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Production of b-quarks at LHC
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Directly:
   flavour creation      flavour excitation        gluon splitting

In decays:

• top quark decays to b quark 
(e.g. important for precise measurements in top sector)

• Standard Model Higgs boson with mH = 126 GeV, decays 
to       pair 56% of the time. 

✤ Important channel to test the Higgs-to-fermion 
couplings

• SUSY particles can decay to third quark generation
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(e.g. important for precise measurements in top sector)

• Standard Model Higgs boson with mH = 126 GeV, decays 
to       pair 56% of the time. 

✤ Important channel to test the Higgs-to-fermion 
couplings

• SUSY particles can decay to third quark generation

    The b-quark opens a window for
     important physics measurements!
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Once produced, b-quarks hadronise forming B-hadrons inside jets

B-hadron characteristics:

• Large mass (typically 5 - 6 GeV) 

• Long life time ~1.5 ps and large decay length (Lxy)
      presence of a secondary vertex

• Secondary vertex generates displaced tracks
      large impact parameter (d0)

• A chance of semi-leptonic decay 
      nearby soft lepton 

Signatures of b-quarks
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ATLAS is able to exploit all these characteristics!
(thanks to its excellent tracking and vertexing performance)
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The b - jet identification algorithms

Primary vertex selection: vertex with highest           - good pile-up rejection

Impact parameter (IP) based: IP3D

• uses transverse and longitudinal IP significances  
d0 /σ(d0) & z0 /σ(z0)
to discriminate between b jets and light-jets

• considers the “relative sign” of the IP (d0 > 0 for b-jets)

Secondary vertex based: SV0, SV1

• aims to reconstruct displaced vertices

• exploits track-based invariant mass and flight length significance

• small mis-tag rate, limited efficiency

Decay chain reconstruction based: JetFitter
• aims at reconstructing full hadron decay chain (from b/c quarks)

• takes into account track & vertices info, fraction of the energy carried by 
charged particles within the jet, flight length significance in a neural net

• separate outputs for b, c and light jets
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 “H → bb searches in ATLAS using jet substructure”

B-tagging in ATLAS (short introduction - I)

B-tagging should tell us if the origin of a jet was a b-quark. Main discriminating properties:

presence of a displaced vertex (for a B0 of 30GeV  L~bgct~3 mm)

used for the “lifetime based” identification algorithms (“Taggers”)

presence of non-isolated leptons (e,µ)

limited by the BR(b→l X)~20%, but precious for b-tagging calibration

Main “lifetime based” algorithms in ATLAS:

Impact Parameter based “Taggers” 

Exploit the Impact Parameter significance 

of the tracks in z (z
IP
/s(z

IP
)) and rf (d

IP
/s(d

IP
)) 

with respect to the Primary Vertex, after 

assigning a lifetime sign to them (sIP)

Secondary vertex based “Tagger”

Find and “fit” displaced tracks into a single inclusive vertex

Exploit the mass of charged particles at vertex, vertex energy fraction and vertex track 

multiplicity

NOT CONSIDERED HERE

BB
   sIP < 0

  sIP > 0Secondary Vertex

Primary vertex

Jet-Axis
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Combined algorithm - MV1
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MV1 algorithm:
• multivariate technique,

based on inputs from other 3 algorithms:
IP3D, SV1 and IP3D+JetFitter

• takes into account input correlations

• output for b, c and light jets (pT & η dependent)

• most commonly used in ATLAS

Combine individual algorithms to achieve higher rejection of light quark jets and to 
cover a wider range of b-tagging efficiencies !

Provides the best rejection of light
flavour jets for a given b-jet efficiency

Light jet rejection vs. b-jet efficiency

ATLAS-CONF-2012-043
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Combined algorithm - MV1
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MV1 algorithm:
• multivariate technique,

based on inputs from other 3 algorithms:
IP3D, SV1 and IP3D+JetFitter

• takes into account input correlations

• output for b, c and light jets (pT & η dependent)

• most commonly used in ATLAS

Combine individual algorithms to achieve higher rejection of light quark jets and to 
cover a wider range of b-tagging efficiencies !

Efficiency needs to be evaluated in data
for reliable usage in physics analyses!

We calibrate several operating points of the inclusive b-tagging efficiency of MV1

Provides the best rejection of light
flavour jets for a given b-jet efficiency

Light jet rejection vs. b-jet efficiency

ATLAS-CONF-2012-043
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Calibration techniques
For the light jet efficiency: 2 methods

• inclusive jet samples (method based on symmetries of track resolution function and 
vertex mass based method)  https://cds.cern.ch/record/1435194

For the c-jet efficiency: 2 methods

• in sample with D* mesons https://cds.cern.ch/record/1435193

• W+c samples https://cds.cern.ch/record/1640162

For the b-jet tagging efficiency: 6 methods

• in multijet samples with muons - 2 methods 
https://cds.cern.ch/record/1435197

• in     events - 4 methods 
https://cds.cern.ch/record/1460443

✤ relatively pure source of b assuming 
BR(                 ) = 1

✤ purity in final states 
       eµ + 2/3 jets - 73/54% pure in b
ee + µµ +2/3 jets - 67/52% pure in b
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Jet pT distribution in the    
enriched sample
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ATLAS-CONF-2014-004
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PDF based calibration method
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• New     based method for the b-jet efficiency calibration.

• Make better use of data by exploiting per event jet flavour correlation.
✤ Allows b-tagging efficiency for a cut on the weight (w) to be measured to a high precision

• Model the system using likelihood - employs PDFs -      (2 jet example)

                                                                          

• Efficiency determination

• Perform statistical combination of channels - reduced uncertainties

tt̄

PDF for the b-tagging discriminant for b(j) jet

2D PDF for [pT,1, pT,2] for flavour combination bj, bb, jjPff (pT,1, pT,2)

Measured
on data MC

MC

fbb, fbj , fjj = 1� fbb � fbj
MC

✏b(pT ) =

Z 1

wcut

dw0Pb(w
0, pT )

Pb(w, pT ) Pj(w, pT )

L (pT,1, pT,2, w1, w2) = [ fbbPbb (pT,1, pT,2)Pb (w1|pT,1)Pb (w2|pT,2)

+ fbjPbj (pT,1, pT,2)Pb (w1|pT,1)Pj (w2|pT,2)

+ fjjPjj (pT,1, pT,2)Pj (w1|pT,1)Pj (w2|pT,2)

+ 1 $ 2 ]/2,

flavour fractions in 2 jet case

P
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Results - PDF based calibration
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Data to Monte Carlo 
correction factors

Correction factors applied in physics analyses to account for 
mismodeling of the b-jet identification efficiency.

b-jet efficiency vs. jet pT Data/MC correction factors

February 18, 2014 – 20 : 21 DRAFT 2

1 Introduction62

This note presents the results of the measurement of the b-tagging e�ciency in a sample of top pair63

events, where both W bosons from the top quarks decay into a lepton and a neutrino. Two signatures are64

exploited, the eµ channel, without any requirement on Emiss
T , and theee and µµ channels. The advantage of65

such a selection is a high b-jet purity and almost no presence of c-jets. Events with two or three TopoLC66

AntiKt jets are then used to derive the b-jet e�ciency as a function of pT (jet), using a combinatorial67

likelihood approach which is previously developed for the TopoEM AntiKt jets and described in detail68

in Ref. [1]. Such approach allows to exploit per-event flavour correlations between the two jets, dealing69

at the same time correctly with the pT dependence of the b-jet identification algorithms. The analysis is70

applied on a set of collision events corresponding to an integrated luminosity of L ⇡ 20.3 fb�1 collected71

at
p

s = 8 TeV. The results for the 60%, 70%, 80% and 85% of the e�ciency of the MV1 b-tagging72

algorithm are shown in Section 5. The results for the MV1c algorithm are included in the Appendix A.73

pT interval Corr. Factor Stat error Syst error Tot error
[20; 30] 0.968 0.022 0.059 0.063
[30; 40] 0.979 0.012 0.030 0.033
[40; 50] 0.986 0.010 0.027 0.028
[50; 60] 0.985 0.010 0.023 0.025
[60; 75] 0.971 0.009 0.020 0.022
[75; 90] 0.980 0.010 0.015 0.018
[90; 110] 0.965 0.010 0.018 0.020
[110; 140] 1.000 0.010 0.020 0.022
[140; 200] 0.989 0.014 0.033 0.036
[200; 300] 1.008 0.032 0.077 0.084

74

2 Event selection75

2.1 Basic selection76

The basic selection including trigger, object identification and event selection follows closely that of the77

ZH ! llbb̄ analysis, apart from the selection criteria for the leptons which are made tighter, to further78

suppress fake leptons at the cost of lowering the selection e�ciency. Therefore only a brief description79

is reported here; more details can be found in Ref. [2].80

Events are triggered using both single and di-lepton triggers. For the muons the single triggers81

are EF mu18 MG up to run 186516, then EF mu18 MG medium up to run 191933 and a combination82

of EF mu24i tight and EF mu36 tight afterwards. For the electrons they are EF e20 medium up to run83

186873, EF e22 medium up to run 188902, a combination of EF e22vh medium1 and EF e45 medium184

up to run 191933, and a combination of EF e24vhi medium1 and EF e60 medium1 afterwards. These85

are complemented after run 191933 by the di-lepton triggers EF 2e12Tvh loose1 for electrons and86

EF 2mu13 for the muons.87

Events need to pass a filter requirement given by the Good Run List encoded in the standard GoodRun-88

List (version v58-pro14-01). A primary vertex is required in the event with at least three tracks. The89

standard Emiss
T cleaning procedure is applied both in data and in the Monte Carlo. A jet cleaning proce-90

dure is applied as well, to deal with hot tile calorimeter cells. The simulated distribution of µ (expected91

number of pile-up interactions) is re-weighted in order to reflect the distribution measured in data1.92

Exactly two tight leptons with opposite charge, pT > 25 GeV and |⌘| < 2.5 are then required.93

1Details about the event cleaning and some details about the main selection criteria can be found in:
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/VHbbBaseLine2013.

ATLAS-CONF-2014-004ATLAS-CONF-2014-004

Theory %()
Hadronisation (    )          0.3 - 2.0
Modeling (    )                 0.4 - 1.7
Modeling PS (   )            0.5 - 1.9
Top pT reweighting (   )   0.2 - 4.6
Modeling Z+jets              0.2 - 2.4  
Modeling diboson           0.7 - 3.1
Z+jets normalisation       0.4 - 1.7

Experimental (%)
Jet energy scale             0.3 - 4.1 
Jet energy resolution      0.1 - 2.6 
Mistag rate                     0.3 - 2.8 

tt̄

tt̄

tt̄

tt̄

Dominant systematics

Calibration
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Results - PDF based calibration
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Data to Monte Carlo 
correction factors

Correction factors applied in physics analyses to account for 
mismodeling of the b-jet identification efficiency.

b-jet efficiency vs. jet pT Data/MC correction factors
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ZH ! llbb̄ analysis, apart from the selection criteria for the leptons which are made tighter, to further78

suppress fake leptons at the cost of lowering the selection e�ciency. Therefore only a brief description79

is reported here; more details can be found in Ref. [2].80

Events are triggered using both single and di-lepton triggers. For the muons the single triggers81

are EF mu18 MG up to run 186516, then EF mu18 MG medium up to run 191933 and a combination82

of EF mu24i tight and EF mu36 tight afterwards. For the electrons they are EF e20 medium up to run83
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are complemented after run 191933 by the di-lepton triggers EF 2e12Tvh loose1 for electrons and86

EF 2mu13 for the muons.87

Events need to pass a filter requirement given by the Good Run List encoded in the standard GoodRun-88

List (version v58-pro14-01). A primary vertex is required in the event with at least three tracks. The89

standard Emiss
T cleaning procedure is applied both in data and in the Monte Carlo. A jet cleaning proce-90

dure is applied as well, to deal with hot tile calorimeter cells. The simulated distribution of µ (expected91

number of pile-up interactions) is re-weighted in order to reflect the distribution measured in data1.92

Exactly two tight leptons with opposite charge, pT > 25 GeV and |⌘| < 2.5 are then required.93

1Details about the event cleaning and some details about the main selection criteria can be found in:
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ATLAS-CONF-2014-004ATLAS-CONF-2014-004

All correction factors consistent with unity!
 good modeling!

Theory %()
Hadronisation (    )          0.3 - 2.0
Modeling (    )                 0.4 - 1.7
Modeling PS (   )            0.5 - 1.9
Top pT reweighting (   )   0.2 - 4.6
Modeling Z+jets              0.2 - 2.4  
Modeling diboson           0.7 - 3.1
Z+jets normalisation       0.4 - 1.7

Experimental (%)
Jet energy scale             0.3 - 4.1 
Jet energy resolution      0.1 - 2.6 
Mistag rate                     0.3 - 2.8 

tt̄

tt̄

tt̄

tt̄

Dominant systematics

Statistical 
uncertainties very 
small - efficiently 

using data!
Systematically 

limited.
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Results - PDF based calibration

• Method allows for an arbitrary binning in any jet kinematic quantity

• Performed binning in both pT and η - to verify no η dependence from 
the less sensitive previously used calibrations

• The scale factors were tested as a function of η  inclusively in pT using the χ2 
test and no significant dependence is observed. 
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Data/MC correction factors as a function of the jet pseudorapidity
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Improvement with PDF based method
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System8 - 
uncertainties 5% - 20%

Combination of one 
one muon based, and 2 

not likelihood based 
calibration methods

Systematics ranges 
from 1.6% -9%

tt̄

tt̄

     PDF based - 
uncertainties <2% - 8%
tt̄

Performance of the    PDF based methodtt̄

Performance of the System8 method

Performance of the tag and probe method in    event

     tag and probe - 
uncertainties 3% -14%
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
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Improvement with PDF based method
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System8 - 
uncertainties 5% - 20%

Combination of one 
one muon based, and 2 

not likelihood based 
calibration methods

Systematics ranges 
from 1.6% -9%
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uncertainties <2% - 8%
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Performance of the    PDF based methodtt̄

Performance of the System8 method

Performance of the tag and probe method in    event

     tag and probe - 
uncertainties 3% -14%

Reduction on average:
Statistical unc. 55%
Total unc. 36%
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Large reduction of uncertainties with 
respect to the previously used methods!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData

ATLAS-CONF-2014-004

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FlavourTaggingPublicResultsCollisionData
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Conclusions

• Processes with b-quark(s) in the final state important for the physics program.

• Identification of b-jets based on physics of the b-quark hadronisation
and B-meson properties

       enabled by excellent tracking and vertexing performance in ATLAS.

• Several algorithms for the b-jet identification developed in ATLAS
and combined into the sophisticated multivariate technique algorithm MV1.

• Efficiency of the b-jet identification measured in data using
several methods

• Recently developed PDF based calibration method in      enriched sample
reduces significantly theoverall uncertainty with respect to previous methods

ATLAS is well equipped to successfully pursue
the physics program which relies on performant b-jet identification!
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ATLAS allows for it!
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Excellent tracking 
• Robust reconstruction algorithms 

performant under the high occupancy 
in the inner detector

ATLAS Inner detector

b-layer

Excellent vertexing
• Efficiency ~95%
•  Resolution

(vertices with 70 tracks)
‣ transverse: ~30 µm 
‣ longitudinal: ~50 µm

Z ! µµ

SUPER ALGO ATLAS                event in 2012

https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayStandAlone/2012_highPileup.png

https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayStandAlone/2012_highPileup.png
https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayStandAlone/2012_highPileup.png
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Primary vertex choice
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Backup - Tracking efficiency
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Fraction of fake tracks in 
3 pile-up configurations

ATLAS-CONF-2012-042

Track reconstruction efficiency 
in minimum bias MC samples

ATLAS-CONF-2012-042
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In  enriched      samples

• statistically significant at 8 TeV!

•                    ➝ enriched with b 

• Apply kinematic selections to 
enhance very high purity

1. Count fraction of tagged jets in jet 
   multiplicity bins

 2. Extract b-tag efficiency by 
counting the fraction of tagged events 
in data and in simulation.

Backup - Historically used methods
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✏sim.

non�b
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In sample with muons

• multijet events with soft muons

• exploit characteristics of the muons 
associated with jets

• System8 method - applies 3 
independent criteria do data 

• Build the system of 8 equation 
between observed and expected 
counts
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Main difference in respect to the other methods (2 jet case)

• Information if the second jet in the event can be used

• In the case of N bins in kinematic variables, N2 possible combinations for 
2 jet channel -> 2 x N2 non-linear equations (N eff for b, N for on b).

• Instead, model the system using unbinned likelihood (can be extended to 
an arbitrary binning in any jet kinematic quantity).

Maximizing using Minuit

PDF for the b-tagging discriminant for b(j) jet2 dim PDF for [pT,1, pT,2] for flavour combination bj (bb,ljj

Pbb and Pjj symmetrised - reduces stat fluctuations in MC

L (pT,1, pT,2, w1, w2) = [fbbPbb (pT,1, pT,2)Pb (w1|pT,1)Pb (w2|pT,2)

+ fbjPbj (pT,1, pT,2)Pb (w1|pT,1)Pj (w2|pT,2)

+ fjjPjj (pT,1, pT,2)Pj (w1|pT,2)Pj (w2|pT,2)

+ 1 $ 2 ]/2,

f2 tags = fbb✏
2
b + fbj✏j✏b + (1� fbb � fbj) ✏

2
j

f1 tag = 2fbb✏b (1� ✏b) + fbj [✏j (1� ✏b) + (1� ✏j) ✏b] + (1� fbb � fbj) 2✏j (1� ✏j) ,

ftagged = fb✏b + (1� fb)✏j !



Jelena Jovicevic - On behalf of the ATLAS collaboration La Thuile, 23.02 - 01.03.2014

Backup - PDF based calibration method

21

Systematics breakdown
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(a) b-jet efficiencies
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(b) b-jet efficiency scale factors

Figure 2: The (a) b-jet efficiencies and (b) b-jet efficiency scale factors obtained from the combination of

the four channels for the MV1 b-tagging tool at the 70% b-jet efficiency working point. For (a) the error

bars on the data points represent the total statistical and systematic uncertainties. For (b) both statistical

only (black lines) and total errors (green shaded region) are shown.

pT interval [GeV] 20-30 30-40 40-50 50-60 60-75 75-90 90-110 110-140 140-200 200-300

SF 0.968 0.979 0.986 0.985 0.971 0.980 0.965 1.000 0.989 1.008

Total error [%] 6.5 3.4 2.8 2.5 2.3 1.8 2.1 2.2 3.6 8.4

Stat. error [%] 2.3 1.2 1.0 1.0 0.9 1.0 1.0 1.0 1.4 3.2

Syst. error [%] 6.1 3.1 2.7 2.3 2.1 1.5 1.9 2.0 3.3 7.6

Systematic Uncertainties [%]

Hadronisation (tt̄) 1.0 0.6 1.5 1.4 1.1 0.5 0.8 0.3 1.0 2.0

Modelling (tt̄) 1.1 0.4 1.0 1.1 1.0 0.5 0.7 0.9 0.7 1.7

Top pT reweighting (tt̄) 0.2 0.3 0.3 0.2 0.2 0.1 0.1 0.4 1.4 4.6

More/less PS (tt̄) 0.5 0.6 0.9 0.8 0.9 1.0 0.9 0.8 1.4 1.9

More/less PS (single top) 0.2 0.0 0.1 0.1 0.2 0.1 0.2 0.2 0.0 0.0

Modelling (Z+jets) 0.8 0.3 0.2 0.5 0.3 0.2 0.3 0.3 0.9 2.4

Modelling (dibosons) 0.7 0.7 0.6 0.6 0.6 0.6 0.7 0.8 1.3 3.1

Norm. single top 0.5 0.4 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.0

Norm. Z+jet 0.9 0.6 0.9 0.4 0.7 0.5 0.6 0.7 1.1 1.7

Norm. Z+b/c 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.0 0.1 0.2

Norm. lepton fakes 0.3 0.3 0.2 0.3 0.2 0.2 0.3 0.3 0.3 0.4

Pile-up reweighting 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.1

Electron eff./res./scale 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Muon eff./res./scale 0.2 0.3 0.2 0.3 0.1 0.2 0.1 0.1 0.0 0.0

EmissT soft-terms 0.1 0.1 0.2 0.0 0.2 0.0 0.1 0.2 0.3 0.5

Jet energy scale 4.1 2.2 1.2 0.7 0.7 0.3 0.7 0.8 1.2 2.6

Jet energy resolution 2.6 1.0 0.3 0.3 0.1 0.2 0.2 0.0 0.2 0.2

Jet vertex fraction 0.8 0.1 0.0 0.1 0.1 0.1 0.2 0.2 0.2 0.2

Mis-tag rate 2.8 1.1 0.5 0.4 0.3 0.2 0.3 0.4 0.5 1.1

Table 4: Systematic uncertainties on the MC to data scale factors measured for the combined result using

the MV1 b-tagging tool at the 70% b-jet efficiency working point.


