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Changes to the ATLAS correlations

Two changes in the correlation model for the ATLAS
combination are made compared to Ref. [1]. The b tag-
ging algorithm and calibration is different for the 8 TeV
all-jets analysis compared to the lepton+jets and dilep-
ton measurements. This prevents a precise correlation
assessment for this source. Reference [1] assumed a cor-
relation of +1 for this source between the all-jets and
lepton+jets/dilepton measurements, and this is modified
to 0 for this combination to reflect the use of a differ-
ent algorithm. The pileup uncertainties were assumed
to be uncorrelated between all the analyses in Ref. [1].
For this combination, the pileup uncertainty correlation
is assumed to be +1 between each analysis at the same
energy, reflecting the fact each analysis shares common
modeling of the pileup. Zero correlation is assumed be-
tween the 7 and 8 TeV data sets, reflecting the significant
difference in the pileup conditions. These two changes
move the ATLAS combined m, measurement by 20 MeV
and have no impact on the uncertainty at the quoted
precision.

Further details on the CMS correlations

Several changes in the correlation model for the CMS
combination are made compared to Ref. [2]. To be consis-
tent with the correlation model used in the ATLAS com-
bination, the signs of systematic effects are accounted for,
leading to negative signs for some of the correlations be-
tween analyses. In the previous CMS combination [2] all
correlation signs were assumed to be positive. Another
change compared to Ref. [2] is that the jet flavor un-
certainties are assumed to be uncorrelated to match the
ATLAS treatment, while in the original published analy-
ses they were treated as fully correlated. In the updated
CMS combination, the effect of this change on the central
mass value (uncertainty) is 1 (10) MeV. The tables in the
HEPData record [3] show the detailed correlations used
in the combination. Sources of uncertainty of a statis-
tical nature or that are unique to a specific analysis are
considered uncorrelated between measurements. These
include Background (data), Trigger, Method, and Other.
JES 1 is assumed uncorrelated between 7 and 8 TeV and
correlated otherwise, as it is of statistical nature but is
common to measurements at the same center-of-mass en-
ergy. Similarly, Pileup is uncorrelated between 7 and
8 TeV. All other sources of uncertainty are considered
fully correlated between all measurements.

Uncertainties in the Other category

The following uncertainty sources are included in the
Other category:

e The uncertainties in single top quark modeling that
impact the CMS single top quark measurement.

e The uncertainty in the modeling of the J/i) meson
candidate mass distribution that affects the CMS
J/{) measurement.

e The uncertainty in b hadron composition that im-
pacts the CMS secondary vertex measurement.

e Lepton reconstruction and identification uncertain-
ties for the CMS 8 TeV dilepton measurement. The
other CMS lepton-+jets and dilepton measurements
assume that these uncertainties are negligible.

e The uncertainties in the efficiency of jet reconstruc-
tion and the selections used to reject jets from
pileup that affect ATLAS measurements.

e The uncertainty originating from using fast simula-
tion [4] in the ATLAS 7TeV all-jets measurement.
All other measurements use full simulation.

Cross-check on modeling of the recoil in the top
quark decay

The PS simulation used in PYTHIA has an ambigu-
ity in the choice of recoil particle in the case of addi-
tional gluon radiation in the top quark decay [5]. As the
shower includes matrix element corrections, this ambigu-
ity does not affect the first gluon emission, but only the
subsequent emissions. The effect described in Ref. [5]
is expected to mostly change the fraction of out-of-cone
radiation of b quark jets. In the PYTHIAG simulations
used in the measurements that enter the combination,
only one recoil scheme is available. The PYTHIA8 gener-
ator [6] offers the possibility to change the recoil scheme.
Studies using generator-level PYTHIA8 samples (gener-
ated at /s = 13TeV) show that changes in the recon-
structed m,; seen when changing the recoil scheme from
RecoilToColoured=0n to recoil-to-top [7] correspond to
a change in the b jet energy that is around 70% of the
b-JES uncertainty. As a further cross-check, the combi-
nation was repeated by adding an additional uncertainty
to each analysis equal to 70% of the b-JES uncertainty.
The central value and uncertainty of the combination
are observed to increase by 35 and 20 MeV respectively.
These values are small compared to the total uncertainty,
indicating that the result is robust against potential ad-
ditional modeling uncertainties such as this.

Simultaneous ATLAS and CMS top quark mass
combination

The compatibility of the ATLAS and CMS results is
evaluated by performing a combination using all 15 input



. . ATLAS
measurements with one m, per experiment (m; and

mS™®). This combination yields miT4S = 172.72 +

0.25 (stat) & 0.39 (syst) GeV and m{™ = 172.37 +
0.14 (stat) + 0.38 (syst) GeV, with excellent agreement
seen between the two experiments. The larger statisti-
cal uncertainty in the ATLAS combination reflects the
larger statistical uncertainties in the ATLAS analyses
compared to the CMS analyses in the same channels,
which in turn reflect the different analysis methods and
choices. For example, the ATLAS lepton+jets measure-
ments [1, 8, 9] fit a relative b-to-light JES factor, effec-
tively trading smaller systematic uncertainty for larger
statistical uncertainty. This result of the simultaneous
combination is displayed in Fig. 1, which compares the
results of this simultaneous combination with the ex-
pectation m%HC = mtATLAS = m?MS, the result of the
default LHC combination using all 15 input measure-
ments with a single extracted m, (filled circle), and the
results of the individual experiment combinations (red
and blue lines), where meLAS and m?MS are extracted
from separate combinations to the 6 ATLAS and 9 CMS
measurements, respectively. In the simultaneous com-
bination of all 15 measurements, all measurements con-

tribute to the two parameters m?TLAS nd m?MS, ie.,

miTEAS — > wimy + 325 Aymy, where m; are the AT-
LAS measurements and m; are the CMS measurements.
The weights, shown in Table I, satisfy ) . w; = 1 and
> j Aj = 0, and the equivalent condition applies to the

weights for thMS. The X2 of this simultaneous combi-

nation is 7.2 (13 degrees of freedom), demonstrating no
significant improvement in X2 over the single parameter
combination (7.5 for 14 degrees of freedom). This reflects
the excellent agreement between the ATLAS and CMS
measurements of m,.

Numerical details of the combination

Tables IT and III show the ATLAS and CMS measure-
ments together with the breakdown of their respective
uncertainties, while Table IV shows the pull and weight
of each input measurement in the LHC combination, as
obtained with the BLUE method. The BLUE method
can result in negative weights, as seen in Table IV. This
typically happens for measurements with a larger uncer-

tainty than and high correlation to a more precise mea-
surement [10]. Figure 2 shows the correlation between
each pair of measurements used in the LHC combination.
A simultaneous combination with one m, parameter
per each decay channel is performed to check the con-
sistency of the result (Fig. 1 in the main document).
Table V shows the weights for this simultaneous com-
bination. The “Other” channel includes the CMS single
top, secondary vertex, and J/i analyses. The combined
measurement for channel £ is mf =, w;m; +Zj Ajmy,
where the sum over ¢ includes all measurements of chan-
nel k£ and the sum over j includes all other measurements.
The weights satisfy >, w; = 1 and > ;\; = 0. The
correlations between the measurements result in nonzero
values of the individual A;. The X2 of this simultaneous
combination is 5.4 (11 degrees of freedom), correspond-
ing to a p-value of 91%. The correlations between the m,
values extracted per channel are shown in Table VI.
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FIG. 1. The simultaneous extraction of the m, measured by ATLAS (m:"“*%) and CMS (m{™®) 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 ?MS (shown by the black dashed line). The

observed correlation between mA LAS and m % i50.15. The dashed blue and red lines and hashed bands show the central values
and 68% CL intervals for the 1nd1v1dual ATLAS and CMS combmatlonsé which use the 6 ATLAS and 9 CMS measurements,
respectively. In addition, the central value of the LHC combination, m; LH , which assumes m% HO — mATLAS = m?MS, is shown

byLIt{%e circular marker. The projection of the corresponding dlagonal error bar on either axis represents the total uncertainty
t

TABLE 1. BLUE weights of the simultaneous ATLAS and CMS combination for each input measurement. The input measure-
ments are the ATLAS and CMS 7 and 8 TeV m, measurements in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”)
channels, and the CMS 8 TeV m; measurements in the single top (“t”), secondary vertex (“vtx”), and J/i analysis (“J/”).
The sum of the ATLAS weights in the CMS combined value is zero, and vice versa. The individual 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 nd m?MS sum to one.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)
dil 1j aj dil aj dil 1j aj dil aj t Jh vtx
<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
—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

ATLAS

t

CcMS
my




TABLE II. Results and systematic uncertainties of the ATLAS m,; measurements, shown separately 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 (7TeV) 2012 (8 TeV) . comb.
dil 1j aj dil Ij aj

my 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
I-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 e 0.14 0.16 0.01 0.08
b tagging 0.07 0.50 0.16 0.04 0.38 0.10 0.16
p?iss 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 e 0.01 e 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 e 0.03 0.13 e 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




TABLE III. Results and systematic uncertainties of the CMS m, 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 (“¢”), secondary
vertex (“vtx”), and J/¢ analysis (“J/i0”), and for their combination (“comb.”). All values are given in GeV.

CMS
2011 (7TeV) 2012 (8 TeV)
) comb.
dil 1j aj dil 1 aj t J/ vtx

my 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 e e 0.25
g-JES e e e 0.07 0.08 0.02 e e ‘e 0.04
I-JES e e e 0.04 0.06 0.01 0.07 e e 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 e 0.25 0.01 e 0.05 0.10 0.24 0.07
b tagging 0.09 0.12 0.06 0.01 0.06 0.02 0.10 e 0.02 0.03
priss 0.12 0.06 e 0.01 0.04 e 0.15 e e 0.01
Pileup 0.11 0.07 0.06 0.05 0.06 0.06 0.14 0.07 0.05 0.03
Trigger e e 0.24 e e 0.01 e 0.02 e 0.01
ME generator 0.04 0.02 0.19 0.07 0.12 0.16 e 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 e e e 0.38 0.01 0.04 e 0.30 0.54 0.01
CMS b hadron B e e e 0.12 0.16 0.13 0.15 e 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 e 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 pr e e e 0.51 0.02 0.06 e e e 0.07
Background (data) e e 0.13 e 0.20 e e 0.44 0.06
Background (MC) 0.05 0.13 0.03 0.17 0.01 ‘e 0.01
Method 0.40 0.06 0.13 e 0.04 0.06 0.39 0.22 0.62 0.09
Other e e e 0.03 e e 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

TABLE IV. Pulls and weights of each input measurement in the LHC combination. The input measurements are the ATLAS
and CMS 7 and 8 TeV m; measurements in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS
8 TeV m,; measurements in the single top (“¢’), secondary vertex (“vtx”), and J/ip analysis (“J/1”). The pull for measurement

¢ is defined as (m; — m.)/V o2 — o2, where m; (0;) is the central value (uncertainty) of the measurement and m, (c.) 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 aj dil lj aj dil aj t o JR vix
Pull 4093 —0.15 +1.43 +0.61 —051 +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




ATLAS+CMS Vs =7,8TeV
ATLAS dil 7 TeV 042 051 006 007 013 022 011 018 023 013 010 -006 -0.15 1
ATLAS |j 7 TeV 0.00 -007 -002 009 008 003 008 004 001 010 002 -0.04 0.8
ATLAS aj 7 TeV | 0.42 006 000 011 019 011 013 021 016 009 -0.01 -0.04
ATLAS dil 8 TeV | 051 0.00 031 0.09 016 008 012 016 010 0.07 -0.04 -0.10 0.6
ATLAS1j8 TeV | 0.06 -0.07 -0.06 0.02 -000 -0.00 -0.04 0.05 -003 003 -001 000 — 04
ATLAS aj 8 TeV | 007 -0.02 000 0.31 011 0.06 -0.01 0.14 0.08 007 001 0.0
CMS dil 7 TeV [ 013 009 011 009 0.02 057 031 046 036 026 008 0.13 —10-2
CMSIj7TeV | 022 008 019 016 -000 0.11 010 | 041 045 029 -003 0.3 —0
CMSaj7TeV | 011 003 011 008 -0.00 006 | 057 034 035 021 -003 007
CMS dil 8 Tev | 018 008 013 012 -004 -001 031 0.10 0.09 -0.04 -0.16 —70-2
CMSI1j8TeV | o023 004 021 016 005 014 | 046 041 034 023 0.48 006 015 —-04
CMSaj8TeV | 013 001 016 010 -003 008 036 045 035 007 0.05 0.22
CMSt8TeV | 010 010 009 007 003 007 026 029 021 009 | 048 047 -0.01 0.6
CMSJ/W8TeV |-006 002 -001 -0.04 -001 001 008 -003 -003 -0.04 006 005 -0.01 —0.8
CMSvtx 8 TeV | -015 -004 -004 -010 000 010 013 003 007 -016 015 022 008 0.12
ATeg dT.L/A éq,/TL?A §ltq R dT.LAsf‘ TLasMs 1S 1S oM oM M s , M SMS 1
7Tey Tel “Te/ 8 Te/|;9 Tel 8Te Ty Tev "ol 8 Tg) Teu @ Tey Tey ¥ & Te, % Tey

FIG. 2. Correlation matrix for the ATLAS and CMS 7 and 8 TeV m,; measurements in the dilepton (“dil”), lepton—+jets (“lj”),
and all-jets (“aj”) channels, and for the CMS 8 TeV m, measurements in the single top (“t”), secondary vertex (“vtx”), and

J/ib analysis (“J/7).

TABLE V. 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 m, measurements in the dilepton (“dil”), lepton+jets (“lj”), and all-jets
(“aj”) channels, and the CMS 8 TeV m, measurements in the single top (“¢”), secondary vertex (“vtx”), and J/i) analysis

(“J/"). The CMS alternative measurements are assigned to the “Other” channel.

ATLAS CMS
2011 (7TeV) 2012 (8 TeV) 2011 (7TeV) 2012 (8 TeV)
dil Ij aj dil Ij aj dil 1j aj dil Ij aj t J/ vtx
1 +0.02 +40.03 —-0.07 +0.55 +0.18 —-0.08 +40.10 —0.02 —-0.07 +0.33 —-0.19 +0.22 —-0.08 <0.01 +40.08
1j -0.04 +0.09 +0.01 +40.09 +0.18 40.03 —-0.10 +0.03 +0.03 +0.05 +0.71 —-0.06 —0.06 40.01 +0.06
aj —0.03 +0.08 +0.05 +0.04 +0.17 +0.15 —0.13 —-0.13 +40.13 +40.12 —0.12 40.67 —0.05 +40.01 +0.04
Other +0.02 +0.05 +0.03 +0.02 +40.12 40.04 -0.18 —-0.04 +0.10 +0.14 —-0.12 —0.18 +0.46 -+0.05 +0.49

TABLE VI Correlation matrix for the simultaneous combination of the dilepton (“dil”),
other (“Other”) channels.

lepton+jets (“j”), all-jets (“aj”), and

dil 1j aj Other

dil 1.00 0.29 0.24 <0.01
1j 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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