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Top quark mass 
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!   A precise determination of  mtop combined 
with EW precision measurements allows for 
stringent tests of the SM and its extensions 

!   Interesting from the theoretical point of 
view: 
!   Depending on the values of mH and mtop, 

the Higgs quartic coupling could be rather 
small, vanish or even turn negative at a 
scale smaller than the Planck scale. 

!   the experimental information on mH and mtop 
gives us useful hints on the structure of the 
theory at very short distances 

Top and Higgs: absolute stability bound

At the same time, the combination of top-quark and Higgs boson
masses is very close to the stability bound of the SM vacuum∗ (95’), to
the Higgs inflation bound∗∗ (08’), and to asymptotic safety values for
MH andMt
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The LHC mtop measurements  
!   (approx) time 

evolution of the LHC 
mtop measurements 
with standard 
techniques (no mtop 
from x-sec, nor Lxy 
based) 

ATLAS-CONF-2012-095 and 
CMS-PAS-TOP-2012-001    

 new results 

!   Since the first LHC mtop combination (June 2012): 
!   new LHC measurements of increased precision are available 

!   individual mtop measurements have reached a precision better than 1%. 

!   The time has come for updating the  LHC combination… 
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ATLAS-CONF-2013-102 and 
CMS PAS TOP-13-005   
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Comb. of ATLAS and CMS mtop results 
Results based on the proton-proton LHC data collected in 2011 at √s = 7 TeV. 

!   ATLAS: measurements in the lepton+jets and di-lepton channels 
ATLAS-CONF-2013-046 (l+jets 4.7 fb-1)  

!   3dim template method: simultaneous determination of mtop, a global jet energy scale factor 
(JSF) from mW, and a b-to-light quark jet energy scale factor (bJSF)  

ATLAS-CONF-2013-077 (dilepton 4.7 fb-1)  
!   1-dim template method: mlb  

!   CMS: measurements in the lepton+jets, di-lepton and all-jets channels: 
JHEP 12 (2012) 105 (l+jets, 4.9 fb-1)  

!   2-dim ideogram method, for the simultaneous determination of mtop and JSF (from mW). 
Eur. Phys. J. C72 (2012) 2202 (dilepton, 4.9 fb-1)  

! the event reconstruction is performed using an analytical matrix weighting technique, where 
weights are assigned based on the PDF (mtop|Elep) 

arXiv:1307.4617 (all-jets, 3.5 fb-1) 
!   1-dim ideogram method 

 

Note: older measurements based on 2010 data or 
partial 2011 data statistics were not included (the available 
information prevented the possibility to use the new /
updated syst categorization in the combination) 
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Combination method: BLUE 
!   We use the BLUE method = Best Linear Unbiased Estimator 

!   the same techniques employed for  
!   the LEPEWWG fits  
!   the Tevatron (arxiv:1305.3929 ), and LHC top mass combinations         

(ATLAS-CONF-2012-095 and CMS PAS TOP-12-001,     
ATLAS-CONF-2013-102 and CMS PAS TOP-13-005) 

!   Advantages of using BLUE for mtop combination  
!   it allows a directly comparison of the LHC and Tevatron results 
!   it will allow to perform readily a World combination (LHC+Tevatron)  

BLUE determines the optimal 
set of coefficients (or weights) 
to be used in a linear 
combination of the input 
measurements, minimizing 
the total uncertainty on the 
combined result, taking into 
account statistical and 
systematic uncertainties and 
their correlations. 

It is equivalent to a χ2 minimization: 

where, V = covariance matrix. For 
example for two measurements, and 
an uncertainty source S, it reads:  
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Types of uncertainty sources 
Beside statistics, the current input mtop are subject to the following uncertainties: 

!   Jet energy scale(s) 
!   How well do we measure the response of the detector to various types of jets (b-, light- or gluon- 

originated jets).  
!   Theory/modelling 

!   MC generator, hadronization models, initial and final state QCD radiation, choice of the 
factorization and of jet-to-parton matching scales (for multi leg generators), CR, UE and choice 
of the proton PDF 

!   Detector modelling 
!   Resolution effects, reconstruction efficiencies, b-tagging modelling 

!   Background contamination 
!   Impact of background on the measurements (shape and/or normalization variations) 

!   Environment 
! Modelling of the pileup conditions in the simulation with respect to data. 

 
!   A mapping of the uncertainty categories between ATLAS and CMS is performed 

(compatible with the categorization used for the Tevatron 2013 combination) 
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Uncertainty Categories Size [GeV] Correlation

Tevatron ATLAS CMS
ATLAS CMS LHC ⇢exp ⇢LHC

2011 2011 2011 2011 2011
l+jets di-l l+jets di-l all jets comb

Measured mtop 172.31 173.09 173.49 172.50 173.49 173.29
Jet Scale Factor 0.27 0.33

bJet Scale Factor 0.67
iJES Sum (statistical comp.) 0.72 0.33 0.26 0 0

uncorrelated JES comp. 0.61 0.73 0.24 0.69 0.69 0.29 1 0
dJES in-situ �/Z JES comp. 0.29 0.31 0.02 0.35 0.35 0.10 1 0

intercalib. JES comp. 0.19 0.39 0.01 0.08 0.08 0.07 1 0.5
aJES flavour JES comp. 0.36 0.02 0.11 0.58 0.58 0.16 1 0.0
bJES b-jet energy scale 0.08 0.71 0.61 0.76 0.49 0.43 1 0.5

MC Generator 0.19 0.20 0.02 0.04 0.19

Si
gn

al

Hadronisation 0.27 0.44
MC Sum 0.33 0.48 0.02 0.04 0.19 0.14 1 1

ISR/FSR 0.45 0.37
Q2-scale 0.24 0.55 0.22

Jet-Parton scale 0.18 0.19 0.24
Rad Sum 0.45 0.37 0.30 0.58 0.33 0.32 1 1
CR Colour reconnection 0.32 0.29 0.54 0.13 0.15 0.43 1 1

- Underlying event 0.12 0.42 0.15 0.05 0.20 0.17 1 1
PDF Proton PDF 0.17 0.12 0.07 0.09 0.06 0.09 1 1

Jet Resolution 0.22 0.21 0.23 0.14 0.15
Jet Reco E�ciency 0.05

Emiss
T 0.03 0.05 0.06 0.12

DetMod Sum 0.23 0.22 0.24 0.18 0.28 0.20 1 0
b-tagging 0.81 0.46 0.12 0.09 0.06 0.25 1 0.5

LepPt Lepton reconstruction 0.04 0.12 0.02 0.14 0.01 1 0
Background from MC 0.14 0.13 0.05 0.08 1 1
Background from Data 0.10 0.13 0.04 0 0

Method 0.13 0.07 0.06 0.40 0.13 0.06 0 0
Multiple Hadronic Interactions 0.03 0.01 0.07 0.11 0.06 0.05 1 1

Statistics 0.23 0.64 0.27 0.43 0.69 0.23
Systematics 1.53 1.50 1.03 1.46 1.23 0.92

Total Uncertainty 1.55 1.63 1.06 1.52 1.41 0.95
Comb. Coe↵. [%] 22.6 3.6 60.6 -8.4 21.6 �2/ndf = 1.8/4

Pull -0.80 -0.15 0.41 -0.67 0.19 �2 prob = 77%

Table 1: Uncertainty categories mapping for the input measurements and the result of the LHC mtop
combination. For comparison, the categorisation used in the Tevatron 2013 combination [2] is reported
in the first column. The correlation ⇢exp represents the assumed correlation between measurements from
the same experiment, while ⇢LHC indicates the correlation assumed between measurements across exper-
iments. The values of ⇢exp and ⇢LHC are reported for the categorisation actually used in the combination,
and are omitted for those sub-categories which are grouped into a single uncertainty component. The
stability of the result under di↵erent correlation assumptions is discussed in Section 6.

it is assumed to be uncorrelated between ATLAS and CMS measurements: ⇢exp = 1; ⇢LHC = 0.
Since the methodologies and assumptions to derive corrections and uncertainties are not always
directly comparable between the two experiments, variations of ⇢LHC are considered in the com-
bination stability checks.

intercalibJES: This is the JES uncertainty component originating from the modelling of the radiation in the rel-
ative jet ⌘ (central-forward) and pT inter-calibration procedures. Within CMS, when evaluating

4

Correlation  
assumptions 
 

Note: 
differences between 

uncertainty size 
across analyses, can 

be caused by multiple 
concurring effects 

(event selection, 
kinematical reconstr., 
fitting procedures and 
detector performance) 
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August 14, 2013 – 11 : 31 DRAFT 10

mtop = 173.29 ± 0.23 (stat) ± 0.92 (syst) GeV.

The total uncertainty is currently dominated by the systematic uncertainties due to the jet calibration,245

and the signal modeling. The current result superseeds the one documented in [2].246

A Results of the individual ATLAS and CMS combinations247

In this Appendix the separate ATLAS and CMS mtop combinations using the same inputs, uncertainty248

categories, and correlation assumptions as for the LHC mtop combination are reported.249

ATLAS comb. CMS comb. LHC comb.
Measured mtop 172.65 173.59 173.29

iJES 0.41 0.27 0.26
uncorrelated JES comp. 0.66 0.32 0.29

in-situ JES comp. 0.30 0.08 0.10
intercalib. JES comp. 0.28 0.02 0.07

flavour JES comp. 0.21 0.19 0.16
b-jet energy scale 0.35 0.56 0.43

Lepton reconstruction 0.07 0.00 0.01
Monte Carlo simulation 0.40 0.06 0.14

Radiation modelling 0.42 0.28 0.32
Colour reconnection 0.31 0.48 0.43

Proton PDF 0.15 0.07 0.09
Detector Modelling 0.22 0.25 0.20

b-tagging 0.66 0.11 0.25
Underlying event 0.25 0.17 0.17

BGMC 0.06 0.10 0.08
BGData 0.06 0.03 0.04
Method 0.08 0.07 0.06

MHI 0.02 0.06 0.05
Statistics 0.31 0.29 0.23

Rest 1.40 0.99 0.92
Total Uncertainty 1.43 1.03 0.95

Table 4: Results of the individual ATLAS and CMS combinations using the same inputs listed in Table 1.
The uncertainty break down is provided and compared with the results of the LHC combination.
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The total correlation matrix,M⇢, of the ATLAS and CMS mtop measurements is reported below. The256

elements in the matrix are labelled according to the analysis they correspond to (rows and columns read257

as ATL11 or CMS11 followed by the tt̄ decay channel name).258
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The precision of the combined result with respect to the most precise single measurement is improved259

by about 10%. The total uncertainty of the combination amounts to 0.95 GeV, and corresponds to a260

relative uncertainty on mtop of 0.5%. The resulting total uncertainty is dominated by the systematic261

contributions related to the modelling of signal events and the knowledge of the jet energy scale for262

light- and b-quark originated jets.263

Using the same inputs, uncertainty categorisation, and correlation assumptions, the combination has264

been repeated to determine three correlated mtop values for the individual tt̄ decay channels (ml+jets,265

mdi-l, mall jets). This is achieved within the BLUE program by fitting simultaneously three mass param-266

eters, one per each channel, instead of a common mtop. The consistency between the mtop determination267

in the various channels is measured using the following pair-wise �2 formulation and its associated prob-268

ability: �2(m1,m2) = (m1�m2)2/�2
12, where�2

12 = �
2
1+�

2
2�2⇢12�1�2, and ⇢12 is the correlation between269

Parameter Correlations �2/ndf (�2 probability)
value ml+jets mdi-l mall jets ml+jets mdi-l mall jets

ml+jets 173.18 ± 0.97 1.00 �
mdi-l 172.85 ± 1.24 0.72 1.00 0.15/1 (0.70) �

mall jets 173.64 ± 1.30 0.56 0.70 1.00 0.17/1 (0.68) 0.64/1 (0.42) �

Table 3: Combination results in terms of three physical parameters corresponding to the individual tt̄
decay channels. The determination of the mtop per decay channel is reported together with the pair-wise
correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associated probability.

Individual Parameter Correlations �2/ndf (�2 probability)
combinations value mATL mCMS mATL mCMS

mATL 172.65 ± 1.43 172.70 ± 1.43 1.00 �
mCMS 173.59 ± 1.03 173.50 ± 1.02 0.33 1.00 0.21/1 (0.65) �

Table 4: Combination results in terms of two physical parameters corresponding to the mtop determina-
tions from the individual experiments. The determination of the mtop per experiment is reported together
with the pair-wise correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associ-
ated probability. For comparison the results of the separate combinations of the individual ATLAS and
CMS inputs from Table 1 are reported in the second column.

the latter reducing the assumed correlation between ATLAS measurements. The maximum deviations
observed with respect to the default results are: |�mtop| = 12 MeV and |��mtop | = 8 MeV.

6.5 Minimisation of the Fisher information

As an additional cross check, the stability of the combination has been verified applying the recipes
described in Ref. [39]. Numerical minimisation procedures aimed at reducing the Fisher information
of the combination are applied, varying the correlation assumptions by multiplicative factors in three
di↵erent scenarios. In the simplest case, all correlations are rescaled by the same global factor (minimise
by global factor). As a second option, the same rescaling factor is applied to all correlations within each
error source (minimise by error source). Finally, an alternative minimisation procedure is performed
in which for all error sources the o↵-diagonal correlations (⇢i j, i , j) are rescaled by the same factor
(minimise by o↵-diagonal element). The results of these test are reported in Table 5 and confirm the
robustness of the combinations against changes of the correlation assumptions.

Alternative cross checks, as proposed in Ref. [39] and adopted in Ref. [41], have been performed and
yield consistent results with respect to the default combination.

Combination BLUE
Nominal correlations 173.29 ± 0.95
Minimise by global factor 173.29 ± 0.95
Minimise by error source 173.27 ± 0.95
Minimise by o↵-diagonal element 173.21 ± 0.95

Table 5: Summary of the combinations performed with nominal and modified correlations applying the
recipes described in Ref. [39].

7 Conclusion and outlook

A preliminary combination of the ATLAS and CMS top-quark mass measurements using data collected
from proton-proton collisions at the centre-of-mass energy

p
s=7 TeV during 2011, including up to

4.9 fb�1 of integrated luminosity has been presented. In total three published and two preliminary top-
quark mass results are included in the combination.

While taking into account correlations between the measurements, the systematic uncertainties were
classified following the categories used in the Tevatron 2013 top-quark mass combination. This will
facilitate a future combination of LHC and Tevatron measurements.

The resulting combination, taking into account statistical and systematic uncertainties and their cor-
relations, yields:

mtop = 173.29 ± 0.23 (stat) ± 0.92 (syst) GeV,

or separating the iJES statistical contribution from the quoted systematic uncertainty:

mtop = 173.29 ± 0.23 (stat) ± 0.26 (iJES) ± 0.88 (syst) GeV.

The LHC combination achieves an improvement of the total mtop uncertainty of about 10% with
respect to the most precise input measurement, and supersedes the one documented in [3]. The total
uncertainty of the combination amounts to 0.95 GeV, and is currently dominated by the systematic un-
certainties due to the jet calibration, and the signal modelling.
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Correlation matrix for input measurements: 
 
 
 
 
 
 
 
 
 
 

Correl: [55%,75%] for measurements from the same exp. 
           [16%,35%] between ATLAS/CMS measurements 

 
 
Compatibility between ATLAS and CMS results: 

Parameter Correlations �2/ndf (�2 probability)
value ml+jets mdi-l mall jets ml+jets mdi-l mall jets

ml+jets 173.18 ± 0.97 1.00 �
mdi-l 172.85 ± 1.24 0.72 1.00 0.15/1 (0.70) �

mall jets 173.64 ± 1.30 0.56 0.70 1.00 0.17/1 (0.68) 0.64/1 (0.42) �

Table 3: Combination results in terms of three physical parameters corresponding to the individual tt̄
decay channels. The determination of the mtop per decay channel is reported together with the pair-wise
correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associated probability.

Individual Parameter Correlations �2/ndf (�2 probability)
combinations value mATL mCMS mATL mCMS

mATL 172.65 ± 1.43 172.70 ± 1.43 1.00 �
mCMS 173.59 ± 1.03 173.50 ± 1.02 0.33 1.00 0.21/1 (0.65) �

Table 4: Combination results in terms of two physical parameters corresponding to the mtop determina-
tions from the individual experiments. The determination of the mtop per experiment is reported together
with the pair-wise correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associ-
ated probability. For comparison the results of the separate combinations of the individual ATLAS and
CMS inputs from Table 1 are reported in the second column.

ATLAS and CMS inputs in Table 4. The full uncertainty breakdown of the separated ATLAS and CMS
combinations is reported in Appendix B.

6 E↵ects of using alternative correlation models and uncertainty treat-
ments

The categorisation and the correlation assumptions summarised in Table 1 reflect the present under-
standing and the limitations due to the di↵erent choices made by the experiments when evaluating the
individual uncertainty sources.

Despite the various improvements in the categorisation since the previous LHC combination, and
the usage of a finer JES sub-component splitting, the final harmonisation of the methodologies and
the uncertainty classes needs further dedicated studies by both experiments. In this preliminary result,
the impact of the approximations is evaluated by performing stability cross checks, in which the input
assumptions are changed with respect to the values reported in Table 1. The results of these cross checks
are described in the following, and summarised in Figure 2.

6.1 Overall correlations

The stability of the combined mtop result with respect to the correlation assumptions reported in Table 1,
has been checked by changing, simultaneously for all systematic sources, the values of ⇢exp and ⇢LHC by
a multiplicative factor, f , in the range [0, 1]. The result of this stability check in terms of the shifts of the
combined mtop value (�mtop) and of its total uncertainty (��mtop ) are reported in Figure 2(a,b). For the
extreme case of no correlation ( f = 0) the result is �mtop = �212 MeV and ��mtop = �328 MeV. The
sensitivity of the combination to the assumed correlations between measurements from the same experi-
ments, or across experiments, has been evaluated using separate variations of ⇢exp and ⇢LHC , respectively.

10
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B Results of the individual ATLAS and CMS combinations414

In this Appendix the separate ATLAS and CMS mtop combinations using the same inputs, uncertainty415

categories, and correlation assumptions as for the LHC mtop combination are reported.416

ATLAS comb. CMS comb. LHC comb.
Measured mtop 172.65 173.59 173.29

iJES 0.41 0.27 0.26
uncorrelated JES comp. 0.66 0.32 0.29

in-situ JES comp. 0.30 0.08 0.10
intercalib. JES comp. 0.28 0.02 0.07

flavour JES comp. 0.21 0.19 0.16
b-jet energy scale 0.35 0.56 0.43

Monte Carlo simulation 0.40 0.06 0.14
Radiation modelling 0.42 0.28 0.32
Colour reconnection 0.31 0.48 0.43

Underlying event 0.25 0.17 0.17
Proton PDF 0.15 0.07 0.09

Detector modelling 0.22 0.25 0.20
b-tagging 0.66 0.11 0.25

Lepton reconstruction 0.07 0.00 0.01
Background from MC 0.06 0.10 0.08

Background from Data 0.06 0.03 0.04
Method 0.08 0.07 0.06

Multiple Hadronic Interactions 0.02 0.06 0.05
Statistics 0.31 0.29 0.23

Systematics 1.40 0.99 0.92
Total Uncertainty 1.43 1.03 0.95

Table 7: Results of the individual ATLAS and CMS combinations using the same inputs listed in Table 1.
The uncertainty breakdown is provided and compared with the results of the LHC combination.
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Background from MC 0.06 0.10 0.08

Background from Data 0.06 0.03 0.04
Method 0.08 0.07 0.06

Multiple Hadronic Interactions 0.02 0.06 0.05
Statistics 0.31 0.29 0.23

Systematics 1.40 0.99 0.92
Total Uncertainty 1.43 1.03 0.95

Table 7: Results of the individual ATLAS and CMS combinations using the same inputs listed in Table 1.
The uncertainty breakdown is provided and compared with the results of the LHC combination.

References417

[1] ALEPH, CDF, D0, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working418

Group, the Tevatron Electroweak Working Group, and the SLD Electroweak and Heavy Flavour419

Groups, Precision electroweak measurements and constraints on the Standard Model,420

arXiv:1012.2367 [hep-ex].421

[2] Tevatron Electroweak Working Group, Combination of CDF and D0 results on the mass of the top422

quark using ups to 8.7 fb�1 at the Tevatron, arXiv:1305.3929 [hep-ex].423

[3] ATLAS and CMS Collaborations, Combination of ATLAS and CMS results on the mass of the top424

quark using up to 4.9 fb�1 of data, conference notes CMS-PAS-TOP-12-001 and425

ATLAS-CONF-2012-095, 2012. http://cdsweb.cern.ch/record/1460441.426

[4] ATLAS Collaboration, Measurement of the Top Quark Mass from
p

s = 7 TeV ATLAS Data using427

a 3-dimensional Template Fit, conference note ATLAS-CONF-2013-046, 2013.428

http://cdsweb.cern.ch/record/1547327.429

[5] ATLAS Collaboration, Measurement of the Top Quark Mass in Dileptonic Top Quark Pair Decays430

with
p

s =7 TeV ATLAS Data, conference note ATLAS-CONF-2013-077, 2013.431

http://cds.cern.ch/record/1562935.432

~10% improvement with respect to the 
most precise single measurement 

iJES: is the part of the JES uncertainty which 
originates from top quark based in situ 

calibration procedures 



Open TOP-LHC-WG meeting, Nov 28-29, 2013                                                           G. Cortiana, S. Wimpenny 

Results 

10 

August 14, 2013 – 11 : 31 DRAFT 10

mtop = 173.29 ± 0.23 (stat) ± 0.92 (syst) GeV.

The total uncertainty is currently dominated by the systematic uncertainties due to the jet calibration,245

and the signal modeling. The current result superseeds the one documented in [2].246

A Results of the individual ATLAS and CMS combinations247

In this Appendix the separate ATLAS and CMS mtop combinations using the same inputs, uncertainty248

categories, and correlation assumptions as for the LHC mtop combination are reported.249

ATLAS comb. CMS comb. LHC comb.
Measured mtop 172.65 173.59 173.29

iJES 0.41 0.27 0.26
uncorrelated JES comp. 0.66 0.32 0.29

in-situ JES comp. 0.30 0.08 0.10
intercalib. JES comp. 0.28 0.02 0.07

flavour JES comp. 0.21 0.19 0.16
b-jet energy scale 0.35 0.56 0.43

Lepton reconstruction 0.07 0.00 0.01
Monte Carlo simulation 0.40 0.06 0.14

Radiation modelling 0.42 0.28 0.32
Colour reconnection 0.31 0.48 0.43

Proton PDF 0.15 0.07 0.09
Detector Modelling 0.22 0.25 0.20

b-tagging 0.66 0.11 0.25
Underlying event 0.25 0.17 0.17

BGMC 0.06 0.10 0.08
BGData 0.06 0.03 0.04
Method 0.08 0.07 0.06

MHI 0.02 0.06 0.05
Statistics 0.31 0.29 0.23

Rest 1.40 0.99 0.92
Total Uncertainty 1.43 1.03 0.95

Table 4: Results of the individual ATLAS and CMS combinations using the same inputs listed in Table 1.
The uncertainty break down is provided and compared with the results of the LHC combination.
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The total correlation matrix,M⇢, of the ATLAS and CMS mtop measurements is reported below. The256

elements in the matrix are labelled according to the analysis they correspond to (rows and columns read257

as ATL11 or CMS11 followed by the tt̄ decay channel name).258
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The precision of the combined result with respect to the most precise single measurement is improved259

by about 10%. The total uncertainty of the combination amounts to 0.95 GeV, and corresponds to a260

relative uncertainty on mtop of 0.5%. The resulting total uncertainty is dominated by the systematic261

contributions related to the modelling of signal events and the knowledge of the jet energy scale for262

light- and b-quark originated jets.263

Using the same inputs, uncertainty categorisation, and correlation assumptions, the combination has264

been repeated to determine three correlated mtop values for the individual tt̄ decay channels (ml+jets,265

mdi-l, mall jets). This is achieved within the BLUE program by fitting simultaneously three mass param-266

eters, one per each channel, instead of a common mtop. The consistency between the mtop determination267

in the various channels is measured using the following pair-wise �2 formulation and its associated prob-268

ability: �2(m1,m2) = (m1�m2)2/�2
12, where�2

12 = �
2
1+�

2
2�2⇢12�1�2, and ⇢12 is the correlation between269

Parameter Correlations �2/ndf (�2 probability)
value ml+jets mdi-l mall jets ml+jets mdi-l mall jets

ml+jets 173.18 ± 0.97 1.00 �
mdi-l 172.85 ± 1.24 0.72 1.00 0.15/1 (0.70) �

mall jets 173.64 ± 1.30 0.56 0.70 1.00 0.17/1 (0.68) 0.64/1 (0.42) �

Table 3: Combination results in terms of three physical parameters corresponding to the individual tt̄
decay channels. The determination of the mtop per decay channel is reported together with the pair-wise
correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associated probability.

Individual Parameter Correlations �2/ndf (�2 probability)
combinations value mATL mCMS mATL mCMS

mATL 172.65 ± 1.43 172.70 ± 1.43 1.00 �
mCMS 173.59 ± 1.03 173.50 ± 1.02 0.33 1.00 0.21/1 (0.65) �

Table 4: Combination results in terms of two physical parameters corresponding to the mtop determina-
tions from the individual experiments. The determination of the mtop per experiment is reported together
with the pair-wise correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associ-
ated probability. For comparison the results of the separate combinations of the individual ATLAS and
CMS inputs from Table 1 are reported in the second column.

the latter reducing the assumed correlation between ATLAS measurements. The maximum deviations
observed with respect to the default results are: |�mtop| = 12 MeV and |��mtop | = 8 MeV.

6.5 Minimisation of the Fisher information

As an additional cross check, the stability of the combination has been verified applying the recipes
described in Ref. [39]. Numerical minimisation procedures aimed at reducing the Fisher information
of the combination are applied, varying the correlation assumptions by multiplicative factors in three
di↵erent scenarios. In the simplest case, all correlations are rescaled by the same global factor (minimise
by global factor). As a second option, the same rescaling factor is applied to all correlations within each
error source (minimise by error source). Finally, an alternative minimisation procedure is performed
in which for all error sources the o↵-diagonal correlations (⇢i j, i , j) are rescaled by the same factor
(minimise by o↵-diagonal element). The results of these test are reported in Table 5 and confirm the
robustness of the combinations against changes of the correlation assumptions.

Alternative cross checks, as proposed in Ref. [39] and adopted in Ref. [41], have been performed and
yield consistent results with respect to the default combination.

Combination BLUE
Nominal correlations 173.29 ± 0.95
Minimise by global factor 173.29 ± 0.95
Minimise by error source 173.27 ± 0.95
Minimise by o↵-diagonal element 173.21 ± 0.95

Table 5: Summary of the combinations performed with nominal and modified correlations applying the
recipes described in Ref. [39].

7 Conclusion and outlook

A preliminary combination of the ATLAS and CMS top-quark mass measurements using data collected
from proton-proton collisions at the centre-of-mass energy

p
s=7 TeV during 2011, including up to

4.9 fb�1 of integrated luminosity has been presented. In total three published and two preliminary top-
quark mass results are included in the combination.

While taking into account correlations between the measurements, the systematic uncertainties were
classified following the categories used in the Tevatron 2013 top-quark mass combination. This will
facilitate a future combination of LHC and Tevatron measurements.

The resulting combination, taking into account statistical and systematic uncertainties and their cor-
relations, yields:

mtop = 173.29 ± 0.23 (stat) ± 0.92 (syst) GeV,

or separating the iJES statistical contribution from the quoted systematic uncertainty:

mtop = 173.29 ± 0.23 (stat) ± 0.26 (iJES) ± 0.88 (syst) GeV.

The LHC combination achieves an improvement of the total mtop uncertainty of about 10% with
respect to the most precise input measurement, and supersedes the one documented in [3]. The total
uncertainty of the combination amounts to 0.95 GeV, and is currently dominated by the systematic un-
certainties due to the jet calibration, and the signal modelling.
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Correlation matrix for input measurements: 
 
 
 
 
 
 
 
 
 
 

Correl: [55%,75%] for measurements from the same exp. 
           [16%,35%] between ATLAS/CMS measurements 

 
 
Compatibility between results by decay channel: 
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B Results of the individual ATLAS and CMS combinations414

In this Appendix the separate ATLAS and CMS mtop combinations using the same inputs, uncertainty415

categories, and correlation assumptions as for the LHC mtop combination are reported.416

ATLAS comb. CMS comb. LHC comb.
Measured mtop 172.65 173.59 173.29

iJES 0.41 0.27 0.26
uncorrelated JES comp. 0.66 0.32 0.29

in-situ JES comp. 0.30 0.08 0.10
intercalib. JES comp. 0.28 0.02 0.07

flavour JES comp. 0.21 0.19 0.16
b-jet energy scale 0.35 0.56 0.43

Monte Carlo simulation 0.40 0.06 0.14
Radiation modelling 0.42 0.28 0.32
Colour reconnection 0.31 0.48 0.43

Underlying event 0.25 0.17 0.17
Proton PDF 0.15 0.07 0.09

Detector modelling 0.22 0.25 0.20
b-tagging 0.66 0.11 0.25

Lepton reconstruction 0.07 0.00 0.01
Background from MC 0.06 0.10 0.08

Background from Data 0.06 0.03 0.04
Method 0.08 0.07 0.06

Multiple Hadronic Interactions 0.02 0.06 0.05
Statistics 0.31 0.29 0.23

Systematics 1.40 0.99 0.92
Total Uncertainty 1.43 1.03 0.95

Table 7: Results of the individual ATLAS and CMS combinations using the same inputs listed in Table 1.
The uncertainty breakdown is provided and compared with the results of the LHC combination.
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~10% improvement with respect to the 
most precise single measurement 

Parameter Correlations �2/ndf (�2 probability)
value ml+jets mdi-l mall jets ml+jets mdi-l mall jets

ml+jets 173.18 ± 0.97 1.00 �
mdi-l 172.85 ± 1.24 0.72 1.00 0.15/1 (0.70) �

mall jets 173.64 ± 1.30 0.56 0.70 1.00 0.17/1 (0.68) 0.64/1 (0.42) �

Table 3: Combination results in terms of three physical parameters corresponding to the individual tt̄
decay channels. The determination of the mtop per decay channel is reported together with the pair-wise
correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associated probability.

Individual Parameter Correlations �2/ndf (�2 probability)
combinations value mATL mCMS mATL mCMS

mATL 172.65 ± 1.43 172.70 ± 1.43 1.00 �
mCMS 173.59 ± 1.03 173.50 ± 1.02 0.33 1.00 0.21/1 (0.65) �

Table 4: Combination results in terms of two physical parameters corresponding to the mtop determina-
tions from the individual experiments. The determination of the mtop per experiment is reported together
with the pair-wise correlation coe�cients, and the compatibility tests in terms of �2/ndf and its associ-
ated probability. For comparison the results of the separate combinations of the individual ATLAS and
CMS inputs from Table 1 are reported in the second column.

ATLAS and CMS inputs in Table 4. The full uncertainty breakdown of the separated ATLAS and CMS
combinations is reported in Appendix B.

6 E↵ects of using alternative correlation models and uncertainty treat-
ments

The categorisation and the correlation assumptions summarised in Table 1 reflect the present under-
standing and the limitations due to the di↵erent choices made by the experiments when evaluating the
individual uncertainty sources.

Despite the various improvements in the categorisation since the previous LHC combination, and
the usage of a finer JES sub-component splitting, the final harmonisation of the methodologies and
the uncertainty classes needs further dedicated studies by both experiments. In this preliminary result,
the impact of the approximations is evaluated by performing stability cross checks, in which the input
assumptions are changed with respect to the values reported in Table 1. The results of these cross checks
are described in the following, and summarised in Figure 2.

6.1 Overall correlations

The stability of the combined mtop result with respect to the correlation assumptions reported in Table 1,
has been checked by changing, simultaneously for all systematic sources, the values of ⇢exp and ⇢LHC by
a multiplicative factor, f , in the range [0, 1]. The result of this stability check in terms of the shifts of the
combined mtop value (�mtop) and of its total uncertainty (��mtop ) are reported in Figure 2(a,b). For the
extreme case of no correlation ( f = 0) the result is �mtop = �212 MeV and ��mtop = �328 MeV. The
sensitivity of the combination to the assumed correlations between measurements from the same experi-
ments, or across experiments, has been evaluated using separate variations of ⇢exp and ⇢LHC , respectively.
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!   The combined LHC results is ~10% 
more precise than the most precise 
single mtop determination from CMS.  

!   The total LHC mtop uncertainty is 0.95 
GeV and is competitive with the latest 
Tevatron combination precision (0.87 
GeV). 

!   The pull distribution indicates good 
consistency among all input 
measurements.  
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Figure 1: (a): Input measurements and result of the LHC combination (see also Table 1), compared
with the Tevatron combined mtop value [2]; for each measurement, the statistical uncertainty, the iJES
contribution (when applicable) and the sum of the remaining uncertainties are reported separately. The
iJES contribution is statistical in nature and applies to analyses performing in-situ (tt̄) jet energy cali-
bration procedures. The grey vertical band indicates the total Tevatron mtop uncertainty. (b, c) : BLUE
combination coe�cients and pulls of the input measurements.
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bration procedures. The grey vertical band indicates the total Tevatron mtop uncertainty. (b, c) : BLUE
combination coe�cients and pulls of the input measurements.
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ATLAS-CONF-2013-102 and CMS PAS TOP-13-005   

Measurements BLUE comb. coe↵. [%] IIW [%] MIW [%]
ATLAS l+jets 172.31 ± 1.55 22.6 37.3 8.2
ATLAS di-l 173.09 ± 1.63 3.6 33.8 0.2
CMS l+jets 173.49 ± 1.06 60.6 79.2 25.1
CMS di-l 172.50 ± 1.52 -8.4 38.8 0.7
CMS all jets 173.49 ± 1.41 21.6 45.0 4.4
Correlations — — �134.1 —

Table 2: Evaluation of the impact of the input measurements in the combination. The following values are
listed for each measurement i: the BLUE combination coe�cient, the intrinsic information weight IIWi,
and the marginal information weight MIWi. The intrinsic information weight IIWcorr of correlations is
also shown on a separate row [39].

information weight of the correlations, are listed in Table 2. For comparison the corresponding BLUE
combination coe�cients are also reported. The intrinsic information weight carried by the ensemble of
the correlations among measurements is large in comparison to the contribution of the individual mtop
inputs. It is therefore important to monitor the stability of the result under variations of the corresponding
assumptions (see Section 6).

The total correlation matrix,M⇢, of the ATLAS and CMS mtop measurements is reported below. The
elements in the matrix are labelled according to the analysis they correspond to (rows and columns read
as ATLAS or CMS followed by the tt̄ decay channel name).
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The precision of the combined result with respect to the most precise single measurement is improved
by about 10%. The total uncertainty of the combination amounts to 0.95 GeV, and corresponds to a
relative uncertainty on mtop of 0.5%. The resulting total uncertainty is dominated by the systematic
contributions related to the modelling of signal events and the knowledge of the jet energy scale for
light- and b-quark originated jets.

Using the same inputs, uncertainty categorisation, and correlation assumptions, the combination has
been repeated to determine three correlated mtop values for the individual tt̄ decay channels (ml+jets,
mdi-l, mall jets). This is achieved within the BLUE program by simultaneously fitting three mass param-
eters, one for each channel, instead of a common mtop. The consistency between the mtop determination
in the various channels is measured using the following pair-wise �2 formulation and its associated prob-
ability: �2(m1,m2) = (m1�m2)2/�2

12, where�2
12 = �

2
1+�

2
2�2⇢12�1�2, and ⇢12 is the correlation between

the two measurements. The results are summarised in Table 3. Due to the correlations between the fitted
parameters, the mall jets does not trivially coincide with the CMS tt̄ ! all jets input measurement.

Similarly the combination has been repeated to obtain two correlated mtop values for the ATLAS and
CMS experiments (mATL, mCMS). The latter results are compared to the individual combinations of the
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!   alternative figures of merit to quantify the impact of the 
inputs (and the correlation) [arXiv:1307.4003]: 
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Following the proposal and the BLUE software implementation documented in [37], the impact of237
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can also be used to quantify the information that an individual measurement brings in a combination.246

The MIWi encodes the additional information available when the ith-measurement is added to a com-247

bination that already includes n � 1 inputs. It quantifies the relative improvement in the total variance248
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The intrinsic and marginal information weight, for each individual input measurement, and the intrinsic250

information weight of the correlations, are listed in Table 2. For comparison the corresponding BLUE251

combination coe�cients are also reported. The intrinsic information weight carried by the ensemble of252

the correlations among measurements is large in comparison to the contribution of the individual mtop253

inputs. It is therefore important to monitor the stability of the result under variations of the corresponding254

assumptions (see Section 6).255
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Table 2: Evaluation of the impact of the input measurements in the combination. The following values are
listed for each measurement i: the BLUE combination coe�cient, the intrinsic information weight IIWi,
and the marginal information weight MIWi. The intrinsic information weight IIWcorr of correlations is
also shown on a separate row [37].
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Figure 2: Variation of the combined mtop result (a,c) and its total uncertainty (b,d) as a function of
variations in the correlation assumptions. (a,b) ⇢exp and ⇢LHC are varied using a multiplicative factor f
in the range [0,1] (blue curve). Separate variations of ⇢exp and ⇢LHC , in the same range, are reported by
the red and the orange curve, respectively. (c,d) Stability of the LHC combination under variations of the
default assumptions on ⇢LHC and ⇢exp for selected uncertainty sources. The sensitivity of the combination
to di↵erent scenarios concerning the treatment of the hadronisation systematics is also shown.
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Figure 2: Variation of the combined mtop result (a,c) and its total uncertainty (b,d) as a function of
variations in the correlation assumptions. (a,b) ⇢exp and ⇢LHC are varied using a multiplicative factor f
in the range [0,1] (blue curve). Separate variations of ⇢exp and ⇢LHC , in the same range, are reported by
the red and the orange curve, respectively. (c,d) Stability of the LHC combination under variations of the
default assumptions on ⇢LHC and ⇢exp for selected uncertainty sources. The sensitivity of the combination
to di↵erent scenarios concerning the treatment of the hadronisation systematics is also shown.
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!   The categorization and the 
correlation assumptions 
reflect the present 
understanding and the 
limitations due to the different 
choices made by the 
experiments when evaluating 
the individual uncertainty 
sources.  

!   Tests have been performed: 
!   Varying ρLHC and ρexp  

coefficients via a 
multiplicative factor f in the 
range [0,1].  

!   Changing specific 
correlation assumptions 
(JES in the components) 

!   adding/removing/redefining 
the formulation of the 
systematic uncertainties   
(in particular the 
hadronization syst.) 

ATLA
S
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O

N
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P

-13-005   
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Combination stability checks - 2 
!   Tests have been performed numerically (using the BlueFin software package  

[arXiv:1307.4003]) minimizing the information (I) by varying the correlation 
assumptions: August 20, 2013 – 17 : 13 DRAFT 12

Combination BLUE
Nominal correlations 173.29 ± 0.95
Minimize by global factor 173.29 ± 0.95
Minimize by error source 173.27 ± 0.95
Minimize by o↵-diagonal element 173.21 ± 0.95

Table 5: Summary the combinations performed with nominal and modified correlations applying the
recipes in [34].

7 Conclusion and outlook321

A preliminary combination of the ATLAS and CMS top-quark mass measurements using data collected322

from proton-proton collisions at the centre-of-mass energy
p

s=7 TeV during 2011, including up to323

4.9 fb�1 of integrated luminosity has been presented. In total two published and three preliminary top-324

quark mass results are included in the combination. The resulting combination, taking into account325

statistical and systematic uncertainties and their correlations, yields the following result:326

mtop = 173.29 ± 0.23 (stat) ± 0.92 (syst) GeV.

The total uncertainty is currently dominated by the systematic uncertainties due to the jet calibration,327

and the signal modeling. The current result supersedes the one documented in [2].328

! ByGlobFac”, consists in rescaling all correlations by the same global rescaling factor 

! ByErrSrc : rescaling all correlations within each error source by the same factor  

! ByOffDiagElem”, consists in rescaling in all error sources the correlation between 
measurements yi and yj by the same factor  
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!   The combination is relatively stable against variation of the correlation 
assumption between and across experiments. 

!   The largest effects are related to variations in the treatment of the hadronization 
(Pythia/Herwig) systematics at the analysis level (Δmtop ~ 100 MeV; Δσ(mtop) ~ 
150 MeV). 

!   On top of the Pythia/Herwig contributions to the JES uncertainty, ATLAS quote in addition 
an analysis specific hadronization uncertainty evaluated on top-quark pair MC (with the 
current inputs measurements removing it does not change significantly the combination 
result: the 3dTMT analysis greatly reduce this contribution). 

!   CMS has also evaluated the full effect (Herwig/Pythia) in top quark pair events. These 
amounts to 0.58, 0.76, 0.93 GeV for the l+jets, di-lepton and all-jets analysis respectively 
(compared to 0.61, 0.75, 0.44 GeV quoted as “b-specific” part of JES). 

!   Studies about the level of double counting between the analysis-specific and JES-specific 
hadronization uncertainty, and about possible alternative systematic categorizations to best 
account for the effects, are ongoing. 

!   These are priority tasks in view of future combination updates. 
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!   Combine Tevatron + LHC measurements 
!   Discussions started among experiment representatives:  
      G.C. (ATLAS), F. Deliot (D0), G. Velev (CDF), S.W. (CMS) 
!   Inputs measurements defined 
!   Working on the finalization of the results and on the documentation 
!   Aim at circulating a note draft to the experiments soon 
!   Expect an improvement of the total uncertainty of the order of 100 MeV with respect to the Tevatron and LHC 

combinations 

 

 
 
!   Keep improving existing measurement techniques 

!   Continue efforts on the harmonization of the systematics between experiments  
!   Use the available LHC data to further constraint/refine modelling systematics 

!   Further exploit alternative experimental methods  
(important for example to get further in-sights on the relation between 
mtop

MC and mtop
pole) 

! mtop from kinematical end-points 
! mtop from b-hadrons decay length 
! mtop from top-pair production x-sections 
!   … 
 

C
M

S
 PA

S
 TO

P
-13-002  
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!   Define away, toward and transverse regions 
wrt. the top quark pair transverse momentum 

!   Look at charged particles not associated to 
particle flow objects nor to pile-up 
!   Multiplicity, Σ pT, average pT… 

Possible modelling improvements 

16 

!   Pilot study by CMS: 

!   Using di-lepton top quark pair events (8 TeV dataset)  

!   Check the data/MC prediction for various            
Underlying Event (UE) / and Colour Reconnection  
(CR) models 

4 3 Study of the Underlying Event

Table 1: Event yields expected for background and signal processes and observed in data for
the same flavor and opposite flavour dilepton channels for the full event selection. The statis-
tical uncertainty of the MC is quoted. The rows specified as “tt signal” and “tt other” report
the expected signal contribution and the expected contribution from other tt decay channels
respectively.

Channel ee + µµ eµ
WW/WZ/ZZ 34.2 ± 1.4 35.3 ± 1.4
W ! `n+jets 3.5 ± 2.4 3.8 ± 1.3
tt̄ other 24.0 ± 4.2 35.4 ± 5.1
Single top 401.6 ± 13.7 521.9 ± 15.6
Z/g⇤ ! `` 2311 ± 61 52.3 ± 3.2
tt̄ signal (131.0 ± 0.2)⇥ 102 (166.0 ± 0.3)⇥ 102

Total expected (158.7 ± 0.7)⇥ 102 (172.5 ± 0.3)⇥ 102

Data 153.3 ⇥ 102 165.1 ⇥ 102

to contribute with soft particles produced in-time with the hard process collision as well as tails
in the energy deposits from out-of-time interactions, and the contamination from the hard pro-
cess and its recoil, which consists of a multi-object final state initially generated from coloured
particles.

The usage of the PF algorithm is well suited to tackle both problems. It is already used for
the selection of the tt events and thus can be used to remove the tt event footprint. The same
algorithm can also be used to minimize the pileup dependency of the analysis by restricting
the analysis to the charged PF candidates, which have an associated track and can thus be
linked to a reconstructed vertex in an event. We consider therefore all charged PF candidates
which have not been clustered in the b-jet candidates and which are not associated to the two
isolated leptons used in the selection of the tt event candidate. All remaining candidates with
pT > 500 MeV and found within |h| <2.1 are used if the significance of the longitudinal distance
(Sdz ) and the significance of the transverse distance (Sd0 ) to the primary vertex fullfill Sdz < 10
and Sd0 < 10 respectively.

3.1 Characterization of the UE properties in tt events

In our study we consider three basic quantities to describe the soft charged activity in tt events:
the charged multiplicity resulting from a simple count of the selected charged PF candidates
(Nch); the charged flux in the transverse plane resulting from the scalar sum of the transverse
momentum of the selected PF candidates (Â pT); the average flux per charged particle, com-
puted from the ratio of the two previous quantities (pT=Â pT/Nch). These three quantities are
studied with respect to an axis defined event by event, after computing the reconstructed mo-
mentum of the tt system, as

~pT(tt̄) = ~pT(b1) + ~pT(b2) + ~pT(`) + ~pT(`
0) + ~p miss

T (1)

where ~pT(b) and ~pT(`) are the transverse momentum of the b-tagged jets and the charged
leptons and ~p miss

T is the imbalance in the transverse momentum of the event computed from
the negative of the sum of the momenta of all reconstructed PF candidates. This axis is expected
to be correlated with the direction of the tt system.
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Figure 2: Normalized distributions for the number of charged particles (top), total pT flux stem-
ming from the selected charged particles (center) and mean pT carried by each charged particle
(bottom) selected in each of the event regions . For each region the data (points) are compared to
the MADGRAPH plus the PYTHIA 6 tune Z2⇤simulation (lines). The uncertainty bars and bands
represent the statistical uncertainty.
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!   Current mtop measurements achieved 
precision better than 1%...  

!   What is to be expected by the LHC in 
the next years? 

! mtop projection studies were performed 
by CMS assuming: 

!   the use of 3D analysis techniques ala 
ATLAS 

!   that the top quark pair cross section 
increase will compensate for 
inefficiencies due to higher pile-up 
conditions 

!   that a x2 reduction of modelling 
systematics can be reached using 
particle level studies, and differential 
measurements 

 

Max Baak (CERN) 

Prospects of EW fit 

!  Huge reduction of uncertainty on indirect determinations of mt, mW, and 
sin2θleff, by a factor of 3 or more.  

!  Assuming central values of mt and MW do not change, (at ILC) a 
deviation between the SM prediction and the direct measurements would 
be prominently visible. 

48 The ElectroWeak fit of Standard Model 
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Conclusions 
!   A preliminary LHC combination has been performed using the BLUE technique, 

taking as input the public results from the ATLAS and CMS collaborations using 
2011 LHC data. 

 
!   The current combination improves by 10% the uncertainty of the most precise 

single measurement, and has a total uncertainty of 0.95 GeV  (compared to 1.4 
GeV from the previous LHC combination). 

     The results reads :  
 mtop = 173.29 ± 0.23 (stat.) ± 0.92 (syst.) GeV = 173.29 ± 0.95 GeV 

!   With respect to its total uncertainty, the current result is stable against variation 
of the correlation assumptions. 

!   In view of future updates, the harmonization of the treatments of the 
hardonization systematics and the quantitative determination of the possible 
double counting with the JES specific uncertainties will constitute an high priority 
topic. 

!   Work is ongoing towards: 
!   the first Tevatron+LHC combination 
!   further improvements of the analyses techniques, and systematics harmonization between 

experiments 
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! iJES: this is the part of the JES uncertainty which originates from in situ calibration procedures 
(W→jj). This relates to analyses performing simultaneous mtop and JSF measurements (2dim 
analyses). For ATLAS l+jets this also includes the stat. contribution due to the simultaneous 
determination of the b-to-light jet energy scale factor (bJSF). 

! uncorr JES: stat. components, detector effects, pileup subtraction, close-by jets, calorimeter 
stability  

!   in-situ JES: uncertainty related to the scale setting using γ/Z+jets events. 

! intercalib JES: The part of the JES uncertainty originating from modeling of the radiation in the 
relative η inter-calibration procedures.  

! flavour JES: The part of the JES uncertainty stemming from differences in the jet energy 
response for various jet flavors and the flavor mixture 

! bJES: b-jets specific uncertainty: In ATLAS, this is evaluated by varying b-quark fragmentation, 
hadronization models and underlying  event tunes using MC. In CMS, the Pythia and Herwig 
fragmentation models are used to evaluate the response variation for  different jet flavor mixtures.  
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!   MC: syst due to the choice of MC generator and the hadronization model.  
! PowHeg+Pythia is used in ATLAS and Madgraph+Pythia in CMS.  
!   MC generator syst. is evaluated comparing MC@NLO/PowHeg within ATLAS, MadGraph/PowHeg within 

CMS (also accounts for possible width effects, not simulated in the MadGraph setup used). 
!   The hadronization syst. for CMS is not included here but used in the combination stability checks.  

!   Rad (radiation): Initial and final state radiation, Q-scale/jet-to-parton matching  (CMS only).  

!   CR: color reconnection: comparison of Pythia tunes Perugia2011 and Perugia2011noCR 

!   Underlying event : comparison of Pythia tunes Perugia2011 and Perugia2011 mpiHi. 

!   PDF: uncertainty due to the proton parton distribution function (PDF4LHC recommendations) 
 
!   DTMO: detector modelling systematics, b-tagging, lepton reconstruction  

!   b-tagging: the full pT/η dependence of the SF uncertainty is taken into account in ATLAS. Within CMS, 
the b-tagging selection cuts are  varied to mimic the efficiency variations within uncertainty. 

!   BGMC: uncertainty on the modelling of the backgrounds stemming from MC (normalization/shape) 

! BGData: uncertainty on the modelling of the data-driven backgrounds (normalization/shape) 

!   Method calibration: uncertainties related to the limited precision of the measurement calibrations 

!   effects due to pileup: modelling of the pileup conditions in the simulation with respect to data. 
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Combination method: BLUE 
!   Let us take as example the combination of two measurements, x1 and x2.  
!   Let us define z = σ2/σ1 and let it be z>1 (i.e.: let the second measurement be 

less precise than the first). The BLUE method will give: 

The relative improvement with respect 
to the most precise measurements, 
and the weight of the second 
measurement can be expressed as 

Comb. Coeff. 
(or weights) 

ρ = correlation between                           
      measurements 1 and 2 
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Combination method: BLUE 
!   Let us take as example the combination of two measurements, x1 and x2.  
!   Let us define z = σ2/σ1 and let it be z>1 (i.e.: let the second measurement be 

less precise than the first). The BLUE method will give: 

The relative improvement with respect 
to the most precise measurements, 
and the weight of the second 
measurement can be expressed as: 

The relative improvement of the combination and the weights of the input 
measurements depend only on their precisions and correlations: they are 
independent of the actual measured values, x1 and x2. 

Two important things to note: 

1. 
 
 
 
 

Comb. Coeff. 
(or weights) 

where: 
ρ = corr. 
between                              
x1 and x2 

plot by R. Nisius 
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Combination method: BLUE 
!   Let us take as example the combination of two measurements, x1 and x2.  
!   Let us define z = σ2/σ1 and let it be z>1 (i.e.: let the second measurement be 

less precise than the first). The BLUE method will give: 

The relative improvement with respect 
to the most precise measurements, 
and the weight of the second 
measurement can be expressed as: 

Depending on the precision of the measurements and their 
correlation, negative weights can occur for the less precise 
measurement as soon as ρ>1/z 

Two important things to note: 

1. 
 
 
 
2. 

Comb. Coeff. 
(or weights) 

The relative improvement of the combination and the weights of the input 
measurements depend only on their precisions and correlations: they are 
independent of the actual measured values, x1 and x2. 

plot by R. Nisius plot by R. Nisius 
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! mtop projection studies by 
CMS assuming: 

!   the use of 3D analysis 
techniques ala ATLAS 

!   that the cross section 
increase will compensate 
for inefficiencies due to 
higher pile-up conditions. 

!   that a x2 reduction of 
modelling systematics can 
be reached using particle 
level studies, and 
differential measurements 

 

4 3 Conventional methods using full kinematic reconstruction

Double counting In the evaluation of systematic uncertainties for the current 7 TeV analyses
several effects are counted twice. For example, the pile-up uncertainty is evaluated sep-
arately, but it is also included in the JES. Similarly uncertainties in the modeling of radi-
ation are evaluated separately but also included in the JES uncertainty. The projections
do not make assumptions on the extent to which double counting can be reduced in the
future, but it is clear that there are opportunities for reduction of the overall systematic
uncertainty if a more detailed treatment in the future will further minimize overlaps and
unnecessary duplication.

Table 1: Projection of the top-quark-mass precision (in GeV) obtained with standard meth-
ods based on reconstruction of the invariant mass of top-quark decay products, for various
integrated luminosities using the assumptions explained in the text.

Current Future Comment
Center-of-mass energy 7 TeV 13 TeV 14 TeV 14 TeV

l+jets
Integrated luminosity 5 fb�1 30 fb�1 300 fb�1 3000 fb�1

Fit calibration 0.06 0.03 0.03 0.03 MC statistics
b-JES 0.61 0.27 0.09 0.03 3D fit
Residual JES 0.28 0.28 0.2 0.06 differential
Lepton energy scale 0.02 0.02 0.02 0.02 unchanged
Missing transverse momentum 0.06 0.06 0.06 0.06 unchanged
Jet energy resolution 0.23 0.23 0.2 0.06 differential
b tagging 0.12 0.06 0.06 0.06 factor 2 (data)
Pileup 0.07 0.07 0.07 0.07 unchanged
Non-tt background 0.13 0.06 0.06 0.06 factor 2 (S/B)
Parton distribution functions 0.07 0.04 0.04 0.04 factor 2 (PDF fits)
Renormalization and 0.24 0.12 0.12 0.06 full NLO + differentialfactorization scales
ME-PS matching threshold 0.18 0.09 0.09 0.06 full NLO + differential
Underlying event 0.15 0.15 0.15 0.06 differential
Color reconnection effects 0.54 0.27 0.2 0.06 factor 2 + differential
Systematic 0.98 0.60 0.44 0.20
Statistical 0.43 0.15 0.05 0.01
Total 1.07 0.62 0.44 0.20

In Table 1 we present our projected top-quark-mass uncertainties. For the future projections
at 13–14 TeV we assume that the increased cross-section will compensate for possible losses in
sensitivity due to trigger conditions and increased pile-up, which means that uncertainties will
just scale with increased luminosity, compared to 7 TeV. Since the tt cross-section increases by
a factor 5.7 between 7 and 14 TeV, this allows for a loss of 30% in trigger efficiency and accep-
tance, combined with a deterioration of jet resolution by a factor two. It is believed that this is
a safe assumption for the 30 fb�1 and 300 fb�1 data sets. The very high pile-up expected for the
3000 fb�1 data make predictions very uncertain. It remains to be seen how well improvements
in the Phase II detector will be able to mitigate the effects of the extremely high pile-up. We
assume that the above assumption still holds. This point deserves further evaluation with a high pile-up
simulation including upgraded phase II detector.

For the 300 fb�1 scenario we assume that we will fully profit from NLO simulation and detailed
data-based constraints on hard and soft QCD, as well as dedicated JES calibrations and 3D fit,
as described before. At 3000 fb�1 we can fully benefit from the 3D and differential analysis
approaches to further limit the uncertainties.

The top-pair cross-section increases by a factor 5.7 
between 7 and 14 TeV. This allows for a loss of 
30% in trigger efficiency and acceptance, combined 
with a deterioration of jet resolution by a factor two  


