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Abstract

A combination of fifteen top quark mass measurements performed by the ATLAS
and CMS experiments at the LHC is presented. The data sets used correspond to an
integrated luminosity of up to 5 and 20 fb~! of proton-proton collisions at center-of-
mass energies of 7 and 8 TeV, respectively. The combination includes measurements
in top quark pair events that exploit both the semileptonic and hadronic decays of the
top quark, and a measurement using events enriched in single top quark production
via the electroweak ¢t-channel. The combination accounts for the correlations between
measurements and achieves an improvement in the total uncertainty of 31% relative
to the most precise input measurement. The result is m; = 172.52 £ 0.14 (stat) +
0.30 (syst) GeV, with a total uncertainty of 0.33 GeV.
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The mass of the top quark (m,) is a fundamental parameter of the standard model (SM). Its pre-
cise measurement provides a crucial input to fits that probe the consistency of the SM [1-5]. The
Tevatron experiments CDF and DO were the first to measure m, [6, 7], and produced a combined
result in 2016 [8]. During the 2011-2012 data-taking period of the CERN LHC, proton-proton
collisions at /s = 7 and 8 TeV produced large numbers of top quarks in pairs via strong inter-
actions or singly via electroweak processes. The two general-purpose experiments at the LHC,
ATLAS [9] and CMS [10], performed multiple measurements of m, using these data [11-24]. In
this Letter, a combined m; measurement from the ATLAS and CMS experiments is published

for the first time. The 15 input measurements utilize up to 5 (20) fb ! of integrated luminosity
per experiment at 7 (8) TeV. A detailed estimate of the correlations between the ATLAS and
CMS measurements is performed and the measurements are combined using the best linear
unbiased estimate (BLUE) method [25, 26]. Not included in this combination are recent mea-
surements of m, performed with a partial 13 TeV data set [24, 27-33], for which the correlations
have not yet been studied in detail. These measurements include new analysis techniques and
the most precise measurement to date, made by CMS, with an uncertainty of 0.37 GeV [33].

The final state of events containing top quarks is determined by the decay of the W bosons
produced in the top quark decays. In the top quark pair (tt) production mode, ATLAS and CMS
have made measurements in the dilepton (tt — ¢Tvb{ 7b), lepton+iets (tt — {Fvbqq’b), and
all-jets (tt — q@’bqq’b) channels. In addition, CMS has performed a measurement using single
top quark (t — £Tvb,t — £~ vb) events.

In the dilepton channel, ATLAS uses the average invariant mass of the two lepton and b-tagged
jet pairs as the observable sensitive to m, [15, 18], where a b-tagged jet is any reconstructed jet
identified as being likely to originate from a b quark. At /s = 7TeV, CMS uses a kinematic
reconstruction with the analytical matrix weighting technique [12] and at /s = 8 TeV CMS
performs a fit to two dedicated observables [22] to simultaneously extract m, and the global
jet energy scale (JES). In the lepton+jets channel [11, 15, 16, 23], both experiments perform a
kinematic fit on an event-by-event basis to reconstruct the top quark mass and the invariant
mass of the hadronically decaying W boson. The latter is used to constrain the global JES. In
addition, ATLAS fits a scale factor for the relative JES between jets originating from b quarks (b
quark jets) and light quark / gluon jets [15, 23]. For the all-jets channel, ATLAS uses the ratio
of the reconstructed top quark mass to the reconstructed W boson mass [14, 20] to extract m,,
while CMS fits the reconstructed top quark mass [13] directly, and at 8 TeV exploits the larger
data sample to constrain the global JES using the reconstructed W boson mass [16].

The CMS single top quark analysis fits the invariant mass of the lepton, neutrino, and b-tagged
jet [21] to extract m;. Two additional CMS measurements [17, 19] use observables built only
from leptons and charged-particle tracks, resulting in m; measurements with low sensitivity to
the JES uncertainties. The J/i analysis uses the invariant mass of the lepton and the two muons
from the J/ip meson decay [19]. The secondary vertex analysis uses the invariant mass of the
lepton and the charged particles from a displaced secondary vertex [17]. Both measurements
use tt events from the dilepton and lepton+jets decay modes.

All m; measurements are calibrated using Monte Carlo (MC) simulation. Matrix element (ME)
calculations are performed at fixed order in quantum chromodynamics (QCD) and interfaced
to a parton shower (PS) algorithm that provides resummation of soft and collinear QCD radia-
tion and a hadronization model that simulates the nonperturbative formation of hadrons. The
POWHEG [34-36] generator at next-to-leading-order (NLO) in the strong coupling constant is
interfaced with PYTHIA6 [37] to simulate tt production in the ATLAS measurements. The CMS
measurements use the MADGRAPHS [38] generator, which includes leading-order (LO) terms



for tt production with up to three additional partons, also interfaced with PYTHIA6. The top
quark mass is a renormalization-scheme-dependent parameter in perturbative quantum field
theory. The precise identification of the m, parameter in MC simulations within a field-theoretic
mass scheme is the subject of theoretical studies [39—42].

The BLUE method defines the estimator m, = Y ;w'm! for the input measurements mi. The
weights w' are determined by minimizing the uncertainty in 7, where the covariance between
each pair of measurements is the crucial input. The individual analyses i are defined to be or-
thogonal, such that each measurement is statistically uncorrelated with every other measure-
ment. The exception is the CMS secondary vertex analysis [17], which overlaps statistically
with the dilepton and lepton+jets measurements [16, 22]. Given the different nature of the ob-
servable in the secondary vertex analysis, the analyses are assumed to be uncorrelated. Taking
the maximal statistical correlation allowed by the overlap produces no significant impact on
the combination.

The measurements are affected by similar systematic uncertainties, and the assessment of their
correlation is central to the combination. As the treatment of systematic uncertainties differs be-
tween ATLAS and CMS, for each measurement they are mapped onto 25 categories that group
together similar sources of uncertainties. Uncertainty categories can influence m, in opposite
directions for different measurements, as seen in the ATLAS combinations [15, 23], and this
effect is included via negative correlations. The correlations between pairs of measurements
from a single experiment for each category are evaluated by summing the covariance matri-
ces of all the input uncertainty sources, mainly using the correlation assumptions discussed in
Refs. [16, 23]. Differences relative to Refs. [16, 23] are discussed in Appendix A. Each input
uncertainty source is included irrespective of whether it is statistically significant.

The correlation strength p between ATLAS and CMS for each uncertainty category is assessed
based on the similarities of the underlying models and methods, and of the estimates used.
Three different cases are identified, with corresponding assumed correlation strengths: p =
0.85 (strongly correlated), p = 0.5 (partially correlated), and p = 0 (uncorrelated). No category
was identified to have p = 1, which reflects the many differences between the two experiments.
The correlation coefficient between an ATLAS and CMS measurement for each category is the
product of the respective correlation strength and the signs of the impacts of that category on
each measurement. In this way, for a given pair of measurements, categories that impact m, in
the same (opposite) direction have a positive (negative) correlation. For categories composed
of multiple uncertainty sources (e.g., b tagging in ATLAS), the sign of the combined impact is
not determined. In this case, the sign of the combined impact is assumed to be positive and
it was checked that taking the alternative assumption of a negative sign does not significantly
impact the result, with the largest change in the central value (uncertainty) being 41 (7) MeV.
In calculating the final covariance matrix, it is assumed that each category is uncorrelated to
the others.

Table 1 displays the correlation strengths between ATLAS and CMS for each systematic un-
certainty category, and Appendix A provides tables with the uncertainties for all 15 measure-
ments. The corresponding correlation coefficients are available in HEPData [44, 45]. The subse-
quent paragraphs outline the categorization of systematic uncertainties and their correspond-
ing correlation assessments.

The JES uncertainty is important in many m, measurements. Six categories are used to de-
scribe the uncertainties associated with the calibration of the JES that are in common between
the experiments [46—49]. The category JES 1 includes contributions from the limited size of the
data samples used to derive the JES corrections and contributions due to pileup and its time-



Table 1: Correlation strengths p 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 p scanned for stability checks. The changes in the
combination’s central value m; and uncertainty ¢, corresponding to each correlation variation

are shown in the last two columns.

Am /2 Ac,, /2

Uncertainty category [y Scan range MeV]  [MeV]
JES 1 0 — — —
JES 2 0 [-025+025] 8 7
JES 3 05 [+025,4075 1 <1
b-JES 085  [+0.5,+1] 26 5
g-JES 085  [+0.5,+1] 2 <1
1-JES 0 [-025+025] 1 <1
CMS JES 1 — — — —
JER 0 [-0254025 5 1
Leptons 0 [-0.25,+40.25] 2 2
b tagging 0.5 [+0.25,+0.75] 1 1
piiss 0 [-025+4025 <1 <1
Pileup 085  [4+0.5,+1] 2 <1
Trigger 0 [-0.25,40.25] <1 <1
ME generator 05 [+025,+0.75] <1 4
QCD radiation 0.5 [+0.25,4+0.75] 7 1
Hadronization 0.5 [+0.25,4+0.75] 1 <1
CMS b hadron B — — — —
Color reconnection 0.5 [+0.25,+0.75] 3 1
Underlying event 05 [+0.25,+0.75] 1 <1
PDF 085  [+0.5,+1] 1 <1
CMS top quark pr — — — —
Background (data) 0 [-0.25,+0.25] 8 2
Background (MC) 085  [4+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 1y / Z+jets events that are not included in JES 1. There are significant differences between
the ATLAS and CMS approaches [46, 47], 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 # in-
tercalibration [48, 49]. 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-



ments, JES 3 is treated as partially correlated.

The remaining JES categories correspond to the flavor-dependent calibration uncertainties. The
category b-JES corresponds to the jet energy response uncertainty for b quark jets. The cate-
gory g-JES corresponds to the uncertainty in the jet response of gluon jets for CMS and the
uncertainty in the difference of the jet response of gluons to light-quark (u, d, s, c) jets for AT-
LAS. In both cases, MC comparisons determine the flavor-dependent effects, hence a strong
correlation is used for the b-JES and g-JES components. The category 1-JES includes the com-
bined CMS uncertainty in the jet response of light-quark jets and the ATLAS uncertainty for
the flavor composition of jets in tt events. As these uncertainty sources are different, the 1-JES
component is treated as uncorrelated. One additional flavor uncertainty category CMS JES 1 is
included for the CMS 7 TeV measurements, corresponding to the full envelope of the response
dependencies for gluons and all quark flavors.

The jet energy resolution (JER) uncertainty affects all measurements, and one category is used
for the corresponding uncertainties. ATLAS and CMS both measure the JER using data [48, 49],
hence this category is treated as uncorrelated.

The energy scale, efficiency, and resolution of leptons affect the m; measurements, and one
category is used for the corresponding uncertainties. ATLAS and CMS both calibrate the lep-
ton energy scales, resolutions, and efficiencies using resonances that decay into dilepton pairs.
Since the calibration samples are independent between the two experiments, and detector tech-
nologies and reconstruction algorithms are different, this category is treated as uncorrelated.

The selection criteria for many top quark measurements make use of b tagging. The uncertainty
in the efficiency and rejection rate of these algorithms can impact the m; measurements, and
one category is used for the corresponding uncertainties. Both collaborations use dijet events
to calibrate the b-tagging efficiency, employing equivalent methods [50, 51] that depend on
similar simulation setups. As the ATLAS b jet calibration (unlike the CMS one) also uses tt
events [50], this category is assessed as partially, rather than strongly, correlated.

The missing transverse momentum (pFis%) is estimated in the two experiments with different
algorithms. Thus, the uncertainty in the pT'* scale originating from energy deposits not in-
cluded in the reconstruction of jets or leptons is treated as uncorrelated.

The high instantaneous luminosity of the LHC results in multiple interactions in each bunch
crossing (pileup). As the modeling of pileup relies on simulation, the correlation between AT-
LAS and CMS is assessed to be strong. While for other categories, the correlation strength is
independent of the data set, the pileup category has zero correlation between analyses per-
formed at 7 and 8 TeV due to the different pileup conditions in the two data sets.

The uncertainty in the efficiency of the triggers used to select events typically have a small
impact on the measurements. As the triggers are calibrated in independent data sets, the un-
certainty is treated as uncorrelated between ATLAS and CMS.

The m, measurements rely on MC simulation of tt events to relate the reconstructed observ-
ables to m;. The corresponding modeling uncertainties are encompassed in seven uncertainty
categories. The category ME generator includes uncertainties originating from the choice of
the ME generator. ATLAS assesses this uncertainty by comparing the results obtained using
an MC@NLO [52, 53] sample with the POWHEG sample. CMS assesses this uncertainty by com-
paring the results obtained using a POWHEG sample with the MADGRAPH sample. As the
experiments employ different nominal MC models, the category is treated as partially cor-
related. The category QCD radiation includes uncertainty sources for the modeling of QCD



radiation in tt events. For the ATLAS measurements, samples with parameter variations of the
initial- and final-state radiation in PYTHIA, and the hg,,,, parameter in POWHEG (which con-
trols ME/PS matching and effectively regulates high-py QCD radiation) are used to evaluate
these uncertainties. For the CMS measurements, samples with variations of the factorization,
renormalization, and matching scales are used. Similarly to the ME category, the QCD radia-
tion category is treated as partially correlated between the two experiments.

In the ATLAS analyses, the uncertainty originating from the hadronization model is evalu-
ated by using an alternative PS and hadronization generator (POWHEG+HERWIG6 [54]). CMS
addresses similar uncertainties by separately varying the b quark fragmentation function and
the semileptonic branching ratios (CMS b hadron B). As the ATLAS approach changes many
aspects of the simulation that are not changed in the two CMS uncertainty sources and the
PYTHIA settings in the two experiments are not the same, there is no clear mapping and corre-
lation for these sources. Nevertheless, some degree of correlation is expected, hence the ATLAS
hadronization uncertainty is grouped with the CMS uncertainty from the fragmentation model
in the category hadronization and this category is assumed to be partially correlated between
the experiments. The CMS b hadron B uncertainty source is treated as uncorrelated with the
ATLAS uncertainties. It was verified that the alternative treatment of correlating the ATLAS
hadronization uncertainty with the CMS b hadron B uncertainty had no significant impact on
the result.

The uncertainties associated with color reconnection and the underlying event tunes are in-
cluded in separate categories. The experiments use different PYTHIA settings for the nominal
simulation, and these uncertainty categories are taken to be partially correlated. The uncer-
tainty in the parton distribution functions (PDFs) is driven by the input data used in the PDF
extractions, and hence this category is taken as strongly correlated between ATLAS and CMS.
The CMS analyses account for an uncertainty in the modeling of the top quark pr distribution,
represented by a separate category, while for the ATLAS analyses, the alternative MC sam-
ple used to evaluate the hadronization uncertainty covers the disagreement between data and
simulation [55], and no additional uncertainty is evaluated.

The analyses typically have small contributions from background processes, and background
uncertainties have only a small impact on the measurements. Uncertainties in backgrounds
estimated from data control samples are included in the category Background (data), treated
as uncorrelated between the experiments. Both ATLAS and CMS rely on MC simulation for
several backgrounds. The uncertainties in these are included in the category Background (MC),
assumed to be strongly correlated.

Every analysis ensures that the m;, fit is unbiased. This is done using simulated samples gen-
erated with different m, values. The limited sample size introduces a systematic uncertainty
(Method) that is statistical and hence uncorrelated between measurements.

A few systematic uncertainties affect only a limited number of analyses (see Appendix A).
These uncertainty sources are in the category Other, which is uncorrelated between ATLAS
and CMS.

The measurements from each experiment are separately combined, with the ATLAS combi-
nation giving m, = 172.71 £ 0.25(stat) £ 0.41 (syst) GeV and the CMS combination giving
m, = 172.52 £ 0.14 (stat) £ 0.39 (syst) GeV. The ATLAS combination is very similar to, and
supersedes, the result in Ref. [23], with the slight difference originating from changes in the
correlation assumptions that are discussed in Appendix A. The CMS measurement is improved
compared to the previous combination [16] and supersedes that result. The improvement orig-



ATLAS+CMS Is=7.8Tev
............ ATLAS+CMS combined total
stat uncertai nt%/
y

total uncertain stat

m, * total (* stat + syst) [GeV]

ATLAS
dilepton 7 TeV ] 173.79+ 1.42 (+ 0.54 + 1.31)
lepton+jets 7 TeV = 172.33+ 1.28 (£ 0.75+ 1.04)
all-jets 7 TeV H—— 175.06 + 1.82 (+ 1.35+ 1.21)
dilepton 8 TeV = 172.99 + 0.84 (+ 0.41+ 0.74)
lepton+jets 8 TeV = 172.08+0.91 (+ 0.39+ 0.82)
all-jets 8 TeV ——a—— 173.72+1.15 & 0.55+ 1.02)
combined He=H 172.71+ 0.48 (+ 0.25+ 0.41)

CMS
dilepton 7 TeV —t 172.50+ 1.58 (+ 0.43+ 1.52)
lepton+jets 7 TeV F———— 173.49+ 1.06 (+ 0.43+ 0.97)
all-jets 7 TeV e ——— 173.49+ 1.41 (+ 0.69 + 1.23)
dilepton 8 TeV —teft— 172.22+0.95 (+ 0.18 £ 0.94)
lepton+jets 8 TeV HeH 172.35+ 0.48 (+ 0.16 + 0.45)
all-jets 8 TeV HeH 172.32+ 0.62 (+ 0.25+ 0.57)
single top 8 TeV s 172.95+ 1.20 (+ 0.77 + 0.93)
J/p 8 TeV k H 173.50 + 3.14 (+ 3.00 £ 0.94)
secondary vertex 8 TeV —tet— 173.68+ 1.12 (£ 0.20+ 1.11)
combined HeH 172.52+ 0.42 (+ 0.14 + 0.39)

ATLAS+CMS LHCtopWG
dilepton H~H 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets H=H 172.45+0.36 (+ 0.17 + 0.32)
all-jets H 172.60 + 0.45 (+ 0.26 + 0.36)
other P 173.53+ 0.77 (+ 0.43+ 0.64)
combined HH 172.52+ 0.33 (+ 0.14 + 0.30)
| | | | | | | | | | | | | | | | | | | | | |

165 170 175 180 185
m, [GeV]

Figure 1: Comparison of the individual m; measurements and the result of the m, 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, ]/, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/{ 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 [56] gives identical results.

The combination of all 15 input measurements gives
m, = 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 difference in statistical uncertainty between ATLAS and CMS reflects
different analysis choices, as explained in Appendix A.

The combination achieves an improvement in the total m; uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8TeV 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 x> = 7.5 and a corresponding



Table 2: Uncertainties on the m, values extracted in the LHC, ATLAS, and CMS combinations
arising from the same categories as listed in Table 1, sorted in order of decreasing value of the
combined LHC uncertainty.

Uncertainty impact [GeV]

Uncertainty category ;170 AT1AS  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
JES1 0.08 0.18 0.06
JES2 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 pr 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
1-JES 0.03 0.01 0.05
CMSJES1 0.03 — 0.04
Pileup 0.03 0.07 0.03
JES3 0.02 0.07 0.01
Hadronization 0.02 0.01 0.01
p%ﬂss 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
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 m, 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 cor-



relation assumption. Table 1 shows the variation in the total uncertainty and central value of
the combination under those changes. Both the central value and uncertainty are observed
to vary linearly under the variations and the changes are small (<30 MeV) compared to the
uncertainty in m,. The largest change in central value is seen for b-JES, which is the leading
correlated uncertainty source in the combination.

The consistency of the result and the measurements from the different decay channels have
been checked by performing the combination with a separate m; parameter for each tt decay
channel. The results are also shown in Fig. 1, and the m, values are found to be consistent.

The impact of the limited statistical precision of the estimates of the systematic uncertainties is
evaluated by performing pseudo-experiments where the systematic uncertainties of the mea-
surements are varied according to their uncertainties and the combination procedure is re-
peated. In this procedure, changes in the sign of the impacts of systematic uncertainties are
propagated to the signs of the corresponding correlations. The root-mean-square of the mea-
sured my (0;, ) is found to be 63 (19) MeV, demonstrating the stability of the combination.

The understanding of top quark production and decay has continued to evolve since the pub-
lication of the measurements used in this combination. Developments in the simulations in-
clude improved modeling of off-shell effects [57], reduced uncertainties in additional QCD
radiation [58, 59], new models of color reconnection [60, 61], MC simulations at next-to-NLO
precision in QCD [62], and investigations into the radiation patterns in the top quark decay [63].
Advancements in the modeling, which may either increase or decrease the mass uncertainty,
and improvements in analysis techniques [29, 33] are being incorporated into analyses per-
formed at /s = 13 TeV, but this is not possible for the analyses used in this combination. A
cross-check, detailed in Appendix A, was performed to verify that potential modeling uncer-
tainties in the recoil in the top quark decay [63] do not significantly affect the combination.

In summary, a combination of top quark mass measurements by the ATLAS and CMS experi-
ments at the CERN LHC in proton-proton collisions at /s = 7 and 8 TeV has been performed.
The combination yields m; = 172.52 £ 0.33 GeV, which is the most precise result to date.
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A Supplemental material
A.1 Changes to the ATLAS correlations

Two changes in the correlation model for the ATLAS combination are made compared to
Ref. [23]. The b tagging algorithm and calibration is different for the 8 TeV all-jets analysis
compared to the lepton+jets and dilepton measurements. This prevents a precise correlation
assessment for this source. Reference [23] assumed a correlation of +1 for this source between
the all-jets and lepton+jets/dilepton measurements, and this is modified to 0 for this combi-
nation to reflect the use of a different algorithm. The pileup uncertainties were assumed to be
uncorrelated between all the analyses in Ref. [23]. 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 between 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.

A.2 Further details on the CMS correlations

Several changes in the correlation model for the CMS combination are made compared to
Ref. [16]. To be consistent with the correlation model used in the ATLAS combination, 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 [16] all correlation signs were assumed to be
positive. Another change compared to Ref. [16] is that the jet flavor uncertainties are assumed
to be uncorrelated to match the ATLAS treatment, while in the original published analyses 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 [45] show
the detailed correlations used in the combination. Sources of uncertainty of a statistical 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 energy. Similarly, Pileup is uncorrelated between 7
and 8TeV. All other sources of uncertainty are considered fully correlated between all mea-
surements.

A.3 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/¢ meson candidate mass distribution that
affects the CMS ]/ measurement.

e The uncertainty in b hadron composition that impacts the CMS secondary vertex
measurement.

e Lepton reconstruction and identification uncertainties 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 reconstruction and the selections used to
reject jets from pileup that affect ATLAS measurements.
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e The uncertainty originating from using fast simulation [65] in the ATLAS 7 TeV all-
jets measurement. All other measurements use full simulation.

A.4 Cross-check on modeling of the recoil in the top quark decay

The PS simulation used in PYTHIA has an ambiguity in the choice of recoil particle in the case of
additional gluon radiation in the top quark decay [63]. As the shower includes matrix element
corrections, this ambiguity does not affect the first gluon emission, but only the subsequent
emissions. The effect described in Ref. [63] is expected to mostly change the fraction of out-
of-cone radiation of b quark jets. In the PYTHIA6 simulations used in the measurements that
enter the combination, only one recoil scheme is available. The PYTHIAS8 generator [66] offers
the possibility to change the recoil scheme. Studies using generator-level PYTHIA8 samples
(generated at /s = 13 TeV) show that changes in the reconstructed m; seen when changing
the recoil scheme from RecoilToColoured=0n to recoil-to-top [32] correspond to a change
in the b jet energy that is around 70% of the b-JES uncertainty. As a further cross-check, the
combination 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 uncer-
tainty, indicating that the result is robust against potential additional modeling uncertainties
such as this.

A.5 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 measurements with one m, per experiment (m{1-45 and mMS). This combi-

nation yields mATHAS = 172.72 4 0.25 (stat) 4 0.39 (syst) GeV and m™S = 172.37 & 0.14 (stat) &
0.38 (syst) GeV, with excellent agreement seen between the two experiments. The larger sta-
tistical 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 [11, 15, 23] fit a relative b-to-light JES factor, effectively trading smaller systematic uncer-
tainty for larger statistical uncertainty. This result of the simultaneous combination is displayed
in Fig. A.1, which compares the results of this simultaneous combination with the expectation
miHC = mATLAS — 5 EMS the result of the default LHC combination using all 15 input mea-

surements with a single extracted m;, (filled circle), and the results of the individual experiment

combinations (red and blue lines), where m{*T4S and m&MS are extracted from separate com-

binations to the 6 ATLAS and 9 CMS measurements, respectively. In the simultaneous combi-

nation of all 15 measurements, all measurements contribute to the two parameters m{*'"AS and
mMS e, mpTEAS = Yo w,m; + Y_; Ajmj, where m; are the ATLAS measurements and m; are the
CMS measurements. The weights, shown in Table A.1, satisfy ) ; w; = 1 and Zj )‘j = 0, and the
equivalent condition applies to the weights for mE™S. The x? of this simultaneous combination
is 7.2 (13 degrees of freedom), demonstrating no significant improvement in x? 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,.

A.6 Numerical details of the combination

Tables A.2 and A.3 show the ATLAS and CMS measurements together with the breakdown of
their respective uncertainties, while Table A.4 shows the pull and weight of each input mea-
surement in the LHC combination, as obtained with the BLUE method. The BLUE method can
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Figure A.1: The simultaneous extraction of the m, measured by ATLAS (mAT-A5) and CMS

(mEMS) 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 m*THAS = mEMS (shown by the black dashed line).

The observed correlation between m{TAS and m&MS is 0.15. The dashed blue and red lines and
hashed 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, m-¢, which assumes mHHC = m{TEAS = 5 EMS g
shown by the circular marker. The projection of the correspondmg diagonal error bar on either
axis represents the total uncertainty m-H¢.

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 m; measure-
ments 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 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 m{4S and m™S sum to one.
ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)
dil )i} aj dil ]j aj dil ]j aj dil ]j aj t J/p vitx
mpTAS <001 +0.16 +0.04 +0.33 4036 +0.11 —0.05 —0.07 +0.03 +0.03 —0.11 +0.14 —0.03 +40.01 +0.05

mEMS —-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



A.6  Numerical details of the combination 19

result in negative weights, as seen in Table A 4. This typically happens for measurements with
a larger uncertainty than and high correlation to a more precise measurement [67]. Figure A.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 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 mf =
Y wim; + Y ; Ajm;, where the sum over i includes all measurements of channel k and the sum
over j includes all other measurements. The weights satisfy } ;w; = 1 and };;A; = 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), corresponding to a p-value of
91%. The correlations between the m; values extracted per channel are shown in Table A.6.

ATLAS+CMS (s =7,8TeV
ATLAS dil 7 TeV 042 051 006 007 013 022 011 018 023 013 010 -0.06 -0.15 1
ATLAS|j 7 TeV | -0.07 0.00 -0.07 -0.02 009 008 003 008 004 001 010 002 -0.04 0.8
ATLAS aj 7 TeV [ 042 -0.01 -0.06 000 011 019 011 013 021 016 0.09 -001 -0.04
ATLAS dil 8 TeV | 051 | 000 0.29 031 009 016 008 012 016 010 007 -0.04 -0.10 0.6
ATLASIj8TeV | 006 -007 -0.06 -0.18 0.02 -000 -000 -0.04 005 -0.03 003 -001 0.00 —0.4
ATLAS aj8TeV | 007 -002 000 031 011 006 -001 014 008 007 001 0.10
CMSdil 7TeV | 013 009 011 009 002 057 031 046 036 026 008 013 —0-2
CMSIj7TeV | 022 008 019 016 -0.00 011 031 010 | 041 045 029 -0.03 0.03 —0
CMSaj7TeV | 011 003 011 008 -0.00 0.06 | 057 034 035 021 -003 007
CMS dil 8 TeV | 018 008 013 012 -004 -001 031 010 0.12 009 -0.04 -0.16 gy 02
CMS1j8TeV | 023 004 021 016 005 014 046 041 034 0.23 048 006 015 — 0.4
CMSaj8TeV | 013 001 016 010 -003 008 036 045 035 007 005 022
CMSt8TeV | 010 010 009 007 003 007 026 029 021 009 | 048 047 001 008 06
CMS J/Y8TeV |-006 002 -001 -004 -001 001 008 -003 -0.03 -004 006 0.05 0.12 —-0.8
CMSvtx 8 TeV | -015 -004 004 -010 000 010 013 003 007 -016 015 022 008
ATag S Teag Ttad TadTLashs 415 y s o s d///I/ls 1318 af S 1 GMS TS 1y 1
77Vrl/7r|;/erf‘frvf8rv7n,re|/ Tl 8 a0 Tel 8 Te\? ey, 8re|/8re,/

Figure A.2: Correlation matrix for the ATLAS and CMS 7 and 8 TeV m; measurements in the
dilepton (“dil”), lepton+jets (“1j”), and all-jets (“aj”) channels, and for the CMS 8 TeV m; mea-
surements in the single top (“t”), secondary vertex (“vtx”), and J/i analysis (“]J/¢”).
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Table A.2: Results and systematic uncertainties of the ATLAS m; 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 j aj dil lj aj

m, 173.79 172.33 175.06 17299 172.08 173.72 172.71
JES1 0.54 0.33 0.38 0.35 0.28 0.40 0.18
JES2 0.30 0.30 0.20 0.41 0.39 0.42 0.11
JES3 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 — 0.14 0.16 0.01 0.08
b tagging 0.07 0.50 0.16 0.04 0.38 0.10 0.16
pniss 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
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Table A.3: 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 (“t”), secondary vertex (“vtx”), and J/¢ analysis (“]J/¢”),
and for their combination (“comb.”). All values are given in GeV.

CMS
2011 (7 TeV) 2012 (8 TeV)
comb.
dil ]j aj dil ]j aj t I/ vitx

m, 17250 173.49 173.49 17222 17235 17232 17295 17350 173.68 172.52
JES1 0.77 0.24 0.69 0.31 0.10 0.16 0.40 <0.01 0.11 0.06
JES2 0.54 0.02 0.35 0.17 0.12 0.19 021 <0.01 0.13 0.10
JES3 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
I-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 012 0.06 — 0.01  0.04 — 015 — — 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 pr — — — 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 0.94 111 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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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 m; measurements in the dilepton (“dil”),
lepton-+jets (“1j”), and all-jets (“aj”) channels, and the CMS 8 TeV m; measurements in the sin-
gle top (“t’), secondary vertex (“vtx”), and J/¢ analysis (“J/1”). The pull for measurement i is
defined as (m; — m,)/Vo? — 02, where m; (0;) is the central value (uncertainty) of the measure-
ment and m, (0,) 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 Jj aj dil aj dil Jj aj dil aj t Iy vix
Pull +093 —015 +143  +061 —051 +109 —001 +096 +071  —033 —047 —037 +038 +031 +1.08
Weight —0.02 4007 +0.00  +016 +0.17 4003  —008 —0.01 +0.03  +0.12 +034 4012 —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 m, measure-
ments 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 (“]/¢”). 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 I/ vix
11 +0.02 +0.03 —0.07 +0.55 +0.18 —0.08 +0.10 -0.02 -0.07 +033 —-019 +022 -—-0.08 <0.01 +0.08
]j —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 -013 —-0.13 +0.13 +0.12 -0.12 +0.67 —-0.05 +0.01 +0.04
Other +0.02 +40.05 +0.03 +0.02 +0.12 +0.04 —-0.18 -0.04 +0.10 +0.14 -0.12 -0.18 +046 +0.05 +0.49

Table A.6: Correlation matrix for the simultaneous combination of the dilepton (“dil”), lep-
ton+jets (“1j”), alljets (“aj”), and other (“Other”) channels.

dil lj aj  Other

dil 1.00 029 024 <0.01
lj 029 1.00 059 031

aj 024 059 1.00 0.34
Other <0.01 031 0.34 1.00
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