag variable 1, 0.02 0.03 0.05 0.09 0.17 1.00 341
b-tag variable 2’ 0.13 0.07 0.07 0.03 0.02 0.90 351
b-tag variable 2, -0.13 -0.08 -0.07 -0.04 0.14 0.95 3.23
b-tag variable 3 -0.13 -0.05 -0.06 -0.06 0.07 0.90 3.36
b-tag variable 3 0.13 0.04 0.06 0.06 0.09 0.95 3.39
b-tag variable 4 0.02 -0.02 0.09 -0.05 0.11 0.99 3.51
b-tag variable 4 -0.02 0.01 -0.09 0.05 0.05 0.86 3.24
b-tag variable 3 0.15 0.18 0.12 0.24 0.19 0.97 3.53
b-tag variable § -0.15 -0.19 -0.12 -0.24 -0.02 0.88 3.26
b-tag variable g 0.29 0.17 0.17 0.44 0.38 1.15 3.81
b-tag variable § -0.29 -0.18 -0.17 -0.44 -0.22 0.70 2.97
b-tag variable 7 0.35 0.37 0.16 0.20 0.38 1.14 3.59
b-tag variable 7, -0.35 -0.38 -0.16 -0.21 -0.22 0.71 3.18
b-tag variable & -2.55 -2.16 -1.54 -2.16 -2.22 -0.93 0.96
b-tag variable § 253 215 1.50 214 2.34 2.79 5.83
b-tag variable 9 3.37 2.84 2.26 2.76 2.75 3.37 6.47
b-tag variable 9 -3.38 -2.86 -2.30 -2.81 -2.67 -1.52 0.32
b-tag c-jet] 3.16 1.77 1.23 1.60 3.04 2.32 4.74
b-tag c-jet] -3.60 -2.03 -1.32 -1.81 -3.50 -2.53 -4.90
b-tag I-jet? -0.08 -0.28 -0.03 -0.30 -1.97 0.69 -0.46

Table 30: Systematic uncertainties for théeliential Zbb measurement (d)).
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15 Theoretical Predictions

A next-to-leading order prediction is obtained from MCFM using the fiveellaMSTW2008 PDFs.
MCFM is a parton level pQCD calculation, with partons clustered into jets in tla $tate, which
allows event generation for a flexible implementation of the kinematic requirerdefitsng a fiducial
signal. In this case, leptons and jets are required to Ipave 20 GeV and to be produced gt < 2.5
and|y| < 2.4, respectively. In addition the di-lepton invariant mass has to be in the &g 106 GeV.
Lepton-jet overlap removal criteria are applied consistently with the partiodd $election described in
sectiof 4.2 and the jets are accepted as b-tagged if they match a b-padairagto the same criteria
applied to B hadrons in section #.2. The MCFM Monte Carlo capability is expltitettain a break-
down of the predicted cross section, passing the acceptance requisememthe various intervals of
the diferential distributions measured in data.

In general, to obtain a full prediction, results from several sub-mgeEs implemented in the calcula-
tion, must be combined. In particular, for tAe- b prediction at NLO the various sub-processes involved
will describe final states with only one b-jet, events with two b-jets one of thehinnthe acceptance
or merged to the other one in the jet-finding algorithm and events with b-jets inctieptance. The
renormalisation and factorisation scales in the calculation are set to the swadratyre of th& boson
mass angr on an event by event basis.

The uncertainty on the prediction has three main sources: the choice afales sised in the cal-
culation, the uncertainty ons and the experimental errors on the measurements used as input for the
PDF set. The dependency of the results on the choice of the renormaliaatidiactorisation scales
is assessed by independently shifting up then down the two scales by mdh2toThe calculation is
repeated by changing the value of the strong coupling constant of plusiaiis one standard deviation
consistently in the matrix element and in the PDF set applied. The remainingaingearising from
the experimental contraints on the PDF set adopted is also assessegdlylygaiine recommended pro-
cedures. In addition to estimate these sources of uncertainties, the sprésdpredictions arising from
the the choice of dierent PDF sets has been accessed and will be presented as an inditatitna
theory uncertainty.

The data measurements are defined based on a particle-level signiébaedunte close to the exper-
imentally accessible observable and, therefore, cannot be directly cednjpathe parton level MCFM
prediction. In order to allow the data-theory comparison, the parton le@#M prediction must be cor-
rected for the ffects of QED FSR from the leptons and for the “non-perturbative ctoresd’ induced
by hadronisation, underlying event overlapping with the hard scattenidgraultiparton interactions.

The QED correction is derived from the Alpgen samples by comparing gwtseof the nominal
particle level selection, based on "dressed” leptons, with those obtasiregl Born leptons, i.e. leptons
from the Born level multi-parton Alpgen matrix element, before the radiation fdieb through the
interface with the Herwig parton-shower. Fifg._114 and]115, in appdnlishDw the multiplicative
corrective factors to be applied to the MCFM prediction in all bins of tiiedentialZbdistributions. The
QED FSR correction appears to be rather stable within the phase-spateres$t for the measurements
described here; therefore, the average value300.01 has been estimated and applied in all bins both
for the Zb andZbb selection. The error on the correction arises from the MC statistics of thgeAlp
sample.

Non-perturbative corrections are derived usiagrea 1.4.1, using the CT10 PDF set. In therra
multi-parton Monte Carlo both matrix element and parton shower can ldagetgroduction in the final
state and all overlaps are internally removed. The processes contributimg signal definition can be
separated into two categories: processes with at least one hard jet Bioigle heavy flavour parton and
processes where a gluon splits into a pair of b-partons close in phase wpech are not resolved by
the jet-finding procedure. The contributions from the two categoriesstiaed separately and then



1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

September 5, 2013 - 12:57 DRAFT 118

summed up. Multi-parton interactions and fragmentation are, typically, emulatethis features can
be disabled thus allowing to compare parton-level and hadron-levelcpogd. The non-perturbative
corrections are estimated as the ratio of the yield of signal b-j&t erbb events predicted in each
analysis bin with and without the emulation of hadronisation and multi-partin irniensc In one case,
b-jets are defined by a match tdajuark (equivalent to MCFM) , in the other case, b-jets match a B
hadron as in sectidn 4.2. High statistics samples of events with two oppositefjedirauons and up to
four partons in the final state have been produced. The same prededpplied using thevtaia Monte
Carlo, version 6.427 with PDF set CTEQ 5L from the intennakua library and with the Perugia 2011
tune, in order to assess the systematic uncertainly on the correction asthetalliference between
the results obtained with the two simulations.

The distributions predicted byiserpa andpyraia and the corresponding estimate of the non-
perturbative corrections are shown in Higl 85 87 and they are rejdartables in appendixID.

The correction factors on the inclusive+ b jet-cross section are: . @16 + 0.005 (suerra ) and
0.902+0.004 @yTHIA ). Larger corrections are obtained for thebbinclusive cross section:®18+0.014
(suerra ) and 0822+ 0.010 (yTHia ). The average of the corrections derived witlarpa andpythia IS
applied to the MCFM predictions in each bin to bring the parton level predictitimetparticle level. A
bin-dependent source of systematic uncertainty on the prediction is edstgraccount for the fierence
between the two estimates of the non perturbatitects, as half of the @ierence between them.

Another theory prediction with a NLO accuracy of the matrix element butdasehe four-flavor
calculation scheme has been considered for comparison to the dataic®esLo[30] MC with PDF set
MSTW2008(N)LQnf4 . A set of 18 parton-level simulated events representiupproduction at LHC
is available from the authors for further processing. No kinematic cuta@wked at generator level
to the b-partons, which are treated as massive. As a consequencengile & in principle, suitable
to describe th& + b inclusive data sample, as well as thbb sample. Events frommc@nLo need
to be showered (for these specific events, byHfwevic 6 Monte Carlo) in order to predict physical
observables. The showering brings, as extra benefit, the resummatitbrotdesas of many classes of
large logarithms that appear in the cross section. On top of the showersrtine 6 run included the
fragmentation, hadronization and hadron decays phases. The ebéaitsed in this way were finally
corrected for the contribution of multi-parton interactions, as predicteddyen interfaces taierwiG ,
in order to include all relevant non-perturbatiféeets. This prediction is in the process of being updated
with a similar one obtained with the same setting of the renormalization and faatiornzscales used
for the MCFM predition

The amc@~Lo generator has been used also to produce a sample of events with leptoarnuhat
least one b-jet, using a five-flavor calculation scheme in the mass-lessxapation for the b-quark.
The choice of the PDF set and the setting of the dynamic scales have beemadunch a way to ensure
coherence with the fixed order MCFM prediction. A sample of 250,000ts\imee MC statistics is
currently increasiny) has been generated and showered with HerwigThe contribution to the cross
section from events with an hard parton scattering ingpeollision producing a Z and another parton
interaction producing b-jets is obtained frampcen as in the case of thebbsample.

A comparison of the total cross sections predicted for the two selectiotgsive cross section of
b-jet produced in association with Z (per b-jet and per event) Abl cross section (per event), are
summarized in table_81. The theory systematic uncertainties are assumed frélateal in all bins of
the distributions.
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Cross section (fb) MCFM(mstw2008)xNPcorr. amc@nro Zbb (4f)  amc@nro Zbb (5f)
o (Zb) 5210+ 33(staf) — 766+ 788(syst) 3546+ 17 4923+ 38
o(Zb) x Npjet 5441+ 36(staf) — 829+ 829(syst) 4027+ 19 5224+ 40
0*(Zb) X Np_jet 4314+ 33(staf) — 456+ 535(syst) 3238+ 16 4232+ 37
o(Zbb 411+ 8(stal) — 72+ 71(syst) 462+ 6 288+ 10
Cross section (fb) PDF MCFM o stat o(as) o(scale$ o(pdf) ONP+FSR
o(Zb) MSTW2008 5210 33 +147 -125 +766 -743 +110 -135 76
o(Zb) x Np—jet MSTW2008 5441 36 +104 -130 +816 -808 +110 -131 79
0*(Zb) X Np_jet ~ MSTW2008 4314 33 +141 -121 +509 -427 +88 -104 76
o(Zbb) MSTW2008 411 8 +28 -20 +67 -70 47 -9 7
o(Zb) CT10 4835 26 +121 -67 +726 -614 +164 -158 70
o (Zb) x Np—jet CT10 5053 30 +91 -71 +772 -693 +153 -148 73
0*(Zb) X Np_jet CT10 4012 31 +79 -59 +480 -365 +121 -119 70
o(Zbb) CT10 384 4 +11 -18 +56 -62 +19 -18 7
o(Zb) NNPDF23 5402 19 +100 -76 +771 -721 +423 -404 78
o(Zb) X Np_jet NNPDF23 5642 32 +87 -84 +820 -791 +371 -370 82
0 (Z0) X Np_jet NNPDF23 4473 26 +73 -67 +503 -409 +292 -295 78
o(Zbb) NNPDF23 421 9 +18 -14 +61 -80 +29 -30 7
Cross section (fb)  sHerPa ALPGEN PYTHIA
o(Zb) 37700+ 7.7 32263+85 33315+26
o (Zb) x Np_jet 42084+ 8.0 36550+9.0 36961+28
0*(Zb) X Np_jet 36429+ 73 29712+73 31979+26
o(Zbb) 4216+ 23 - 3561+14

Table 31: Theory predictions for the total fiducial cross sections in casgra All predictions are at par-
ticle level, hence MCFM is corrected for non-perturbative QGieas (fragmentation and multi-parton
interactions) and QED radiatiorffects. Errors from the MC statistics are quoted for all generators. For
MCFM the sum in quadrature of all systematic theory uncertainty discusgee iext is also reported

in the top table, while the breakdown into the various components is shown in tkéertattle for a few
choices of the PDF set. The notatiofZbb), o-(Zb), o(Zb) X Np_jet ando*(Zb) x Np_jet are used to
refer to the Zbb and Zb inclusive cross section, to the b-jet cross séctaments with at least one b-jet
and to the b-jet cross section in events with at least one b-jet and Z traaswementum greated than

20 GeV.
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Figure 85: QCD non-perturbative corrections (NP) for théedential distributions of b-jgprand rapid-

ity, y* of the system formed by the b-jet and the Z afgl between b-jet and Z id + b selection. The
effects are evaluated wittherra andreytaia as the ratio of the predictions for theffdirential cross-
sections, shown to the left, with all NRfects enabled to the predictions obtained when disabling all
effects. In red the ratio of theierea prediction with all non-perturbative corrections included to the
prediction with multi-parton interaction disables is shown.
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Figure 86: QCD non-perturbative corrections (NP) for thiéedential distributiong\¢ andAR between
b-jet and Z, Zpt and rapidity, in theZ + b selection. The fects are evaluated wittmerra andeyThia
as the ratio of the predictions for theffdirential cross-sections, shown to the left, with all NReets
enabled to the predictions obtained when disablingfédiots. In red the ratio of theierea prediction
with all non-perturbative corrections included to the prediction with multi-peiniteraction disables is
shown.
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Figure 87: QCD non-perturbative corrections (NP) for thedential distributions opr and rapidity

of the Z boson, distance in R between the two b-jets and invarinat mass ofdhejgts in theZ + bb
selection. The fects are evaluated witierpa andpeythia as the ratio of the predictions for the
differential cross-sections, shown to the left, with all NRees enabled to the predictions obtained
when disabling all fects. In red the ratio of thaerra prediction with all non-perturbative corrections
included to the prediction with multi-parton interaction disables is shown.
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16 Results

16.1 Results for theZ + b final state

The jet-level diferential cross sections fd@r+ b observables are shown in figlird 88. MCFM angkea

are seen to describe the jet dependence of the cross section well. MCFM also describes the normal-
isation, while Sherpa has a 20% normalisation deficit. Phalependence predicted by aMC@NLO
meanwhile is seen to be significantlyfdrent. The rapidity dependence predicted by all three models is
good. The angular variableeR andA¢ are shown in the same figure. Hesegrpa gives a remarkably
good description of the data up to a normalisation factor, while the predictiom FICFM is strongly
disfavoured. aMC@NLO produces a reasonable descriptiag @hdAR up to values of around.s.

The event-level dierential cross sections f@ + b observables are shown in figure 89 (c) and (d).
None of the models give a satisfactory description ofZlpe dependence of the cross section, while the
shape o¥ rapidity is generally well reproduced.

The PDF dependence of the theoretical predictions together with a loweakof the systematic
uncertainties on the theory are shown in Figlirds 90 ahd 91.

16.2 Results for theZ + bbfinal state

The resulting cross section for tEe+ bb inclusive measurement, calculated as described in Sdcflon 13
is
o(Z + bb) - BRZ — ee uu) = 0.54+ 0.02(stat)* 39¢(syst) + 0.01(lumi)pb

For comparison, cross sections were also calculated separately in ttnerebod muon decay channel,
yielding _

o(Z + bb) - BRIZ — e€) = 0.50+ 0.04(staf) *39%(syst) + 0.01(lumi)pb
and _

o(Z + bb) - BRIZ — ) = 0.57 + 0.03(stat)*3-95(syst) + 0.01(lumi) pb

This result is in good agreement with the theoretical predictions summarisebligi 2. Theyraia
prediction is low, as can be expected for a LO parton shower.

Theory Cross section (pb)
mcem +CT10 Q4030082
McrM +MSTWO8 0426j§f§§§
AMC@NLO 0.471+0.015
SHERPA 0.423+ 0.005
PYTHIA 0.358+ 0.025

Table 32: Theory predictions for the total fiducial&b cross sections. All predictions are at particle
level. Themcem uncertainty includes the scale, Plds,and npc €ects. All other predictions are quoted
with statistical uncertainties only.

The results of the dierentialZ + bb cross section measurements as are shown i Eig. 92. Within
uncertainties, all four measurements agree well with predictions, with sorsenenetween data and
MCFM being visible in the lonAR(bb) region.
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to data for b-jet distributions in th&b inclusive selection: (a) b-jgir, (b) b-jet|yl, (c) y* of the b-jet and
Z system and (d)Ay(Z, b—jet)| between the b-jet and the Z in events with(Z) > 20 GeV. The MCFM
prediction has been calculated using the NP corrections derivedsfraxms andpythia . The ALPGEN

prediction is scaled by a k-factor to correct it to NLO.
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to data for event-based distributions in thk inclusive selection: separation inand R between b-jet

and theZ for events withpr(2) > 20 GeV (a-b),Z transverse momentum and absolute rapidity (c-d).

The MCFM prediction has been calculated using the NP corrections ddrive suerpa andpyTHiA .
Thearrgen prediction is scaled by a k-factor to correct it to NLO.
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Figure 90: Zb inclusive selection. Comparison between data and the MCFM predictions anibug
PDF sets and breakdown of the theory incertainty into the various sowttes MSTW2008 is used.

(@) b-jet pt, (b) b-jet|yl, (c-d) y* of the b-jet and Z system and separation in rapidity between teh Z
and the b-jet in events with¢(Z, b—jet) andAR(Z, b—jet) between the b-jets and the Z in events with
pr(Z) > 20 GeV. The MCFM prediction has been calculated using the NP correaignged from
suerpA andeythia . In the middle inset of each plot the sources of systematic uncertainty on@fé/Vi
prediction are added linearly in order to appreciate the relative size.
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Figure 91:Zb inclusive selection. Comparison between data and the MCFM predictions anibug
PDF sets and breakdown of the theory incertainty into the various sowttes MSTW2008 is used.
A¢(Z, b—jet) andAR(Z, b—jet) between the b-jets and the Z in events with(Z) > 20 GeV (a-b),Z

transverse momentum and absolute rapidity (c-d). The MCFM predictiobdsscalculated using the
NP corrections derived frommerpra andeytria . In the middle inset of each plot the sources of systematic

uncertainty on the MCFM prediction are added linearly in order to appretiateslative size.
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Figure 92: Comparison of Sherpa, MCFM and aMC@NLO to data fokRg), (b) mpp, (¢) Zpr and (d)
Zlyl. The MCFM prediction has been calculated using the sherpa NP correetmhthe MSTW2008
PDFs. TO DO update for systematifexts on MCFM.
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we 17 Conclusion

100s PENDING FINAL RESULTS!
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A Further details on the HFOR overlap removal

The quark classification for the HFOR overlap removal is technically def@laws, using Monte Carlo
samples at AOD or EVNT level: As a first stdpguarks are searched for in the event. Dhguarks that
do not have d-quark descendant are kept as “final stddajuark (i.e. after parton showering). Bottom
quarks that originate from a bottom-hadron decay are ignored and wilkenkept as final statequarks.
The second step consists of determining the origin of each final Istqterk (ME, GS, MPI). If the
status code of the final stabequark is 141 or 142, it is considered a quark originating directly from on
of the incoming protons through the parton distribution functions, and it is @hadyote that at the AOD
level, descendants of these quarks may have been filtered out bet#usie low transverse momentum
or their large pseudo-rapidity. If the final stateuark is not a PDF quark, all ancestors of thquark
are looked at. If any of the ancestors i®-aor b-quark with status code 141 or 142, the HF quark is
considered a PDF quark and is ignored. If any of the ancestorb-iguark and has status code 123 or
124, theb-quark is given a preliminary “ME” label. If any of the ancestors hastifieation code 0 and
status code 120, thequark is given a preliminary “MPI” label. If any of the ancestors is nbtguark
and has status code 121 or 122, bquark is given a preliminary “GS” label. If at this stage the final
stateb-quark is not ignored, it can have multiple preliminary origin labels:quark may originate from

a gluon splitting where the gluon was created in an MPI vertex, or ibtgeark originates directly from
an MPI vertex, it will have status code 123 or 124 as for the ME origin. firta classification label of a
final stateb-quark is then determined in the following order. If tiguark has a preliminary MPI label,
the final origin label is set to MPI. If thb-quark has no preliminary MPI label but a preliminary ME
label, it is given the final label ME. If thb-quark has a preliminary GS label but no preliminary MPI
label nor a preliminary ME label, the final origin label is set to GS. This resultise overlap removal
described in the main text.

In what follows the &ects of the procedure are presented in more detail. DistributiondRaif
b-quark-pairs ant-hadron-pairs is shown in Figurel93, for both #helight-parton andZ + bb samples.
Also shown are the classifications according to the HFOR proceduresniali AR, the contribution
from the parton shower dominates, as expectedbfgprarks withpr > 20 GeV, the transition between
the GS-region4R < 0.4) and the ME-regionAR > 0.4) is smooth, after applying HFOR. It has to be
noted that the parton shower predicts almost a factor two imoreark pairs than the full matrix-element
calculation for the smalAR region. The distribution of the separatiaiR betweerb-hadrons (i.e. those
b-hadrons that subsequently decay to otMwadrons or light-flavour hadrons) shows similar features;
for pr > 20 GeV there is a smooth transition and the parton shower predicts significzoréyp-hadron
pairs at small separation than the full matrix-element calculation. The distnitsutiob-hadrons include
the MPI component because their ME or GS origin cannot be found in #re escord.

In Figure[94%,AR distributions ofb-quark pairs are shown for specific initial states (defined by the
incoming partons of the hard process thatcen simulated). Theyg initial state can be simulated also
by aqqinitial state with an initial state parton shower. However,ghanitial state thahLrcen simulates
has no equivalent in a parton shower approach, and the HFOR preceduld thus remove too many
events in theAR < 0.4 range. This can clearly be seen in Figure 94(b). However, the nuohieeents
that gets incorrectly removed is rather small.

To see the fect of HFOR on actudb-hadron jets (i.e. the objects that we are trying to identify),
jets are reconstructed with the akifi-algorithm (see Sectidd 4) using generated stable particles as input
to the clustering algortihm, excluding neutrinos and muons. These jets arentitehed tdb-hadrons
(“initial state” b-hadrons, ob-hadrons that originate from a ndmhadron and that subsequently decay
directly to ab- or nonb-hadron), to identify théo-jets (AR(jet-b-hadron< 0.4). In Figure[9b, distri-
butions of the transverse momentum of thegets are shown. The left column shows the transverse
momentum distribution for jets which are uniquely matched to exactlybemadron. The right column
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shows the distribution for jets that are matched to more tharbemadron. The bottom row shows the
ratio of the combined-+light-parton/ Z+bb sample after applying HFOR and the origiZat bb sample
without applying HFOR. For the uniquely-matched jets, the contribution fr@# #hight-parton sample
is below the 1% level after HFOR and has no significant impact on the distnibiisielf, compared to
the full Z + bb sample (without HFOR applied). For the jets that encompass more thdntmdron, the
contribution from theZ+light-parton samples is dominant and there is a significafiér@ince between
the originalZ + bb sample (without HFOR applied) and tAe+ bb sample as defined by HFOR.
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Figure 93: SeparatioAR between final state (see text for definitidnjjuarks (a-d) ant-hadrons (e,f).
No cut on the transverse momentum of the particles is applied for the distributidhe left-column
(a,c,e), whereas pr > 20 GeV cut has been applied to the quarkadrons for the distributions in the
right column (b,d,f). Figures (a) and (b) show thR distribution forb-quarks from the various sources
(GS, ME) before overlap removal, for tietlight-parton samples (labeled as “Zjets”) and e bb
samples (labeled as “Zbb”). The same distributions after overlap rem/ahawn in Figures (c) and
(d), including the distribution from th2+ bb-sample by itself before overlap removal. Figures (e) and (f)
areAR distributions forb-hadrons after overlap removal. Note that in figures (e) and (f), theibation
from MPI is also included. All samples are normalised to an integrated lumindsityso
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Figure 94: SeparationR between final statb-quarks (see text for definition) witpr > 20 GeV after
overlap removal for the various sourcesbefluark pairs (GS, ME) and input sampleés+{ight-parton,
Z +bb). The distributions in Figure (a) are for all events, whereas (b),(d)d) are fowyg, qg, qqinitial
states, respectively. The initial states are defined by the incoming parttresaitrcen matrix-element
calculation. All samples are normalised to an integrated luminosity of one.
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Figure 95: Transverse momentum of particle-level jets matchéehimdrons, after applying HFOR. In
Figure (a) and (c), only jets matched to exactly drgadron are plotted, in Figure (b) and (d), the jet is
matched to more than orehadron. The bottom row shows the ratio of thelight-parton andZ + bb
samples combined with HFOR and the origidat bb sample, i.e. the ratio of the “Total” and the “Zbb
(no HFOR)” distributions in the top row. All samples are normalised to an intedtaminosity of one.
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s B Electron vs Muon Channel in the double tagged sample

1224 In the following appendix a detailed summary of the studies made on the elestron-channel dis-

1225 crepancy will be presented. Note that in all figures in this Appendix, that®&arlo is presented
1226 “out-of-the-box”, with just the standard 1.25 k-factor applied to all Zrese No additional scaling of

1227 the heavy flavour component is applied (for example to represent tivenkresults of the flavour fits).

1228 We therefor expect some normalisatioffteliences between data and Monte Carlo, due to the known
1220 underestimate of b events by Alpgen.

w0 B.1 Event Selection Stages
1w B.1.1 Z+ atleast oneb-jet

1232 At the stage of requiring at least obglagged jet in the event, it is seen that Alpgen Monte Carlo un-
1233 derestimates the data by approximately 14% level in both lepton channels. Bxisested, due to a
123¢ known underestimate of heavy flavour production in Alpgen, and shovesgm of an inconsistency be-
1235 tween electron and muon channels. Only after requiring the second eetgiglo signs of disagreement
1236 appear.

1237 To begin the investigation, Figufel96 shows the MV1 distribution for all othisr pfter requiring

1238 1 b-tagged jet in the event, tagged with MV1 at 75%. The MV1 75% operating porresponds to a
1230 cut of 0.404219. An excess is particularly at the highest MV1 values imthen channel, consistent
1220 With the cause being genuine b-jets. There is also evidence of some @xtlesgange 0.4-0.7 in the
1241 muon channel, which can hint at a possible tagging point dependenioh, isbresented in the summary

1242 TabIeBE.

1223 B.1.2 Z+ atleast twob-jets

1224 After the selection of a secor@tagged jet, the data excess in the electron channel decreases to 3.1%
1225 While the excess in the muon channel grows to 17%. Figure 97 showps thistributions for the leading

1246 and sub-leading tagged jet in the Z-tag sample, and Figurel98 shows the rapidity. These plots are split
1247 into the flavour of the jet being plotted. Figuirg 99 shows the dilepton invamass and the missing Et.

1223 These plots are split into the flavour combinations of the two tagged jets in the eve

1249 In general, the electron channel has good agreement between datoatel Carlo, while in the

150 muon channel there is an excess in data. This excess appears to lyalestebuted across all distribu-

1251 tions, except possibly being concentrated at lowpjet
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Figure 96: MV1 distributions in the Z >= 1 tagged jet sample. Top: the MV1 distribution for the
tagged jet. Bottom: MV1 for all other jets in the event (no tagging require@ft: lelectron channel,
right: muon channel.
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Figure 97: Leading (top) and sub-leading (bottdiiagged jets pT distribution in the electron (left) and
muon (right) channels for an event selection with a Z boson candidatet ésabatwob-tagged jets.
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Figure 98: Leading (top) and sub-leading (bottdiiagged jets pT distribution in the electron (left) and
muon (right) channels for an event selection with a Z boson candidatet ésabatwob-tagged jets.
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Figure 99: Missing Et (top) and dilepton mass (bottom) in the electron (lefthareh (right) channels
for an event selection with a Z boson candidate and at leadbtiagged jets.
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B.1.3 Top Normalisation

To check if the normalisation issue is really isolated tebB sample or is also a problem for the top
pair background, the following check is performed. The dilepton mas§7é4106 GeV) is removed,
allowing significantly more top into the final sample. The data missing Et distributemfttied using a
2-template fit, consisting of theifets template (not broken down into flavours) and the top pair template.
All other contributions (single top, diboson) are fixed at their MC predistidultijet is assumed to be
negligible. The fitis then repeated with the dilepton mass constraint re-apjolieldleck for consistency.
Results for the Z1-tag sample are shown in Fig. 100, and for the 2-tag sample i Eiy. 10&sElts in
terms of the scale factor applied to the nominal MC prediction are displayeddfighres.

It can be seen that there is a hint of a slight underestimate of the top caiatnilgross all channels,
though generally consistent with 1.0 within the fit uncertainty, and certainlyimitte 10% systematic
uncertainty applied to the top normalisation.

Comparing the Zjets fitted scale factor fitted in thet2-tag sample in electron and muon channels,
the values agree to within.@r- before applying the dilepton mass constraint, rising .@rlafter this
constraint. These uncertainties are purely the statistical uncertainties amntpie 2-template fit. The
behaviour in the Z£1-tag sample is comparable, with the electron channel moving after applying the
dilepton mass constraint. However in this case, the electron and muon tiZasjats scale factors
disagree without the constraint, but agree very well with the constrains. pitture is consistent with
the results of the full cross section analysis based on template fitgdo. pb

As this study indicates some dependence on the dilepton mass distribution, ceespi®repeated
fitting that instead of the MEt. In this case, the missing Et cut is removed to setka top contribution.
Results are shown in Figures 102 and]103 for the 1- and 2-tag samplestresly.

In general the fitted results in the 2-tag sample from either the MEt or the dieptass are con-
sistent (comparing Figurés 101 dnd 1103). The outlier is thgtd scale factor in the electron channel,
without the dilepton mass or MEt constraints applied. This is fitted6:+10.05 on the MEt distribution
and 104+ 0.04 on the dilepton mass distribution - dfdrence of 18- assuming no correlations between
these fits.

In all fits, the correlation between therjets and top template is —0.3. This allows the reader to
gauge the impact of fixing one of the scale factors. For example, fixing+tfetZscale factor at a value
or 1.16, 3r above the fitted value in the electron channel dilepton mas®d#10.04, pushes up the the
top scale factor down by.Bx 30, or to a value of 1.05 - perfectly consistent with all other fitted values
for the top scale factor. This is verified by performing the fit (not shoae}y which has a lowes-value
of 0.09 compared to 0.192 when floating both templates.

Of the many variations possible on these fits, Fidurd 104 shows the fits tovitBtdilepton con-
straint applied) and dilepton mass (with MEt constraint applied) in th2-/ag sample, after fixing the
top scale factor to 1.00. This is now just a simple 1-parameter fit (#jetZ normalisation). The now
familiar electron-muon dierence is apparent, while the fits look reasonable, albeit of a slightly lower
quality in the electron channel. Again, this test reveals no sign of a causkef@lectron and muon
differences.
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Figure 100: Fitting the Missing Et distribution int8ingle tag sample, shown by electron channel (left)
and muon channel (right). The fit is performed without the dilepton masstreont applied (top), and
with (bottom).
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Figure 101: Fitting the Missing Et distribution int8ingle tag sample, shown by electron channel (left)
and muon channel (right). The fit is performed without the dilepton masstreont applied (top), and
with (bottom). The bottom plots are completely equivalent to the top plots of Figo@ith different
binning.
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Figure 102: Fitting the dilepton mass distribution irsingle tag sample, shown by electron channel
(left) and muon channel (right). The fit is performed without the MEt t@amst applied (top), and with
(bottom).
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Figure 103: Fitting the dilepton mass distribution in2tag sample, shown by electron channel (left)
and muon channel (right). The fit is performed without the MEt constragmiied (top), and with

(bottom).
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Figure 104: Fitting the Z2-tag sample after fixing the top scale factor. Shown by electron chdefigl (
and muon channel (right).
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121 B.1.4 Jetsin the range 20-30 GeV

1292 TO identify any possible source of disagreement at lowpjetevents are selected where both tagged
1203 jets have gor in the range 20-30 GeV. The rapidities of these jets are shown ih Fig 16%3harMV1
1ea  distributions are shown in F[g-ID6. No problem is obvious within the availablistita.
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Figure 105: Rapidities of leading (top) and subleading (bottom) jets in the edwre both jets have pT
in the range 20-30 GeV. Shown by electron channel (left) and muomehémght).
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Figure 106: MV1 distributions of leading (top) and subleading (bottom) jetsarcéises where both jets
have pT in the range 20-30 GeV. Shown by electron channel (left) ard iwhannel (right).
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s B.2 AR(Jet, |ept0n)

1296 TO check for any ffects relating to leptons close by jets (isolation, semi-leptonic b-decays, edc), th
1207 distributions ofAR(jet, leptons) are shown here. The sample is split into events passing OPgLa&hd

1206 the rest of the MV1 75% events in F[g. 107, and into events with jets in the gjera®-30 and all others
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Figure 107: Distributions oAR(leptons, jets) for events with two jet passing MV1 60% (top) and the
rest of the MV1 75% events (bottom). Shown by electron channel (lefthamon channel (right).
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Figure 108: Distributions oAR(leptons, jets) for events with two jets with pT 20-30 GeV (top) and the
rest of the events (bottom). Shown by electron channel (left) and mwmeth (right).
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B.3 Trigger Period Dependence

The data excess in both the electron and muon channels has been exasninohetion of the 2011
trigger-periods. The top three (bottom two) row distributions from Fig@&show the data excess (data
minus simulation) as a function of the signal electrons (muons) invariant Malske 33 gives the event
yields for data and simulation, the various triggers and the correspondjgertintegrated luminosity.
A fair agreement between the data and simulation in the three periods split grtiigthe electron
channel is observed while the muon channel presents a consistenixdess eentered around the Z
boson mass in both trigger periods.

Trigger Period fL(t) dt MC vyield Data yield Excess
EF_2e12_medium DtoJ 1659pb! 251+7.3 242+156 -3.6%: 6.8%
EF_2e12T_medium K 583 pbt 88.5+3.8 103+ 10.1 16.4%+ 12.5%

EF_2e12Tvh_medium LtoM 2401pb! 331.4+7.9 347+186 4.7%+6.1%
EF_mul8_MG Dtol 1430pb! 282+7.4 336+18.3 19.1%t 7.2%
EF_mul8_MG_medium JtoM 3213pb! 581.7+10.8 675+25.9 16.0%¢ 4.9%

Table 33: Data (fifth column) and Monte Carlo (fourth column) event yields énelectron (third an

fourth rows) and muon (fifth and sixth rows) channels for the triggeesl s 2011. The electron and
muon channel triggers are shown in the first column as well as the data peeoval (second column)
and the corresponding integrated luminosity (third column).

B.4 Pileup Period Dependence

A similar pileup distribution was simulated in each 2011 MC11c sample for an @quivfraction of
events as in data. The data excess has been investigated as a functierpidup conditions in the
electron (Figuré&110, top three distributions) and muon channels (Fi§dredttom three distributions)
via the leading two leptons invariant mass distributions. Due to the relative sregtated luminosity,
the first two pileup periods have been merged. The data and simulationy@lestcorresponding to the
investigated pileup periods as well their corresponding integrated luminasitiha relative excess are
given in tabld_34. A consistent excess of events is observed systemaiticallyileup-split periods in
muon channel around the Z boson mass while the electron channel datansogeled by simulation.

Period fL(t) dt MCyield Datayield Relative excess
e-channel, DtoH 1102pb 169.3+6.2 166+ 12.9 -1.9%+ 8.4%
e-channel, | to K 1140p6 170.2+ 5.5 179+ 13.4 5.2%+ 8.6%
e-channel, LtoM 2402p83 331.4+7.9 347+18.6 4.7%+6.1%
u-channel, DtoH 1102p8 214.3+6.4 251+ 158 17.1%t 8.2%
u-channel, [to K 1140ptF 231.5+ 6.8 275+ 16.6  18.8%:t 8%
u-channel, LtoM 2402ptt 418+ 9.2 485+ 22 16%=+ 5.9%

Table 34: Data (fourth column) and Monte Carlo (third column) event yieldsaretactron (second,
third an fourth rows) and muon (fifth, sixth and seventh rows) chanmetegponding to the 2011 pileup
conditions. The first column gives the data period intervals in which the pilengittons were similar;
the second column gives the integrated luminosity for each pileup periodahterv
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Figure 109: Signal leptons invariant mass distributions of the data exctssahectron (first row rows)
and muon (bottom row) channels split according to the 2011 data triggendepce. All distributions
correspond to an event selection with a Z boson candidate and at ledstagged jets.
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Figure 110: Signal leptons data excess invariant distributions in the elgéinst two rows) and muon
(bottom two rows) channels split according to the 2011 data pileup depeadall distributions corre-
spond to an event selection with a Z boson candidate and at leabttagged jets.
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B.5 Cross-check Summary

Table[3% summarises all the cross checks. In the taglés the fitted number of + bbevents andbb s.f.

is the factor by which the Monte Carlo prediction was scaled up or down intthgfiandC represent
the b-tagging #iciency correction and the remaini@jfactor used in a simple unfolding to obtain the
cross sectiond). The ratio fiu/ed and diference Ao) between the muon and electron results are given
for each scenario, as well as the significance of thigedince (pull). All uncertainties quoted are just
statistical, and this significance is calculated only with this statistical uncertainty.

In addition to the checks described above, the analysis is repeated limiting &meljeepton accep-
tances, to check for any unexpected behaviour at higher valugsToe cross-section in the regions low
low jet pT and in slices of b tagging point are also shown.

It can be seen that the electron and muon channels are most consistenisifg the tighter tagging
point (MV1 60%) or raising the jet pT. However, the cross section resdilen using MV1 60% increase
by 10-15% compared to MV1 75%, which is at the limit of what would be caVvénethe b-tagging
systematics. Ongoing studies suggest this is a feature of the MV1 6-% actdesf driven by inconsis-
tencies in the dijet scale factor measurement. Overall, the investigations haseé ty no indicator of a
specific problem in the electron vs muon channel, so we concludeftieatice observed in the nominal
selection is due to a 1e8fluctuation.



ee nominal jetly| <1.2 no MET cut  leptory| <1.32 Jetp® 30 GeV 20<Jet pT 30 GeV MV1 60% MV1 70% MV1 75-60%
Nbb 471+35 186:22 48038 318:28 27227 35:11 325:26 419:33 156:31
bbs.f. 1.14 0.99 1.14 1.17 1.15 1.05 1.34 1.15 1.00
€bb 0.490 0.537 0.491 0.491 0.568 0.359 0.279 0.424 0.276
C 0.427 0.178 0.430 0.276 0.208 0.048 0.424 0.427 0.341
o (pb)  0.485%0.036 0.4120.050 0.49@0.039 0.5060.045 0.4980.049 0.43#£0.137 0.5920.047 0.4980.039 0.3580.071
wrpo
Nbb 719+44 296:28 702:48 416:32 384:32 60:16 455:32 620:44 304:41
bbs.f. 1.31 1.17 1.28 1.43 1.24 1.29 1.42 13 1.5
€b 0.480 0.528 0.482 0.488 0.553 0.350 0.275 0.416 0.266
C 0.570 0.240 0.573 0.300 0.280 0.066 0.567 0.570 0.483
o (pb) 0.566:0.035 0.5040.048 0.5480.037 0.6120.047 0.53680.045 0.5620.150 0.6290.044 0.5640.040 0.51%0.069
uujee 1.166 1.202 1.118 1.209 1.077 1.287 1.062 1.132 1.427
Ao (pb) 0.081 0.085 0.058 0.106 0.038 0.125 0.037 0.066 0.153
pull 1.615 1.229 1.075 1.631 0.573 0.616 0.565 1.170 1.545

Table 35:Summary of electron vs muon channel cross checks. See textffoitide.
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C QCD Background Cross Check

This appendix describes an alternative method for obtaining the multijet kmaokdjin the Z-bb analysis
The same comclusion is reached: the QCD background is negligible andatdagther have to be taken
into account in the fit procedures. The method for estimating QCD backdithat is used for the muon
decay channel is described in detail and the modifications to the appexpdhed in the electron channel
are outlined.

QCD background is estimated via a two-step approach. In the first steptralaegion defined by a
wider Z mass window of 51 GeV - 131 GeV is considered. In the second step ghi¢iseused to obtain
the corresponding number of events in the signal region (76 Ge¥ < 106 GeV).

The first step of the procedure is based on the assumption that the rateorafrttber of QCD events
with isolated muons to those with non-isolated muons is independent of whethet eane applies the
jet selection:

QCD QCD
isolated _ isolated
CD B CD
Nr?on—isolated before jet selection Nr?on—isolated final jet selection

This equation is solved for the numlddECD

oiateq OF QCD events with isolated muons after the final event
selection (numerator on the right hand side). The other three terms in tladic@gare obtained by
subtracting the number of Monte Carlo events from known non-QCD ssurom the number of data
events. These Monte Carlo contributions are scaled by a fégi@r = Ngats/Nmc determined from the

sample before the jet selection but within the sighahass window.

Channel CRee SRee CRuu SRuu
Z+bb+ light partons 419 397 554 501
Z + light partons 251 235 319 297

tt 103 41 122 48

di-boson 20 19 25 24

other backgrounds 2 15 3 2

QCD estimate 22 13+ 10(stat) + 9 (syst) 11 65 + 1.4(stat) + 3.5 (syst)

signal+ background 817 720 1034 900
data 834 713 1179 1022

Table 36: QCD background estimate: overview of results. CR: ContrgildReSR: Signal Region.

In the second step the QCD distribution, equal to the Data minus the scaled G4olatein the
isolated channel and before the jets selection, outside the Z mass peadd iasuemplate (see figure
[I11). Results from this region were further used in the QCD assessaoreht 2 b-tagged jets signal
region.

The QCD estimation inside the Z peak for the template distribution is done via avgthg number
of events from the left sideband - Q€51 GeV < M, < 75 GeV) and the right sideband - QRD
(107 GeV < My, < 131 GeV). The average was then rescaled inside the Z window:

30 GeV QCD_ + QCDgr 3)
25 GeV 2

since each of the sidebands correspond a 25 GeV window while the Zregicesponds to a 30 GeV
window. The ratio of inside-to-outside multijet events with respect to the Z win@@CDz/QCD_ +

QCDg) is used as a multiplication parameterfor the QCD estimate after the final event selection out-
side the Z peak. The multiplication paramater takes a value-08/5 given the previous definitions.

QCDz =




1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

September 5, 2013 - 12:57 DRAFT 158

Finally the QCD background inside the Z peak for signat 2 b-tagged jet events is estimated to be
approximately 6.5 events.

Statistical uncertainty assessment
The statistical uncertainty of the QCD background was performed usingrtbepropagation formula.
The number of events for Data (MonteCarlo) inside the Z window and insgl€tmntrol Region were
taked as fully correlated. The statistical uncertainty was estimated+d.Beevents.

Systematical uncertainty assessment
The “up” variation with respect to the nominal estimation, has been evalugtadibg the left sideband
and rescaling it to the Z peak, resulting in QCIB/5 events at the Z peak. The ratio of the QCD esti-
mation inside the Z peak to the QCD estimation outside the Z peak has been takercasthas thd
parameter.
The “down” variation with respect to the nominal estimation, has been evdllgteaking the right
sideband and rescaling it to the Z peak, resulting in QC8Y5 events at the Z peak. The ratio of the
QCD estimation inside the Z peak to the QCD estimation outside the Z peak has beemt#ks case
as thet parameter.
The systematic uncertainty of the multijets background after the final eviextisa inside the Z peak
was estimated to be approximatel@.6 events.

Results obtained via the data-driven method presented in this section in dssrassit of the QCD
background have confirmed the apriori assumption, namely that multijetgtoacid plays a neg-
ligible role for the Z+ 2 b-tagged jets analysis. The contribution in the muon channel was esti-
mated to be & + 1.5 (stat)+ 3.6 (sys) multijet events while the estimation in the electron channel is
13.3 + 10 (stat)+ 9 (sys) events.

The input distributions used in step 1 of the approach are shown in Fid@rearts (a), (b) and (d).

For the electron channel, a similar method is applied, but rather than usingéaltad non-isolated
leptons, the electrons are required to have the same sign charge asit®pfgm charge, respectively.
The corresponding distributions are shown in Fidurg 113.

The results for control and signal region for battboson decay channels are summarised in Table
[38.

Note that a cross-check using the method described previously for thealysis gives consistent
results, giving Q= 19 and 30t 23 events in the muon and electron channels, respectively.
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D Corrections to NLO predictions from MCFM and comparison of the-
ory predictions

D.1 QED radiation from the leptons
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Figure 114: QED FSR corrections for tlZe+ b selection in the various fierential distributions as
predicted by Alpgen. In all plots the blue lire represents the correction tappéed to the MCFM
prediction, defined as the ratio of the yield obtained when dressed lept®wnsed to the yield obtained
when the selection is applied to Born leptons. For comparison, the ratioditpos for dressed leptons
to the prediction for bare leptons (after photon radiation) is shown in red.
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(u-channel) é-channel)

Figure 115: QED FSR corrections for tiZe+ bb selection in the various fierential distributions as
predicted by Alpgen. In all plots the blue lire represents the correction tappéed to the MCFM
prediction, defined as the ratio of the yield obtained when dressed leptwnsed to the yield obtained
when the selection is applied to Born leptons. For comparison, the ratioditpos for dressed leptons
to the prediction for bare leptons (after photon radiation) is shown in red.
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Bins e-channel u-channel g+ combined
b-jet pr [GeV]|DressefBareDressefBorn DressefBareDressefBorn Dresse¢BareDresse¢Born
(20,30) |1.059+ 0.0060.976+ 0.0061.018+ 0.0060.971+ 0.0061.038+ 0.0040.974+ 0.004
(30,50) |1.059+ 0.0050.975+ 0.0051.021+ 0.0050.974+ 0.0061.040+ 0.0040.974+ 0.004
(50,75) |1.059+ 0.0070.974+ 0.0071.022+ 0.0070.974+ 0.0081.040+ 0.0050.974 + 0.005
(75,110) |1.063+ 0.0100.972+ 0.0111.018+ 0.0110.973+ 0.0121.040+ 0.0080.972+ 0.008
(110,200) [1.060+ 0.0150.975+ 0.0161.024+ 0.0170.974+ 0.0181.041+ 0.0110.975+ 0.012
(200,500) [1.070+ 0.0410.974+ 0.0431.026+ 0.0500.966+ 0.0521.047+ 0.0320.970+ 0.033
b-jet|y| Dresse¢BareDressefBorn DressefBargDressefBorn DressefBareDresse¢Born
(0,0.2) |1.062+0.0090.973+ 0.0091.018+ 0.0100.974+ 0.0101.039+ 0.0060.974+ 0.007
(0.2,0.4) |1.067+0.0090.977+ 0.0091.021+ 0.0100.973+ 0.0101.043+ 0.0070.975+ 0.007
(0.4,0.6) |1.061+ 0.0090.974+ 0.0101.019+ 0.0100.973+ 0.0101.040+ 0.0070.974+ 0.007
(0.6,0.8) |1.059+ 0.0090.978+ 0.0101.023+ 0.0100.973+ 0.0101.041+ 0.0070.975+ 0.007
(0.8,1.2) |1.060+ 0.0070.975+ 0.0071.021+ 0.0080.974+ 0.0081.040+ 0.0050.974+ 0.005
(1.2,1.6) |1.054+0.0080.976+ 0.0081.020+ 0.0090.971+ 0.0091.037+ 0.0060.974+ 0.006
(1.6,2) |1.055+0.0100.972+ 0.0101.021+ 0.0100.974+ 0.0101.038+ 0.0070.973+ 0.007
(2,2.4) ]1.059+ 0.0120.975+ 0.0121.018+ 0.0120.970+ 0.0131.038+ 0.0080.972+ 0.009
Z pr [GeV] |DressefBareDressegBorn DressefBareDressefBorn DressefBargDressefBorn
(0,20) |1.041+0.0100.976+ 0.0101.013+ 0.0100.974+ 0.0121.027+ 0.0070.975+ 0.007
(20,30) |1.044+0.0080.978+ 0.0081.013+ 0.0090.977+ 0.0091.029+ 0.0060.978+ 0.006
(30,40) |1.058+ 0.0070.976+ 0.0081.016+ 0.0080.975+ 0.0081.037+ 0.0050.975+ 0.006
(40,60) |1.057+0.0060.977+ 0.0061.021+ 0.0060.974+ 0.0061.039+ 0.0040.975+ 0.004
(60,80) |1.079+0.0080.972+ 0.0081.026+ 0.0080.969+ 0.0091.052+ 0.0060.970+ 0.006
(80,110) |1.075+ 0.0090.968+ 0.0101.029+ 0.0100.967+ 0.0111.051+ 0.0070.967 + 0.007
(110,200) |1.087+0.0110.973+ 0.0111.033+ 0.0130.971+ 0.0131.059+ 0.0080.972+ 0.009
(200,500) [1.121+ 0.0270.969+ 0.0301.029+ 0.0330.961+ 0.0351.074+ 0.0210.965+ 0.022
A¢(Z, b-jet) |DressegBargDressegBorn Dresse¢BareDresse¢BornDressefBareDressefBorn
(0,0.5) |1.056+ 0.0270.972+ 0.0281.014+ 0.0300.975+ 0.0301.035+ 0.0200.974+ 0.020
(0.5,1) |1.065+ 0.0240.980+ 0.0261.016+ 0.0270.958+ 0.0291.040+ 0.0180.969+ 0.019
(1,1.5) |1.060+ 0.0200.982+ 0.0211.026+ 0.0230.973+ 0.0231.042+ 0.0150.978+ 0.015
(1.5,2) |1.064+ 0.0160.970+ 0.0171.019+ 0.0180.976+ 0.0181.041+ 0.0120.973+ 0.012
(2,2.4) |1.065+ 0.0130.984+ 0.0131.023+ 0.0140.974+ 0.0151.043+ 0.0090.979+ 0.010
(2.4,2.8) |1.059+ 0.0090.977+ 0.0091.020+ 0.0100.976+ 0.0101.039+ 0.0070.976+ 0.007
(2.8,3) |1.064+0.0090.972+ 0.0101.022+ 0.0100.974+ 0.0101.043+ 0.0070.973+ 0.007
(3.7) 1.069+ 0.0100.970+ 0.0111.028+ 0.0110.971+ 0.0111.049+ 0.0070.971 + 0.008
AR(Z, b-jet) |Dresse¢BareDresse¢BornDressefBareDressegBorn DressefBareDressefBorn
0,1) 1.062+ 0.0200.972+ 0.0211.012+ 0.0230.974+ 0.0231.037+ 0.0150.973+ 0.015
(1,1.5) |1.064+ 0.0160.975+ 0.0171.019+ 0.0180.972+ 0.0191.041+ 0.0120.974+ 0.012
(1.5,2) |1.060+ 0.0120.971+ 0.0131.020+ 0.0140.970+ 0.0141.040+ 0.0090.970+ 0.009
(2,2.5) |1.067+0.0090.979+ 0.0091.022+ 0.0100.971+ 0.0101.044+ 0.0060.975+ 0.007
(2.5,3) |1.060+ 0.0050.976+ 0.0061.019+ 0.0060.975+ 0.0061.039+ 0.0040.976+ 0.004
(3,3.5) |1.066+ 0.0050.972+ 0.0061.025+ 0.0060.971+ 0.0061.045+ 0.0040.972+ 0.004
(3.5,4) |1.065+0.0130.973+ 0.0141.024+ 0.0140.972+ 0.0151.044+ 0.0100.973+ 0.010
(4,4.5) |1.065+ 0.0290.988+ 0.0301.022+ 0.0330.977+ 0.0331.043+ 0.0210.982+ 0.022
(4.5,6) |1.075+ 0.0660.979+ 0.0701.042+ 0.0740.980+ 0.0771.057+ 0.0490.980+ 0.051

Table 37: QED FSR corrections for the-b selection in the various fierential distributions as predicted

by Alpgen.
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E Top Enriched Control Region

The studies documented in sectidn 5 make use of an analysis control régiprenriched events in the
lepton plus jets channel. The event selection criteria and additional toneeapplied to these data are
documented in this appendix.

E.1 Event Selection

For the most part the event and physics object selection, scale coneatid éiciency scale factors are
identical to those documented for the signal region in sefion 4. Modificatiiothe baseline selection
to obtain the control region are given below. Due to requirements on nuofitseiected leptons and
E?‘Ssthere is no overlap between the control region and signal region.

E.1.1 Electrons

e Single electron trigger€F _e20 medium for periods D-JEF _e22 medium for period K;EF_e22vh mediuml
for periods L-M. Hficiency correction factors for these triggers are applied in MC.

e ET >25GeV.

e Pass thegammaPID::ElectronTightPPEriteria. Correspondingticiency scale factors are applied
in MC.

e Pileup corrected calorimeter isolation for cone 0.3 wittpr (cal)/Er < 0.14.

e Track isolation for cone 0.3 witl, pr(ID)/Er < 0.13.

E.1.2 Muons
e pr >25GeV.

e Pileup corrected calorimeter isolation for cone 0.3 witpr (cal)/pt < 0.14.

e Track isolation for cone 0.3 witly, pr(ID)/pt < 0.15.

E.1.3 Leptonic W Reconstruction

Events are required to have exactly one selected lepton of either flaprourded the trigger for that
flavour lepton fired. The recontructed transverse mass defined as,

mr = \/ 2p'$pt°”E§”iSS(1 — cosA¢(lepton EN'SS)), (4)
is required to satisfynr >60 GeV.
E.1.4 Additional Criteria
o EMSS >30GeV.

e At least four selected jets.
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MC Scale Factor
W-+bb 1.001
W+cc 1.091
W-+c 1.082
W-light 0.955
Inclusive (-channel) 0.84
Inclusive (e-channel) 0.90

Table 38: Scale factors applied toA¢ts MC derived by the top group. The relative flavour contributions
are reweighted keeping the total normalisation constant, the overgkté/intergral is then scaled by
the inclusive factor.

uws E.2 Datato MC Comparison

124 In comparing data to MC five electroweak processes are consideér@édC@NLO+Jimmy); Wijets

125 (Alpgen+Jimmy); single top (MC@NL®Jimmy except t-channel AcerMgpythia); Z+jets (Alpger-Jimmy);
126 Diboson (HERWIG). For the AlpgerJimmy samples HFOR is applied in their combination. Correction
127 factors derived by the top group are applied to both thgéts flavour fractions and overall scale; these
128 corrections are applied globally rather than on an event by event basissted in tablé_38. Figures
2o [118 and_11l7 show various event level variables for the muon and elezliemnels respectively; table
1430 summarises the predicted contribution from each electroweak prowbssmmpares their sum to the
131 Yield observed in data. Uncertainties are not currently derived in theataagion; however it can be
1232 seen that in the electron channel the MC does a good job of reprodueidgt normalisation, whereas
133 the muon channel siers from a deficit 0f~13% in the MC prediction with respect to data. It is not
123 a priori clear whether the normalisation discrepancy in the muon channel is dueddainties in the
135 muon selection or the result of a residual multijet background.

Muon Channel Electron Channel
Process | All 2 Tag Bin 3 Tag Bin| All 2 Tag Bin 3 Tag Bin
Data 56023 11449 1918 | 50347 10416 1747
tt 19846 8588 1505 | 18414 7958 1421
W-+jets | 26015 678 81 27604 700 43
Single Top| 1830 586 76 1678 527 69
Z+jets 1527 55 4 2079 74 6
Diboson | 379 14 1 349 14 1
Total MC | 49596 9921 1667 | 50125 9298 1540
DatgMC | 1.130 1.154 1.151 | 1.004 1.120 1.134

Table 39: Comparison of data yield and MC prediction for the muon and efectrannels in the top
enriched control region.

1436 Studies of the properties of b-jets are made using control region eventsxaithly two b-tagged jets.
w3z It can be seen from Figures 116 (b) andl117 (b) that both chanrféds aul 2-15% deficit in the MC with
1238 respect to data in the bin corresponding to this selection. Given that theoelebannel shows no evi-
139 dence for multijet background it is likely this discrepancy is dominated by M@atisation rather than
1220 the consequence of an additional background. This is supportedidwéfiost the MC@NLG-Jimmy

ua  tt MC is substituted for Powhegpythia or Alpger-Jimmy and the change in discrepancy for the alter-
sz Native MCs is given in Table“40. It can be seen that, although the muomehdiscrepancy always
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exceeds the electron channel, there is a significant range with woesnagmt between MC and data for
Powheg-pythia and better agreement for Alpgehmmy. Secondly comparison is made of the selected
my distribution and the fulmy distribution with noEQ“SScut applied, as shown in Figures 118 &ndl119
for the muon and electron channels respectively. Despite the loosetiaeleesigned to enhance any
potential multijet background the D#R4C ratio formy >60 GeV is found to be 1.153 and 1.128 for the
muon and electron channels respectively, which does ffetr dignificantly from the same ratio with the
tighter default selection (particularly for the muon channel). Given thatge leange of normalisation

is observed with dferent t MCs and that no significant enhancement of any multijet contribution is
observed with a looser selection, for all subsequent study of the toedgion two tag bin the DatyC
ratio is forced equal to unity by scaling up the MC@NEDmMmmy top MC normalisation. In principle
these scaling factors should be universal but this is found not to besesdie to the impact of b-tagging
scale factors in MC. Typically the normalisation correction for the MC@MU@my t MC is found to

be~10-15%.

Muon Channel

Electron Channel

Process Yield DataMC Yield DataMC

Data 11449 - 10416 -
MC@NLO+Jimmy+ Other EW 9921 1.154 9298 1.120
Powheg-pythia+ Other EW 9555 1.198 8930 1.166
Alpgen+Jimmy + Other EW 10655 1.075 10107 1.031

Table 40: Comparison of data yield discrepencies in the 2 tag bin of the toegion for diferent t

MCs.
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Figure 116: Control region muon channel event level plots: (a) Nurabgats; (b) number of tagged
jets; (c)mr; (d) ET"S, (e) muonpr; (f) muony.
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Figure 117: Control region electron channel event level plots: (anidar of jets; (b) number of tagged
jets; (c)mr; (d) ET"S, (e) electronpr; (f) electrony.
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F Goodness of fit tests for Zbb analysis

To test the valididity of the fit procedure and check for any fit bias sdV¥ittests have been performed.

F.1 Linearity Test

For each bin in the Zbb ferential observables, the three templates (bb, non-bb and backymend
taken with the fit scale factors applied. The bb template is further scaleddmtar X, (X=0.5, 0.75,
1.0, 1.5, 2.0). The scaled bb template is then combined with the other and bacigemplate to form
a parent sample. From this parent sample 500 pseudo-datasets ard fyrmarying each bin by a
poisson centred on the parent sample bin value. Each of the pseudsetiatzre then fitted with the
pre-fit templates, which have only had the single-b proportion scale fapfuied. The fitted value of
X is then calculated. The Linearity Distributions for each variable are showigs.[120[ 121122 and
1z3.

F.2 Fit quality

To test the quality of the fitting the fllerentailZ + bbvariables several tests have been performed. Firstly
Templates scaled by the fit scale factors are combined into a parent dateseumber of fitte& + bb
eventsNyp is taken from the fit. 1000 pseudo datasets are drawn from the par@ottyating each bin

in the parent sample around the bin value. The pseuso datasets are tdewifittéhe pre-fit templates
and the number of Zbb events from the fi1l,\lt',°b is derived along with the error on the &ﬁb. The pullis
defined as I’(\lg’b - Nbb)/o-f)’b, it should centre on zero and have a width of 1. The pull distributions with a
fited guassian function are shown in Figs. 24,1 125] 126 anH 127y T per degree of freedom is also
calculated for each fit to the pseudo datasets. These are shown ihZ8gd2B[ 13D and I31. Finally
the p-value corresponding to tlgé fit results are shown in Figs._ 132, 183,134 135.
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Figure 123: Linearity tests for theftiérentialZ + bbfits. In all fitted bins ofZ|y|, (a) 0< Z|y| < 0.2, (b)
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Figure 125: Pull tests for theftierentialZ + bbfits. In all fitted bins ofmyp, (2) 10< myp < 45GeV, (b)
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165 < myp < 350GeV



September 5, 2013 - 12:57 DRAFT 177

70" E o ] o E
6oL E 601 . 60C .
50- ] 50 E 50 1
40 ] 40¢ E 40 3
30" : 30b E 30- E
20b E 20~ : 20~ 3
10 E 10" : 10- :
G: L L L L L L 1 0: L L L L L : O: ]
4-3-2-10 123 4 4-3-2-10 123 4 43210123 4
fitted N, /o fitted N, /o fitted N, /o

() (b) (©
70F = F ] £ ]
L 1 70; E 70; E
o ; 40 40-
20 s 201 3 20~ -
10- : 10~ 3 10F 3
07 L L L L J ] 0: ] G: I L L L L L |
4-3-2-10 123 4 4-3-2-10 123 4 4-3-2-10 123 4
fitted N, /o fitted N, /o fitted N, /o

(d) (e) ®

Figure 126: Pull tests for the fierentialZ + bb fits. In all fitted bins ofprz, (a) prz < 20GeV, (b)
20 < prz < 40GeV, (c) 40< prz < 60GeV, (d) 60< prz < 80GeV, (e) 80< prz < 110GeVand (f)
110< prz < 250GeV
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Figure 127: Pull tests for the fiiérentialZ + bb fits. In all fitted bins ofZ|y|, (a) 0 < ZJy| < 0.2, (b)
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(9)16<Zy <25



September 5, 2013 - 12:57 DRAFT 179

14Q e . [T ————-—— " T 7
: 1 " E 120 .
120, ] 120; : i ]
[ ] L ] 1001 —
100~ 3 1007 ] F ]
807 ; 5o ] o ]
60 ] 60 4 60? —
40 ] 404 9 40 9
20 1 20 = 20- s
Lol el ] I TP T.1 | TR TR ] : [T NPT T T ] ]
Y0.511522.533.544.55 Q0.511.522.533.544.55 0.511.522.533.544.55
fit x2/ndf fit x2/ndf fit x2/ndf
(a) (b) (©)

- - - n 1407
l40: ] 140F 7 r ]
L ] r ] 120 ]
120: ] 1201 1 r ]
L 7 [ ] 100 -
1007 ] 100F 1 " ]
80 7 800 E 80p] E
60H . 60" ] 60| 7
405 . 400 ] 40f] E
20 . 20, 4 20 B
Y0.511522.533.544.55 Y0511.522.533.544.55 00.511.522.533.544.55
fit x%/ndf fit x¥ndf fit x%/ndf

(d) (e) )

Figure 128:y? tests for the dferentialZ + bb fits. In all fitted bins ofARyp, (a) 04 < ARy, < 1.15,
(b) 115 < ARy < 1.9, () 19 < ARy < 2.4, (d) 24 < ARy, < 2.8, () 28 < ARy < 3.2 and (f)
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Figure 129:y? tests for the dferentialZ + bbfits. In all fitted bins ofimyy, (a) 10< myy < 45GeV, (b)
45 < myp < 65GeV, (€) 65< my, < 85GeV, (d) 85< myy < 115GeV, (e) 115< myy < 165GeVand (f)
165 < myp < 350GeV
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Figure 130:y? tests for the dferentialZ + bb fits. In all fitted bins ofprz, (a) prz < 20GeV, (b)
20 < prz < 40GeV, (c) 40< prz < 60GeV, (d) 60< prz < 80GeV, (e) 80< prz < 110GeVand (f)
110< prz < 250GeV
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Figure 131:y? tests for the dterentialZ + bb fits. In all fitted bins ofZ|y|, (a) 0 < ZJy| < 0.2, (b)
02<Zyl <04,(c)04 < Zly < 0.6, (d)06 < Z|y| < 0.8, () 08 < ZJy| < 1.2, (f) L.2 < Z|]y| < 1.6 and
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Figure 132: P-value tests for thdidirentialZ + bbfits. In all fitted bins ofARy, () 04 < ARyp < 1.15,
(b) L15 < ARyp < 1.9, (€) 19 < ARyp < 2.4, (d) 24 < ARyp < 2.8, (€) 28 < ARyp < 3.2 and (f)
32<ARyp <5
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Figure 133: P-value tests for theffdirentialZ + bbfits. In all fitted bins ofmyp, (a) 10< my, < 45GeV,
(b) 45 < myp < 65GeV, (€) 65< myy < 85GeV, (d) 85< myp < 115GeV, (e) 115< myp < 165GeVand
(f) 165 < myp < 350GeV
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Figure 134: P-value tests for theffldrentialZ + bbfits. In all fitted bins ofpr z, (a) pr.z < 20GeV, (b)
20 < prz < 40GeV, (c) 40< prz < 60GeV, (d) 60< prz < 80GeV, (e) 80< prz < 110GeVand (f)
110< prz < 250GeV



September 5, 2013 - 12 :57

901
80-
70F
60F
501
40-
30
200
woed o4
00.10.20.30.40.9.60.70.80.9 1
fit p-value

(@)

0'0.10.26.3.20 8.6 70.80. 1

fit p-value
(d)
80"
70f
60F
50¢
40f
30¢
20F
10
0 0.10.20.30.40.50.60.70.80.9 1
fit p-value
(@)

|
0.10.20.30.40.50.60.70.

3
091

fit p-v

(b)

alue

80
70-
60~
50~
407
30-
20-

107
00.1:3.3.20.5.8.7.
fit p-v
(e)

851
alue

186

80r
70-
60"
50¢
40"
30"
20°

10k ]

Ll L
00.10.20.30.40.50.60.70.80.9 1
fit p-value

(©)

70;
GOi
502
a0
3o§

20F

10 ]

RTINS
00.10.20.30.40.50.60.70.80.9 1
fit p-value

(f)

Figure 135: P-value tests for theffdirentialZ + bbfits. In all fitted bins ofZ|y|, (a) 0< Z|y| < 0.2, (b)
0.2<Zlyl <04,(c)04< Zy| < 0.6, (d) 06 < ZJy| < 0.8, (e) 08 < Z|y| < 1.2, (f) L.2 < Z|y| < 1.6 and

(9)16<Zy <25



	Updates from previous version
	To Do
	Cross checks in the pipeline
	updates from v1.3
	Reminder of updates in 1.3 compared to v1.2
	Updates from 1.4

	Introduction
	Data and Monte Carlo Samples
	The data set used
	Monte Carlo samples
	Overlap removal between samples using the HFOR tool

	Object and event selection
	Monte Carlo Corrections
	Particle Level Selection

	B-Hadron Decay Modelling in Herwig
	Evidence for Template Mismodelling
	Study of b Hadron Decay Properties
	Systematic Effects from EvtGen Reweighting
	Alternative Reweighting Scheme for b Templates

	Data - Monte Carlo comparison
	Backgrounds
	Determination of multijet background in the Zb and Zbb selection
	Electron channel control regions
	Muon channel control regions

	Multi-Jet background estimates in the Zb and Zbb signal region

	Extraction of differential Zb yields
	Flavour fit in the Zb analysis
	Comparison of extracted yields with alpgen 
	Goodness of fit

	Unfolding the differential Zb yields
	Zb unfolding cross checks

	Inclusive fit for Zbb
	Comparison of different fit methods
	Single-b Scale Factor
	Inclusive Fit Results
	Validation of the fit procedure

	Data - Monte Carlo comparison After Scaling
	Differential Z+bb fits
	Template construction
	Fit method and results

	Unfolding the Z+bb Distributions
	b-Tagging Efficiency Correction
	Unfolding
	Fiducial Z+b inclusive cross section

	Z+b differential cross sections

	Systematic Uncertainties
	CP Group uncertainties
	b-Tagging efficiency
	Jet Energy Scale
	Jet Energy Resolution (JER)
	Lepton identification efficiency, energy scale and resolution

	Luminosity uncertainty
	t cross-section prediction
	Estimate of systematic uncertainty due to gluon splitting and MPI effects
	b-Jet Template Shape Uncertainty
	Non-b Template Shape Uncertainty
	Charm Jets
	Light Jets

	Single-b template normalisation uncertainty for Z+bb
	Monte Carlo Statistics
	Statistical correlation in unfolding

	Cross section systematics for Z+b measurement
	Cross section systematics for Z+bb measurement
	Systematic Tables

	Theoretical Predictions
	Results
	Results for the Z+b final state
	Results for the Z+bb final state

	Conclusion
	Further details on the HFOR overlap removal
	Electron vs Muon Channel in the double tagged sample
	Event Selection Stages
	Z + at least one b-jet
	Z + at least two b-jets
	Top Normalisation
	Jets in the range 20-30 GeV

	R(jet, lepton)
	Trigger Period Dependence
	Pileup Period Dependence
	Cross-check Summary

	QCD Background Cross Check
	Corrections to NLO predictions from MCFM and comparison of theory predictions
	QED radiation from the leptons

	Top Enriched Control Region
	Event Selection
	Electrons
	Muons
	Leptonic W Reconstruction
	Additional Criteria

	Data to MC Comparison

	Goodness of fit tests for Zbb analysis
	Linearity Test
	Fit quality


