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The role of mt in the SM
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In the SM, mt can be related to mW and mH thanks 
to loop corrections to precision EW observables  
-> internal consistency of SM 
 
Stability of Higgs potential at the Planck scale 
depends on value of mt  
-> λ < 0 would be indirect evidence of BSM physics 

arXiv:2211.07665

JHEP 12 (2013) 089

https://arxiv.org/abs/2211.07665
https://arxiv.org/abs/2211.07665
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Methods for measuring mt
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Illustration from CMS Physics Briefing of arXiv:2403.01313 
(submitted to Physics Reports)

https://cms.cern/news/rich-collection-top-quark-mass-measurements-cms-experiment
https://arxiv.org/abs/2403.01313
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ATLAS and CMS Run-1 measurements
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Measurement
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Combination of “direct” measurements from Run-1 
results from ATLAS and CMS.
Using 15 input measurements:

7 TeV

8 TeV

dilepton lepton
+jets

all
-jets

Other final states and 
topologies

Colour scheme:
ATLAS
CMS
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79 (2019) 290 

Phys. Rev. D 93 (2016) 092006 

•6 ATLAS inputs, already included in previous ATLAS combination 

•9 CMS inputs (6 conventional + 3 alternative) 
•Alternative measurements not included in previous CMS combination 
•Replaced older results with more recent (and precise) ones 
•Updated CMS combination as part of LHC combination

Most precise single input: 
0.48 GeV uncertainty

Table: courtesy of  
C. Nellist (slides)
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165 170 175 180 185
 [GeV]tm

ATLAS+CMS  = 7,8 TeVs

ATLAS+CMS combined
stat uncertainty
total uncertainty

 syst) [GeV]± stat ± total (± tmATLAS
  dilepton 7 TeV  1.31)± 0.54 ± 1.42 (±173.79 
  lepton+jets 7 TeV  1.04)± 0.75 ± 1.28 (±172.33 
  all-jets 7 TeV  1.21)± 1.35 ± 1.82 (±175.06 
  dilepton 8 TeV  0.74)± 0.41 ± 0.84 (±172.99 
  lepton+jets 8 TeV  0.82)± 0.39 ± 0.91 (±172.08 
  all-jets 8 TeV  1.02)± 0.55 ± 1.15 (±173.72 

CMS
  dilepton 7 TeV  1.52)± 0.43 ± 1.58 (±172.50 
  lepton+jets 7 TeV  0.97)± 0.43 ± 1.06 (±173.49 
  all-jets 7 TeV  1.23)± 0.69 ± 1.41 (±173.49 
  dilepton 8 TeV  0.94)± 0.18 ± 0.95 (±172.22 
  lepton+jets 8 TeV  0.45)± 0.16 ± 0.48 (±172.35 
  all-jets 8 TeV  0.57)± 0.25 ± 0.62 (±172.32 
  single top 8 TeV  0.93)± 0.77 ± 1.20 (±172.95 

 8 TeVψ  J/  0.94)± 3.00 ± 3.14 (±173.50 
  secondary vertex 8 TeV  1.11)± 0.20 ± 1.12 (±173.68 

  combined  0.41)± 0.25 ± 0.48 (±172.71 

  combined  0.39)± 0.14 ± 0.42 (±172.52 
WGtopLHCATLAS+CMS

  dilepton  0.51)± 0.29 ± 0.59 (±172.30 
  lepton+jets  0.32)± 0.17 ± 0.36 (±172.45 
  all-jets  0.36)± 0.26 ± 0.45 (±172.60 
  other  0.64)± 0.43 ± 0.77 (±173.53 
  combined  0.30)± 0.14 ± 0.33 (±172.52 

total

stat

Figure 1: Comparison of the individual mt measurements and the result of the mt combination.
Also shown are the separate combinations of each experiment and the result of the simultane-
ous combination for the different decay channels, where the “other” category covers the single
top, J/y, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/y meson measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the input measurements. It was verified that
performing the combinations with a likelihood-based approach [55] gives identical results.

The combination of all 15 input measurements gives

mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV,

which is compared with the input measurements in Fig. 1. The LHC combination has the same
statistical uncertainty as the CMS combination. This is because the figure of merit in BLUE is
the total uncertainty, and the statistical component is a consequence of the optimized weights
in the combination.

The combination achieves an improvement in the total mt uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8 TeV lepton+jets (0.34), dilepton (0.12), and all-jets (0.12) results, and the
ATLAS 8 TeV lepton+jets (0.17) and dilepton (0.16) measurements. The hierarchy of the weights
originates from the uncertainty of each measurement, as well as the correlation between mea-
surements. For example, the ATLAS 8 TeV lepton+jets measurement has a higher weight than
the corresponding dilepton measurement, despite having a larger uncertainty. This is because
of the smaller correlation with the precise CMS 8 TeV lepton+jets measurement. The combina-
tion shows good compatibility between the measurements, with c2 = 7.5 and a corresponding

https://indico.cern.ch/event/1233341/contributions/5528218/attachments/2722393/4730011/2023-09-26_TOPConf_TopMassCombination_CONF.pdf
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Direct mt measurements in LHC Run1
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Eur. Phys. J. C 79 (2019) 290

Phys. Rev. D 93 (2016) 092006

•Full reconstruction of mt (and mW) using maximum likelihood method 
•3D template fit: mt, JSF (jet scale factor) and b-JSF 

•Trade larger statistical uncertainty for lower impact of systematics

•Invariant mass between lepton and secondary vertex from b-quark jet 
•Partial reconstruction of top quark decay products 

•Larger overall uncertainty, but less sensitive to jet energy scale uncertainties 
•Beneficial for combinations

“Conventional”: biggest 
challenges are JES uncertainties 

and b-JES calibration

“Alternative”: limited by modelling 
 of b-quark fragmentation

https://arxiv.org/pdf/1810.01772
https://arxiv.org/abs/1603.06536
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The BLUE method
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BLUE = Best Linear Unbiased Estimator

mt = ∑
i

wi m i
t , with ∑

i

wi = 1 Linear combination of inputs
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Fig. 2 The results for Eqs. 8, 11–13 as functions of ρ for a number of z values. Shown are a, b σx /σ1 and their derivatives with respect to ρ, c
∂β/∂ρ and d 1/σ1 ∂σx/∂ρ

taking the derivative with respect to β equal to zero (i.e. the
χ2 minimisation) gives:

∂

∂ β

(
σ 2

x

σ 2
1

)

= −2(1 − ρz) + 2β(1 − 2ρz + z2) = 0. (7)

Finally, after solving for β one obtains:

β = 1 − ρz
1 − 2ρz + z2 = 1 − ρz

(1 − ρz)2 + z2(1 − ρ2)
(8)

which is valid for −1 ≤ ρ ≤ 1 and z ≥ 1, but for ρ = z = 1.
The last term in Eq. 8 shows that the denominator of β is

always positive such that the sign of β is determined by the
sign of the numerator. The resulting β as a function of ρ, and
for various z values is shown in Fig. 2a. Identifying Eqs. 3
and 8 yields:

1
2

≥ β = x − x1

x2 − x1
= 1 − ρz

1 − 2ρz + z2 ≥ 1
1 − z

, (9)

where the left limit has been derived at ρ ̸= 1 z = 1, and the
right limit at ρ = 1.

A few features are important to understand the results of
the combination. As expected, the value of β has to be smaller
or equal than 0.5, because otherwise x2 would be the more
precise estimate. Since the denominator in Eq. 8 is positive
for all allowed values of ρ and z, the function for β turns
negative for ρ > 1/z as shown in Fig. 2a. This is exactly the
point at which for a given x1 the conditional probability for
X2 to be even further away from xT than x1 is, exceeds 50 %,
see Sect. 2.

The first equal sign in Eq. 9 means that the value of β

can be interpreted as the difference of the combined value
from the more precise estimate in units of the difference of
the two estimates. If β is positive, the signs of the numerator
and denominator are identical and x lies within the interval
spanned by x1 and x2. Given β ≤ 0.5 it never lies further
away from the more precise estimate than half the difference
of the two. Again, this is expected since the more precise
estimate should dominate the combination. In contrast, if β

is negative, the signs of the numerator and denominator are
different. This means the value of x lies on the opposite side

123

Eur. Phys. J. C (2014) 74 3004
•For a given choice of correlations, set of wi that provide the 

Best (i.e. lower variance) estimate of mt can be calculated 
•The result is unbiased, as long as mti are unbiased 
•Weights can be negative (e.g. strong negative correlations) 

Example for 2 input measurements:

Note: when uncertainties on input measurements are different 
(z>1), taking rho=1 is not the conservative assumption!

https://link.springer.com/article/10.1140/epjc/s10052-014-3004-2
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Assessment of correlations
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•Within a single experiments, correlations between measurements can be assessed rather rigorously 
•Same underlying variations used to assess impact of a given systematic uncertainty 
•Sign of the correlation coefficients can also be accessed

Eur. Phys. J. C 79 (2019) 290
•For the LHC combination, sources of uncertainty 

are grouped into classes (e.g. b-tagging, PDF) 
•For each class, a choice of correlation is made, 

based on similarity in the way the uncertainties 
are estimated (or underlying physics model)

Assessed 
correlation Strong Partial None

Assigned 
correlation 
coefficient

0.85 0.5 0

LHC correlation assumptions

https://arxiv.org/abs/1810.01772
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ATLAS-CMS correlations
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18

a larger uncertainty than and high correlation to a more precise measurement [66]. Figure A.2
shows the correlation between each pair of measurements used in the LHC combination.

A simultaneous combination with one mt parameter per each decay channel is performed
to check the consistency of the result (Fig. 1 in the main document). Table A.5 shows the
weights for this simultaneous combination. The “Other” channel includes the CMS single
top, secondary vertex, and J/y analyses. The combined measurement for channel k is mk

t =
Âi wimi + Âj ljmj, where the sum over i includes all measurements of channel k and the sum
over j includes all other measurements. The weights satisfy Âi wi = 1 and Âj lj = 0. The
correlations between the measurements result in nonzero values of the individual lj. The c2

of this simultaneous combination is 5.4 (11 degrees of freedom), corresponding to a p-value of
91%. The correlations between the mt values extracted per channel are shown in Table A.6.
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Figure A.2: Correlation matrix for the ATLAS and CMS 7 and 8 TeV mt measurements in the
dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and for the CMS 8 TeV mt mea-
surements in the single top (“t”), secondary vertex (“vtx”), and J/y analysis (“J/y”).

Correlation LHC categories

Strong
• Flavour component of JES*

• Pileup modelling

• Parton distribution functions (PDFs)

• MC-based background estimates

Partial
• b tagging (similar method)

• MC modelling (different systematic 

variations to assess similar effects)

None
• Experimental uncertainties (calibrations 

using independent datasets)

• Analysis-specific calibrations

*correlations between jet energy scale (JES) uncertainties 
studied in detail in dedicated LHCTopWG note

Example correlation matrices per 
systematic uncertainty can be 

found in the backup

https://cds.cern.ch/record/1967369
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Results, impact, correlation scans
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mt = 172.52 ± 0.33 GeV 

Most precise mt result to date!

Improvement of 31% with respect to 
most precise single input measurement

•Uncertainty dominated by b-JES 
•Negligible impact on final result by varying 

correlation assumptions within ranges that 
reflect the understanding of the correlation

7

Table 2: Uncertainties on the mt values extracted in the LHC, ATLAS, and CMS combinations
arising from different categories.

Uncertainty category
Uncertainty impact [GeV]
LHC ATLAS CMS

b-JES 0.18 0.17 0.25
b tagging 0.09 0.16 0.03
ME generator 0.08 0.13 0.14
JES 1 0.08 0.18 0.06
JES 2 0.08 0.11 0.10
Method 0.07 0.06 0.09
CMS b hadron B 0.07 — 0.12
QCD radiation 0.06 0.07 0.10
Leptons 0.05 0.08 0.07
JER 0.05 0.09 0.02
CMS top quark pT 0.05 — 0.07
Background (data) 0.05 0.04 0.06
Color reconnection 0.04 0.08 0.03
Underlying event 0.04 0.03 0.05
g-JES 0.03 0.02 0.04
Background (MC) 0.03 0.07 0.01
Other 0.03 0.06 0.01
l-JES 0.03 0.01 0.05
CMS JES 1 0.03 — 0.04
Pileup 0.03 0.07 0.03
JES 3 0.02 0.07 0.01
Hadronization 0.02 0.01 0.01
pmiss

T 0.02 0.04 0.01
PDF 0.02 0.06 <0.01
Trigger 0.01 0.01 0.01

Total systematic 0.30 0.41 0.39
Statistical 0.14 0.25 0.14

Total 0.33 0.48 0.42

p-value of 91%. The LHC combination is much closer to the CMS combination than the AT-
LAS one because the relative weights of the measurements with slightly lower measured mt
are higher in the LHC combination than in the per-experiment combinations. All weights and
the individual pulls can be found in Appendix A, along with a combination where all 15 mea-
surements are used to extract separate mt values for ATLAS and CMS.

Table 2 shows the breakdown of the systematic uncertainty in the combined measurement and
the individual ATLAS and CMS combinations. The largest systematic uncertainties are seen
to originate from JES, b tagging, and tt modeling. The stability of the measurement against
the correlation assumptions is checked by varying the correlation strengths for each uncer-
tainty category as shown in Table 1. The ranges reflect the extent of the understanding of the
correlations. No variation is performed for categories where there is no ambiguity in the corre-
lation assumption. Table 1 shows the variation in the total uncertainty and central value of the

3

Table 1: Correlation strengths r of the systematic uncertainty categories between ATLAS and
CMS, as used in the combination. The categories are defined in the text. Categories indicated
with the symbol — in the second column correspond to uncertainties specific to a single exper-
iment. The third column shows the range of r scanned for stability checks. The changes in the
combination’s central value mt and uncertainty smt

corresponding to each correlation variation
are shown in the last two columns.

Uncertainty category r Scan range
Dmt/2 Dsmt

/2
[MeV] [MeV]

JES 1 0 — — —
JES 2 0 [�0.25,+0.25] 8 7
JES 3 0.5 [+0.25,+0.75] 1 <1
b-JES 0.85 [+0.5,+1] 26 5
g-JES 0.85 [+0.5,+1] 2 <1
l-JES 0 [�0.25,+0.25] 1 <1
CMS JES 1 — — — —
JER 0 [�0.25,+0.25] 5 1
Leptons 0 [�0.25,+0.25] 2 2
b tagging 0.5 [+0.25,+0.75] 1 1
pmiss

T 0 [�0.25,+0.25] <1 <1
Pileup 0.85 [+0.5,+1] 2 <1
Trigger 0 [�0.25,+0.25] <1 <1

ME generator 0.5 [+0.25,+0.75] <1 4
QCD radiation 0.5 [+0.25,+0.75] 7 1
Hadronization 0.5 [+0.25,+0.75] 1 <1
CMS b hadron B — — — —
Color reconnection 0.5 [+0.25,+0.75] 3 1
Underlying event 0.5 [+0.25,+0.75] 1 <1
PDF 0.85 [+0.5,+1] 1 <1
CMS top quark pT — — — —

Background (data) 0 [�0.25,+0.25] 8 2
Background (MC) 0.85 [+0.5,+1] 2 <1

Method 0 — — —
Other 0 — — —

dependent variation. For ATLAS (7 TeV only), it also includes an uncertainty term from the
effects of close-by jet activity. This category is uncorrelated between ATLAS and CMS measure-
ments. The category JES 2 corresponds to the uncertainties from the absolute JES determined
using g/Z+jets events that are not included in JES 1. There are significant differences between
the ATLAS and CMS approaches [45, 46], including differences in the jet radius, treatment of
muons in jets, and methods to correct for additional radiation. Hence, this category is treated as
uncorrelated. The category JES 3 corresponds to the modeling uncertainty in the relative h in-
tercalibration [47, 48]. Both experiments use dijet events for this calibration, and the modeling
uncertainty originates from the use of different generators to predict the radiation patterns in
these events. As similar but not identical generators and techniques are used in both experi-
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Consistency check: 2D combination

10

mATLAS
t = ∑

i

wATLAS
i mi,ATLAS

t + ∑
j

wCMS
j mj,CMS

t

with ∑
i

wATLAS
i = 1 and ∑

j

wCMS
j = 0

Overall correlation and consistency between ATLAS and CMS can be assessed via  
simultaneous ATLAS-CMS combination: 

•One top mass parameter per experiment 
•Different from single-experiment combination due to 

effect of systematic correlations 

For example, for ATLAS (vice-versa for CMS):

Results compatible with the hypothesis mtATLAS = mtCMS 
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165 170 175 180 185
 [GeV]tm

ATLAS+CMS  = 7,8 TeVs

ATLAS+CMS combined
stat uncertainty
total uncertainty

 syst) [GeV]± stat ± total (± tmATLAS
  dilepton 7 TeV  1.31)± 0.54 ± 1.42 (±173.79 
  lepton+jets 7 TeV  1.04)± 0.75 ± 1.28 (±172.33 
  all-jets 7 TeV  1.21)± 1.35 ± 1.82 (±175.06 
  dilepton 8 TeV  0.74)± 0.41 ± 0.84 (±172.99 
  lepton+jets 8 TeV  0.82)± 0.39 ± 0.91 (±172.08 
  all-jets 8 TeV  1.02)± 0.55 ± 1.15 (±173.72 

CMS
  dilepton 7 TeV  1.52)± 0.43 ± 1.58 (±172.50 
  lepton+jets 7 TeV  0.97)± 0.43 ± 1.06 (±173.49 
  all-jets 7 TeV  1.23)± 0.69 ± 1.41 (±173.49 
  dilepton 8 TeV  0.94)± 0.18 ± 0.95 (±172.22 
  lepton+jets 8 TeV  0.45)± 0.16 ± 0.48 (±172.35 
  all-jets 8 TeV  0.57)± 0.25 ± 0.62 (±172.32 
  single top 8 TeV  0.93)± 0.77 ± 1.20 (±172.95 

 8 TeVψ  J/  0.94)± 3.00 ± 3.14 (±173.50 
  secondary vertex 8 TeV  1.11)± 0.20 ± 1.12 (±173.68 

  combined  0.41)± 0.25 ± 0.48 (±172.71 

  combined  0.39)± 0.14 ± 0.42 (±172.52 
WGtopLHCATLAS+CMS

  dilepton  0.51)± 0.29 ± 0.59 (±172.30 
  lepton+jets  0.32)± 0.17 ± 0.36 (±172.45 
  all-jets  0.36)± 0.26 ± 0.45 (±172.60 
  other  0.64)± 0.43 ± 0.77 (±173.53 
  combined  0.30)± 0.14 ± 0.33 (±172.52 

total

stat

Figure 1: Comparison of the individual mt measurements and the result of the mt combination.
Also shown are the separate combinations of each experiment and the result of the simultane-
ous combination for the different decay channels, where the “other” category covers the single
top, J/y, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/y meson measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the input measurements. It was verified that
performing the combinations with a likelihood-based approach [55] gives identical results.

The combination of all 15 input measurements gives

mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV,

which is compared with the input measurements in Fig. 1. The LHC combination has the same
statistical uncertainty as the CMS combination. This is because the figure of merit in BLUE is
the total uncertainty, and the statistical component is a consequence of the optimized weights
in the combination.

The combination achieves an improvement in the total mt uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8 TeV lepton+jets (0.34), dilepton (0.12), and all-jets (0.12) results, and the
ATLAS 8 TeV lepton+jets (0.17) and dilepton (0.16) measurements. The hierarchy of the weights
originates from the uncertainty of each measurement, as well as the correlation between mea-
surements. For example, the ATLAS 8 TeV lepton+jets measurement has a higher weight than
the corresponding dilepton measurement, despite having a larger uncertainty. This is because
of the smaller correlation with the precise CMS 8 TeV lepton+jets measurement. The combina-
tion shows good compatibility between the measurements, with c2 = 7.5 and a corresponding

The same can be done to check the compatibility 
between different “channels”:

χ2 (ndf) χ2/ndf

Full combination 7.5 (14) 0.54

2-dimensional 7.2 (13) 0.55

Per channel 5.4 (11) 0.49

No significant differences in χ2/ndf demonstrates 
compatibility between channels and experiments
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Table adapted from CMS review paper  
[arXiv:2403.01313, sub. to Physics Reports]
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The top quark MC samples produced for the analyses of LHC Run 2 data, in particular those
used in the analyses of data taken at 13 TeV and collected during the years 2015 and 2016, were
generated with the POWHEG v2 [106–109] NLO generator interfaced with PYTHIA8.2 [110] using
the CUETP8M2T4 tune [119]. This tune included a fit to CMS tt+jet data taken at

p
s = 8 TeV

to obtain an improved description of ISR in tt events.

Later Run 2 samples (so-called “legacy” samples, referring to the updated data reconstruction
and calibrations) were produced with the CP5 tune [120], which for the first time incorporated
fits to data taken at 13 TeV and employed an identical NNLO PDF set and the corresponding
value of the strong coupling aS at NNLO for both the POWHEG ME generator and the PYTHIA8
components, i.e. ISR, FSR, and MPI.

In the measurements of the top quark mass, the uncertainties related to simulations need to be
considered. Ideally, different MC generators and implied setups should provide an adequate
description of the observables of interest. In practice, the default MC setups were validated
most extensively in CMS analyses. The modelling uncertainties are factorised into individual
components associated with the aforementioned setups, as summarised in Table 2, and are
discussed in more detail in the following.

Table 2: Overview of CMS MC setups for tt production used in analyses of Run 1 and Run 2
data, and their associated modelling uncertainties. Variations marked with a dagger (†) are
evaluated via event weights, which mitigates the uncertainty associated with the size of MC
samples without the need for additional simulations.

Run 1 Early Run 2 Run 2 legacy
Default setup
ME generator MADGRAPH5 POWHEG v2 POWHEG v2

tt + 3 jets @ LO tt @ NLO tt @ NLO
PDF CT10 NLO NNPDF3.0 NLO NNPDF3.1 NNLO
PS/UE generator PYTHIA6.4 PYTHIA8.2 PYTHIA8.2
PS/UE tune Z2(*) CUETP8M2T4 CP5

Uncertainties
PDF CT10 eigenvectors, NNPDF replicas † NNPDF eigenvectors,

MSTW08, NNPDF2.3 † CT14, MMHT14 †
ME scales µr � µf up/down µr � µf 7-point † µr � µf 7-point †
ME-PS matching threshold up/down hdamp up/down hdamp up/down
Alternative ME POWHEG v1 MADGRAPH5 aMC@NLO MADGRAPH5 aMC@NLO

Top quark pT ratio to 7/8 TeV data ratio to 13 TeV data ratio to 13 TeV data
ISR µISR

r up/down µISR
r up/down µISR

r up/down †
(correlated with ME)

FSR — µFSR
r up/down µFSR

r up/down †
UE P11, P11 mpiHi/TeV CUETP8M2T4 up/down CP5 up/down
CR P11, P11noCR ERD on/off, CR1 (ERD on), ERD on/off,

CR2 (ERD off) CR1, CR2 (both ERD off)
b fragmentation rb up/down † rb up/down, rb up/down, un/tuned,

Peterson † Peterson †

PDF uncertainties PDF uncertainties are evaluated through reweighting, without the need
of generating additional MC samples. The MADGRAPH5 LO samples used in analyses of Run 1
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Figure 7: Measurement of mt in the combined lepton+jets channel using the 5D set of observ-
ables and categories. The left plot shows the post-fit pulls on the most important nuisance
parameters and the numbers quote the post-fit uncertainty in the nuisance parameter. The
right plot shows their pre-fit (lighter colored bars) and post-fit impacts (darker colored bars) on
mt for up (red) and down (blue) variations. The post-fit impacts of systematic effects that are
affected by the limited size of simulation samples include the contribution from the additional
statistical nuisance parameters accounting for the effect. The size of the additional contribution
from the statistical nuisance parameters is called MC stat. and shown as gray-dotted areas. The
average of the post-fit impacts in GeV for up and down variations is printed on the right. The
rows are sorted by the size of the averaged post-fit impact. The statistical uncertainty in mt is
depicted in the corresponding row.

matrix between the FSR PS scales for the different branching types. The result of this study is
shown in Fig. 8. The final result strongly depends on the choice of the correlation coefficient
between the FSR PS scales because of the significant deviation for the FSR PS scale of the q !
qg branching from the default simulation. However, the assumption of strongly correlated
FSR PS scale choices would also significantly reduce the overall uncertainty, as the impacts
from the scale choice for gluon radiation from b quarks (X ! Xg) and light quarks (q !
qg) partially cancel. In addition, there is a tension between the measured nuisance parameter
values for the different FSR PS scales, which disfavors a strong correlation. As there is only a
small dependence on FSR PS scale correlations at low correlation coefficients (rFSR < 0.5), and
uncorrelated nuisance parameters for the FSR PS scales receive the least constraint from the fit
to data, we assume uncorrelated FSR PS scales for this measurement.
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Figure 8: Dependence of the 5D result on the assumed correlation rFSR between the FSR PS
scales in the lepton+jets channel.

Most of the other nuisance parameters that show a strong post-fit constraint correspond to
systematic uncertainties that are evaluated on independent samples of limited size. The small
sample sizes are expected to bias these nuisances parameter and lead to too small uncertainties.
Hence, the nuisance paramerts are accompanied by additional statistical nuisance parameters.
A comparison of the pre-fit and post-fit impacts where the post-fit impacts include the impact
of these statistical nuisance parameters shows that there is an only minimal constraint by the
fit on the corresponding systematic uncertainties.

The largest constraint of a nuisance parameter without additional statistical nuisance parame-
ters corresponds to the JER uncertainty. This is expected, as the energy resolution of jets from
tt decays can be measured much better from the width of the m

reco
W distribution than by the

extrapolation of the resolution measurement with dijet topologies at much higher transverse
momenta [24].

Table 2 compares the measurements by the 2D and 5D methods with the previous result [13, 54]
for the same data-taking period. The JEC uncertainties are grouped following the recom-
mendations documented in Ref. [83]. The uncertainty in mt for one source (row) in this
table is evaluated from the covariance matrix of the ML fit by taking the square root of
cov(mt , X)cov(X, X)�1cov(X, mt), where cov(mt , X), cov(X, X), cov(X, mt) are the parts of the
covariance matrix related to mt or the set of nuisance parameters X contributing to the source,
respectively. The statistical and calibration uncertainties are obtained differently by comput-
ing the partial covariance matrix on mt where all other nuisance parameters are removed. The
quadratic sum of all computed systematic uncertainties is larger than the uncertainty in mt
from the ML fit, as the sum ignores the post-fit correlations between the systematic uncertainty
sources.

The 5D method is the only method that surpasses the strong reduction in the uncertainty in
the JEC achieved by the previous analysis that determined mt and in situ an overall jet energy
scale factor (JSF). However, the measurement presented here also constrains the jet energy res-
olution uncertainty that was unaffected by the JSF. The new observables and additional events
with a low Pgof reduce most modeling uncertainties, but lead to a slight increase in some exper-
imental uncertainties. While the usage of weights for the PS variations removes the previously
significant statistical component in the PS uncertainties, the introduction of separate PS scales

•5-dimensional profile-likelihood fit in l+jets final state 
•Central value is 0.75 GeV below Run1 combination 
•Various differences between Run1 and Run2 in terms 

of MC simulation and systematic variations

Central value depends on 
choice of correlation between 

PS splitting kernels

New: parton shower (PS) 
splitting kernel considered 
as independent systematic 
variation in the fit

Eur. Phys. J. C 83 (2023) 963

https://arxiv.org/abs/2403.01313
https://arxiv.org/abs/2302.01967
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Eur. Phys. J. C 79 (2019) 290
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Figure 11: Summary of the most precise top-quark mass measurements performed by ATLAS in Run 1 and Run 2.
The reference value shown by the vertical dashed line, with the blue bands indicating the statistical and total
uncertainties, comes from the combination of the ATLAS and CMS Run 1 top-quark mass measurements. For
each of the measurements, the uncertainty is broken down into a statistical uncertainty and a systematic uncertainty
component, with the effect of the recoil modelling indicated separately for the Run 2 measurements (see text for more
details).

6.2 Indirect top-quark mass measurements

For the indirect measurements, ATLAS took advantage of the improved precision in the determination of
the inclusive tt cross-section (see Section 3) relative to Run 1. As reported in Ref. [82], the inclusive tt
cross-section measurement in the dilepton 4` channel based on 36 fb�1 of Run 2 data was used to extract
the top-quark pole mass via its effect on the predicted cross-section, yielding <

pole
C

= 173.1+2.0
�2.1 GeV.

The result, obtained with CT14 as the reference PDF set, is dominated by uncertainties in the theoretical
cross-section evaluated through PDF+Us and QCD-scale variations. Therefore, improved experimental
measurement precision (such as that achieved in the updated cross-section measurement based on the full
Run 2 dataset) would not have significant effects on this determination. Instead, extractions from differential
cross-section measurements, especially when using the same technique as in the Run 1 top-quark mass
measurement from tt+1-jet production [192] which obtained a precision of ⇠1 GeV, have the potential to
improve the precision of indirect determinations.

7 Top-quark properties

In addition to its very large mass, the top quark has other unique properties. Its decay width (�
C
⇡

1.4 GeV [193]) is larger than the QCD hadronisation scale ⇤ ⇡ 250 MeV, so the top quark decays before it
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Comparison with ATLAS 13 TeV
From ATLAS Top physics review  

[arXiv:2404.10674, sub. to Physics Reports]•Invariant mass between lepton from top quark decay and soft muon 
from b-quark decay (“alternative” method) 

•Less sensitive to JES, but dependent on b quark fragmentation 
•In agreement with ATLAS combination within 2 standard deviations
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Figure 10: Ranking, from top to bottom, of the main systematic uncertainties (excluding recoil) showing the pulls and
the impact of the systematic uncertainties on <C , from the combined OS and SS binned-template profile likelihood
fit to data. The \’s represent each systematic variation. The upper scale shows the uncertainty contribution to the
measured top-quark mass. The PDF 2 is the set number 2 of the PDF4LHC15 error set [118].

6 Conclusions

A direct measurement of the top-quark mass has been performed using a technique that exploits a partial,
leptonic-only, invariant mass reconstruction of the top-quark decay products. The analysis uses data
corresponding to an integrated luminosity of 36.1 fb�1 of

p
B = 13 TeV ?? collisions provided by the Large

Hadron Collider and recorded by the ATLAS detector, and is based on the invariant mass, <✓`, of the
lepton ✓ (with ✓ = 4, `) from the ,-boson decay and the muon ` from a semileptonic decay of a 1-hadron.
A binned-template profile likelihood fit to the <✓` distribution is performed to determine the most probable
top-quark mass value. The result, <C = 174.41±0.39 (stat.)±0.66 (syst.)±0.25 (recoil) GeV, corresponds
to the most precise single measurement to date of the top-quark mass from the direct reconstruction of
its decay products by the ATLAS Collaboration, and more precise than those performed previously with
similar techniques [7, 8]. The third uncertainty arises from using a recently developed setup of the P�����8
parton shower gluon-recoil scheme in top quark decays.

Taking into account the correlation between uncertainties, the result is consistent at the level of approximately
two standard deviations with the current ATLAS combination of top-quark mass measurements from the
reconstruction of the top-quark decay [9]. A similar level of consistency is found with the equivalent
combination at CMS [10], while agreement with the latest Tevatron combination [11] is good. Agreement
within one standard deviation is also found with the indirect prediction of the top-quark mass from global

27

•Ambiguity in Pythia on choice of recoiler particle 
from second gluon emissions in top quark decays 

•Effect on the LHC combination estimated to be at 
most 35 MeV, well below the total uncertainty

JHEP 06 (2023) 019

https://arxiv.org/abs/2404.10674
https://arxiv.org/abs/2209.00583
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•Enormous progress in mt measurements using boosted top quark decays 
•Big margin of improvement with large datasets (Run3, HL-LHC) 

•Possibility to perform both direct measurement and indirect extraction of 
mt using first-principles theoretical predictions (SCET, HQET) 

•Unambiguously interpret result in well-defined theoretical framework

arXiv:2403.01313 (sub. to Physics Reports)
ATL-PHYS-PUB-2021-034

Eur. Phys. J. C 83 (2023) 560

See talk by A. Paasch

https://arxiv.org/pdf/2403.01313
https://cds.cern.ch/record/2777332
https://arxiv.org/abs/2211.01456
https://indico.cern.ch/event/1291157/contributions/5878626/
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•BLUE combination of 15 Run-1 measurements from 
ATLAS and CMS yields most precise mt result to date 

•Better than 2 per mill precision! 
•31% improvement over most precise single input

6
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Figure 1: Comparison of the individual mt measurements and the result of the mt combination.
Also shown are the separate combinations of each experiment and the result of the simultane-
ous combination for the different decay channels, where the “other” category covers the single
top, J/y, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/y meson measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the input measurements. It was verified that
performing the combinations with a likelihood-based approach [55] gives identical results.

The combination of all 15 input measurements gives

mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV,

which is compared with the input measurements in Fig. 1. The LHC combination has the same
statistical uncertainty as the CMS combination. This is because the figure of merit in BLUE is
the total uncertainty, and the statistical component is a consequence of the optimized weights
in the combination.

The combination achieves an improvement in the total mt uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8 TeV lepton+jets (0.34), dilepton (0.12), and all-jets (0.12) results, and the
ATLAS 8 TeV lepton+jets (0.17) and dilepton (0.16) measurements. The hierarchy of the weights
originates from the uncertainty of each measurement, as well as the correlation between mea-
surements. For example, the ATLAS 8 TeV lepton+jets measurement has a higher weight than
the corresponding dilepton measurement, despite having a larger uncertainty. This is because
of the smaller correlation with the precise CMS 8 TeV lepton+jets measurement. The combina-
tion shows good compatibility between the measurements, with c2 = 7.5 and a corresponding

mt = 172.52 ± 0.33 GeV 

•Careful assessment of inter-experiment correlations 
•Result is robust against the choice of correlations 
•High level of compatibility between ATLAS and CMS, 

and between different channels

Combination was found to be very stable across a wide 
range of assumptions on possible errors-on-errors

E. Canonero, G. Cowan [arXiv:2407.05322]

https://arxiv.org/abs/2407.05322
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A.6 Numerical details of the combination 21

Table A.4: Pulls and weights of each input measurement in the LHC combination. The input
measurements are the ATLAS and CMS 7 and 8 TeV mt measurements in the dilepton (“dil”),
lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS 8 TeV mt measurements in the sin-
gle top (“t’), secondary vertex (“vtx”), and J/y analysis (“J/y”). The pull for measurement i is
defined as (mi � mc)/

p
s2

i � s2
c , where mi (si) is the central value (uncertainty) of the measure-

ment and mc (sc) is the central value (uncertainty) of the LHC combination. The weights are
rounded to two decimal places; when the full precision is used, the weights sum to one.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
Pull +0.93 �0.15 +1.43 +0.61 �0.51 +1.09 �0.01 +0.96 +0.71 �0.33 �0.47 �0.37 +0.38 +0.31 +1.08
Weight �0.02 +0.07 +0.00 +0.16 +0.17 +0.03 �0.08 �0.01 +0.03 +0.12 +0.34 +0.12 �0.03 +0.01 +0.08

Table A.5: Weights for each input measurement for the simultaneous combination of the four
different channels. The input measurements are the ATLAS and CMS 7 and 8 TeV mt measure-
ments in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS 8 TeV
mt measurements in the single top (“t”), secondary vertex (“vtx”), and J/y analysis (“J/y”). The
CMS alternative measurements are assigned to the “Other” channel.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
ll +0.02 +0.03 �0.07 +0.55 +0.18 �0.08 +0.10 �0.02 �0.07 +0.33 �0.19 +0.22 �0.08 <0.01 +0.08
lj �0.04 +0.09 +0.01 +0.09 +0.18 +0.03 �0.10 +0.03 +0.03 +0.05 +0.71 �0.06 �0.06 +0.01 +0.06
aj �0.03 +0.08 +0.05 +0.04 +0.17 +0.15 �0.13 �0.13 +0.13 +0.12 �0.12 +0.67 �0.05 +0.01 +0.04
Other +0.02 +0.05 +0.03 +0.02 +0.12 +0.04 �0.18 �0.04 +0.10 +0.14 �0.12 �0.18 +0.46 +0.05 +0.49

Table A.6: Correlation matrix for the simultaneous combination of the dilepton (“dil”), lep-
ton+jets (“lj”), all-jets (“aj”), and other (“Other”) channels.

dil lj aj Other
dil 1.00 0.29 0.24 <0.01
lj 0.29 1.00 0.59 0.31
aj 0.24 0.59 1.00 0.34

Other <0.01 0.31 0.34 1.00
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defined as (mi � mc)/
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ment and mc (sc) is the central value (uncertainty) of the LHC combination. The weights are
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Figure A.1: The simultaneous extraction of the mt measured by ATLAS (mATLAS
t ) and CMS

(mCMS
t ) from a BLUE combination of the 15 input measurements is shown by the star. The solid

ellipses show the regions allowed at 68 and 95% confidence level (CL) by the combination
and are in good agreement with the expectation mATLAS

t = mCMS
t (shown by the black dashed

line). The observed correlation between mATLAS
t and mCMS

t is 0.15. The blue and red lines
and bands show the central values and 68% CL intervals for the individual ATLAS and CMS
combinations, which use the 6 ATLAS and 9 CMS measurements, respectively. In addition,
the central value of the LHC combination, mLHC

t , which assumes mLHC
t = mATLAS

t = mCMS
t , is

shown by the circular marker. The projection of the corresponding diagonal error bar on either
axis represents the total uncertainty mLHC

t .

Table A.1: BLUE weights of the simultaneous ATLAS and CMS combination for each input
measurement. The input measurements are the ATLAS and CMS 7 and 8 TeV mt measure-
ments in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS 8 TeV
mt measurements in the single top (“t”), secondary vertex (“vtx”), and J/y analysis (“J/y”).
The sum of the ATLAS weights in the CMS combined value is zero, and vice versa. The indi-
vidual weights, however, are different from zero due to the correlation between the different
experiments. The weights are rounded to two decimal places; when the full precision is used,
the weights for each of mATLAS

t and mCMS
t sum to one.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
mATLAS

t <0.01 +0.16 +0.04 +0.33 +0.36 +0.11 �0.05 �0.07 +0.03 +0.03 �0.11 +0.14 �0.03 +0.01 +0.05
mCMS

t �0.04 +0.01 �0.03 +0.04 +0.04 �0.02 �0.10 +0.02 +0.04 +0.18 +0.67 +0.10 �0.04 +0.01 +0.11

Full combination

2D combination

Per-channel  
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correlations
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t = ∑
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wi mi
t + ∑
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λj mj
t

with ∑
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wi = 1 and ∑
j

λj = 0
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Table A.2: Results and systematic uncertainties of the ATLAS mt measurements, shown sep-
arately for the 7 and 8 TeV results in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”)
channels, and for their combination (“comb.”). All values are given in GeV.

ATLAS
2011 (7 TeV) 2012 (8 TeV)

comb.
dil lj aj dil lj aj

mt 173.79 172.33 175.06 172.99 172.08 173.72 172.71

JES 1 0.54 0.33 0.38 0.35 0.28 0.40 0.18
JES 2 0.30 0.30 0.20 0.41 0.39 0.42 0.11
JES 3 0.43 0.07 0.24 0.08 0.05 0.12 0.07
b-JES 0.68 0.06 0.62 0.30 0.03 0.34 0.17
g-JES 0.03 0.28 0.10 0.02 0.21 0.05 0.02
l-JES 0.02 0.24 0.02 0.01 0.10 0.06 0.01
JER 0.19 0.22 0.01 0.09 0.20 0.10 0.09
Leptons 0.13 0.04 — 0.14 0.16 0.01 0.08
b tagging 0.07 0.50 0.16 0.04 0.38 0.10 0.16
pmiss

T 0.04 0.15 0.02 0.01 0.05 0.01 0.04
Pileup 0.01 0.02 0.02 0.05 0.15 0.01 0.07
Trigger 0.01 — 0.01 — 0.01 0.08 0.01

ME generator 0.26 0.22 0.30 0.09 0.16 0.18 0.13
QCD radiation 0.47 0.32 0.22 0.23 0.08 0.10 0.07
Hadronization 0.53 0.18 0.50 0.22 0.15 0.64 0.01
Color reconnection 0.14 0.11 0.22 0.03 0.19 0.12 0.08
Underlying event 0.05 0.15 0.08 0.10 0.08 0.12 0.03
PDF 0.10 0.25 0.09 0.05 0.09 0.09 0.06

Background (data) 0.04 0.11 0.35 0.07 0.05 0.17 0.04
Background (MC) 0.01 0.29 — 0.03 0.13 — 0.07

Method 0.09 0.11 0.42 0.05 0.13 0.11 0.06
Other 0.07 0.12 0.24 0.02 0.10 0.03 0.06

Total systematic 1.31 1.04 1.21 0.74 0.82 1.02 0.41
Statistical 0.54 0.75 1.35 0.41 0.39 0.55 0.25

Total 1.42 1.28 1.82 0.84 0.91 1.15 0.48

20

Table A.3: Results and systematic uncertainties of the CMS mt measurements, shown separately
for the 7 and 8 TeV results in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels,
for the 8 TeV results in the single top (“t”), secondary vertex (“vtx”), and J/y analysis (“J/y”),
and for their combination (“comb.”). All values are given in GeV.

CMS
2011 (7 TeV) 2012 (8 TeV)

comb.
dil lj aj dil lj aj t J/y vtx

mt 172.50 173.49 173.49 172.22 172.35 172.32 172.95 173.50 173.68 172.52

JES 1 0.77 0.24 0.69 0.31 0.10 0.16 0.40 <0.01 0.11 0.06
JES 2 0.54 0.02 0.35 0.17 0.12 0.19 0.21 <0.01 0.13 0.10
JES 3 0.06 0.01 0.08 0.03 0.01 0.02 0.05 <0.01 0.01 0.01
b-JES 0.70 0.61 0.49 0.37 0.32 0.29 0.38 — — 0.25
g-JES — — — 0.07 0.08 0.02 — — — 0.04
l-JES — — — 0.04 0.06 0.01 0.07 — — 0.05
CMS JES 1 0.58 0.11 0.58 — — — — — — 0.04
JER 0.14 0.23 0.15 — 0.03 0.02 0.05 <0.01 0.05 0.02
Leptons 0.14 0.02 — 0.25 0.01 — 0.05 0.10 0.24 0.07
b tagging 0.09 0.12 0.06 0.01 0.06 0.02 0.10 — 0.02 0.03
pmiss

T 0.12 0.06 — 0.01 0.04 — 0.15 — — 0.01
Pileup 0.11 0.07 0.06 0.05 0.06 0.06 0.14 0.07 0.05 0.03
Trigger — — 0.24 — — 0.01 — 0.02 — 0.01

ME generator 0.04 0.02 0.19 0.07 0.12 0.16 — 0.37 0.42 0.14
QCD radiation 0.58 0.30 0.33 0.24 0.09 0.18 0.35 0.74 0.20 0.10
Hadronization — — — 0.38 0.01 0.04 — 0.30 0.54 0.01
CMS b hadron B — — — 0.12 0.16 0.13 0.15 — 0.16 0.12
Color reconnection 0.13 0.54 0.15 0.13 0.01 0.16 0.05 0.12 0.08 0.03
Underlying event 0.05 0.15 0.20 0.11 0.08 0.14 0.20 0.13 — 0.05
PDF 0.09 0.07 0.06 0.17 0.04 0.03 0.11 0.11 0.04 <0.01
CMS top quark pT — — — 0.51 0.02 0.06 — — — 0.07

Background (data) — — 0.13 — — 0.20 — — 0.44 0.06
Background (MC) 0.05 0.13 — — 0.03 — 0.17 0.01 — 0.01

Method 0.40 0.06 0.13 — 0.04 0.06 0.39 0.22 0.62 0.09
Other — — — 0.03 — — 0.25 0.09 0.09 0.01

Total systematic 1.52 0.97 1.23 0.94 0.45 0.57 0.93 0.94 1.11 0.39
Statistical 0.43 0.43 0.69 0.18 0.16 0.25 0.77 3.00 0.20 0.14

Total 1.58 1.06 1.41 0.95 0.48 0.62 1.20 3.14 1.12 0.42
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ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
dil 1.00 1.00 1.00 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
lj 1.00 1.00 1.00 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
aj 1.00 1.00 1.00 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85

dil 1.00 1.00 1.00 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
lj 1.00 1.00 1.00 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
aj 1.00 1.00 1.00 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85

dil 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
lj 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
aj 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

dil 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
lj 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
aj 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
t 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

J/y 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
vtx 0.85 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

All correlation matrices can be 
found on the public webpage 
and will soon be available in 
the HepData record

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-001/index.html
https://www.hepdata.net/record/143309
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ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
dil 1.00 1.00 �1.00 1.00 1.00 1.00 �0.50 �0.50 �0.50 0.50 �0.50 �0.50 0.50 �0.50 �0.50
lj 1.00 1.00 �1.00 1.00 1.00 1.00 �0.50 �0.50 �0.50 0.50 �0.50 �0.50 0.50 �0.50 �0.50
aj �1.00 �1.00 1.00 �1.00 �1.00 �1.00 0.50 0.50 0.50 �0.50 0.50 0.50 �0.50 0.50 0.50

dil 1.00 1.00 �1.00 1.00 1.00 1.00 �0.50 �0.50 �0.50 0.50 �0.50 �0.50 0.50 �0.50 �0.50
lj 1.00 1.00 �1.00 1.00 1.00 1.00 �0.50 �0.50 �0.50 0.50 �0.50 �0.50 0.50 �0.50 �0.50
aj 1.00 1.00 �1.00 1.00 1.00 1.00 �0.50 �0.50 �0.50 0.50 �0.50 �0.50 0.50 �0.50 �0.50

dil �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00
lj �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00
aj �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00

dil 0.50 0.50 �0.50 0.50 0.50 0.50 �1.00 �1.00 �1.00 1.00 �1.00 �1.00 1.00 �1.00 �1.00
lj �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00
aj �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00
t 0.50 0.50 �0.50 0.50 0.50 0.50 �1.00 �1.00 �1.00 1.00 �1.00 �1.00 1.00 �1.00 �1.00

J/y �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00
vtx �0.50 �0.50 0.50 �0.50 �0.50 �0.50 1.00 1.00 1.00 �1.00 1.00 1.00 �1.00 1.00 1.00

Example correlation matrix: ME scale
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All correlation matrices can be 
found on the public webpage 
and will soon be available in 
the HepData record

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-001/index.html
https://www.hepdata.net/record/143309

