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Combination of Measurements of the Top Quark Mass from Data Collected
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A combination of fifteen top quark mass measurements performed by the ATLAS and CMS experiments
at the LHC is presented. The datasets used correspond to an integrated luminosity of up to 5 and 20 fb−1 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 mt ¼ 172.52� 0.14ðstatÞ � 0.30ðsystÞ GeV, with a total uncertainty of 0.33 GeV.

DOI: 10.1103/PhysRevLett.132.261902

The mass of the top quark (mt) is a fundamental
parameter of the standard model (SM). Its precise meas-
urement provides a crucial input to fits that probe the
consistency of the SM [1–5]. The Tevatron experiments
CDF and D0 were the first to measure mt [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

ffiffiffi

s
p ¼ 7 and 8 TeV produced large numbers of

top quarks in pairs via strong interactions or singly via
electroweak processes. The two general-purpose experi-
ments at the LHC, ATLAS [9], and CMS [10], performed
multiple measurements of mt using these data [11–24].
In this Letter, a combined mt measurement from the
ATLAS and CMS experiments is published for the first
time. The 15 input measurements utilize up to 5 ð20Þ fb−1
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 measure-
ments are combined using the best linear unbiased estimate
(BLUE) method [25,26]. Not included in this combination
are recent measurements of mt performed with a partial
13 TeV dataset [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 deter-

mined by the decay of the W bosons produced in the top
quark decays. In the top quark pair (tt̄) production mode,
ATLAS and CMS have made measurements in the dilepton
(tt̄ → l

þ
νbl−ν̄ b̄), leptonþ jets (tt̄ → l

�
νbqq̄0b̄), and all-

jets (tt̄ → qq̄0bqq̄0b̄) channels. In addition, CMS has per-
formed a measurement using single top quark (t → l

þ
νb,

t̄ → l
−

ν̄ b̄) 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 mt [15,18], where a b-tagged
jet is any reconstructed jet identified as being likely to
originate from a b quark. At

ffiffiffi

s
p ¼ 7 TeV, CMS uses a

kinematic reconstruction with the analytical matrix weight-
ing technique [12] and at

ffiffiffi

s
p ¼ 8 TeV CMS performs a fit

to two dedicated observables [22] to simultaneously extract
mt and the global jet energy scale (JES). In the leptonþ jets
channel [11,15,16,23], both experiments perform a kin-
ematic fit on an event-by-event basis to reconstruct the top
quark mass and the invariant mass of the hadronically
decayingW 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 or 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 mt, 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].

*Full author list given at the end of the Letter.
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The CMS single top quark analysis fits the invariant
mass of the lepton, neutrino, and b-tagged jet [21] to extract
mt. Two additional CMSmeasurements [17,19] use observ-
ables built only from leptons and charged-particle tracks,
resulting in mt measurements with low sensitivity to the
JES uncertainties. The J=ψ analysis uses the invariant
mass of the lepton and the two muons from the J=ψ meson
decay [19]. The secondary vertex analysis uses the invari-
ant mass of the lepton and the charged particles from a
displaced secondary vertex [17]. Both measurements use tt̄
events from the dilepton and leptonþ jets decay modes.
All mt 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
radiation 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 tt̄ production in the ATLAS measurements. The
CMS measurements use the MadGraph5 [38] generator,
which includes leading-order (LO) terms for tt̄ 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 mt parameter in MC
simulations within a field-theoretic mass scheme is the
subject of theoretical studies [39–42].
The BLUE method defines the estimator mt ¼

P

i w
imi

t

for the input measurements mi
t. The weights wi are

determined by minimizing the uncertainty in mt, where
the covariance between each pair of measurements is the
crucial input. The individual analyses i are defined to be
orthogonal, such that each measurement is statistically
uncorrelated with every other measurement. The exception
is the CMS secondary vertex analysis [17], which overlaps
statistically with the dilepton and leptonþ jets measure-
ments [16,22]. Given the different nature of the observable
in the secondary vertex analysis, the analyses are assumed
to be uncorrelated. Taking the maximal statistical correla-
tion 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 between ATLAS and CMS, for each
measurement they are mapped onto 25 categories that
group together similar sources of uncertainties. Uncertainty
categories can influence mt in opposite directions for
different measurements, as seen in the ATLAS combina-
tions [15,23], and this effect is included via negative
correlations. The correlations between pairs of measure-
ments from a single experiment for each category are
evaluated by summing the covariance matrices 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 the Supplemental Material
[43]. Each input uncertainty source is included irrespective
of whether it is statistically significant.
The correlation strength ρ between ATLAS and CMS for

each uncertainty category is assessed based on the simi-
larities of the underlying models and methods, and of the
estimates used. Three different cases are identified, with
corresponding assumed correlation strengths: ρ ¼ 0.85
(strongly correlated), ρ ¼ 0.5 (partially correlated), and
ρ ¼ 0 (uncorrelated). No category was identified to have
ρ ¼ 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 mt 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 I displays the correlation strengths between

ATLAS and CMS for each systematic uncertainty category,
and the Supplemental Material [43] provides tables with the
uncertainties for all 15 measurements. The corresponding
correlation coefficients are available in HEPData [47,48].
The subsequent paragraphs outline the categorization of
systematic uncertainties and their corresponding correla-
tion assessments.
The JES uncertainty is important in many mt measure-

ments. Six categories are used to describe the uncertainties
associated with the calibration of the JES that are in
common between the experiments [49–52]. 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-dependent varia-
tion. 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
measurements. The category JES 2 corresponds to the
uncertainties from the absolute JES determined using
γ=Z þ jets events that are not included in JES 1. There
are significant differences between the ATLAS and CMS
approaches [49,50], 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
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modeling uncertainty in the relative η intercalibration
[51,52]. Both experiments use dijet events for this calibra-
tion, 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 experiments, 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 category g-JES corresponds to the uncer-
tainty 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 ATLAS. 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 l-JES includes the combined
CMS uncertainty in the jet response of light-quark jets and
the ATLAS uncertainty for the flavor composition of jets in
tt̄ events. As these uncertainty sources are different, the
l-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 corre-
sponding uncertainties. ATLAS and CMS both measure the
JER using data [51,52], hence this category is treated as
uncorrelated.
The energy scale, efficiency, and resolution of leptons

affect the mt measurements, and one category is used for
the corresponding uncertainties. ATLAS and CMS both
calibrate the lepton energy scales, resolutions, and effi-
ciencies using resonances that decay into dilepton pairs.
Since the calibration samples are independent between
the two experiments, and detector technologies 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 mt

measurements, and one category is used for the corre-
sponding uncertainties. Both collaborations use dijet events
to calibrate the b-tagging efficiency, employing equivalent
methods [53,54] that depend on similar simulation setups.

TABLE I. Correlation strengths ρ 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 experiment. The third column shows the range of ρ scanned
for stability checks. The changes in the combination’s central value mt and uncertainty σmt

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

Uncertainty category ρ Scan range Δmt=2 (MeV) Δσmt
=2 (MeV)

JES 1 0 … … …

JES 2 0 ½−0.25;þ0.25� 8 7
JES 3 0.5 ½þ0.25;þ0.75� 1 < 1

b-JES 0.85 ½þ0.5;þ1� 26 5
g-JES 0.85 ½þ0.5;þ1� 2 < 1

l-JES 0 ½−0.25;þ0.25� 1 < 1

CMS JES 1 … … … …

JER 0 ½−0.25;þ0.25� 5 1
Leptons 0 ½−0.25;þ0.25� 2 2
b tagging 0.5 ½þ0.25;þ0.75� 1 1
pmiss
T 0 ½−0.25;þ0.25� < 1 < 1

Pileup 0.85 ½þ0.5;þ1� 2 < 1

Trigger 0 ½−0.25;þ0.25� < 1 < 1

ME generator 0.5 ½þ0.25;þ0.75� < 1 4
QCD radiation 0.5 ½þ0.25;þ0.75� 7 1
Hadronization 0.5 ½þ0.25;þ0.75� 1 < 1

CMS b hadron B … … … …

Color reconnection 0.5 ½þ0.25;þ0.75� 3 1
Underlying event 0.5 ½þ0.25;þ0.75� 1 < 1

PDF 0.85 ½þ0.5;þ1� 1 < 1

CMS top quark pT … … … …

Background (data) 0 ½−0.25;þ0.25� 8 2
Background (MC) 0.85 ½þ0.5;þ1� 2 < 1

Method 0 … … …

Other 0 … … …
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As the ATLAS b jet calibration (unlike the CMS one) also
uses tt̄ events [53], this category is assessed as partially,
rather than strongly, correlated.
The missing transverse momentum (pmiss

T ) is estimated in
the two experiments with different algorithms. Thus, the
uncertainty in the pmiss

T scale originating from energy
deposits not included 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 ATLAS and CMS is assessed to be strong. While
for other categories, the correlation strength is independent
of the dataset, the pileup category has zero correlation
between analyses performed at 7 and 8 TeV due to the
different pileup conditions in the two datasets.
The uncertainty in the efficiency of the triggers used to

select events typically have a small impact on the mea-
surements. As the triggers are calibrated in independent
datasets, the uncertainty is treated as uncorrelated between
ATLAS and CMS.
Themt measurements rely on MC simulation of tt̄ events

to relate the reconstructed observables to mt. The corre-
sponding modeling uncertainties are encompassed in seven
uncertainty categories. The category ME generator includes
uncertainties originating from the choice of the ME gen-
erator. ATLAS assesses this uncertainty by comparing the
results obtained using an MC@NLO [55,56] 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
correlated. The category QCD radiation includes uncer-
tainty sources for the modeling of QCD radiation in tt̄
events. For the ATLAS measurements, samples with
parameter variations of the initial- and final-state radiation
in PYTHIA, and the hdamp parameter in POWHEG (which
controls ME=PS matching and effectively regulates
high-pT QCD radiation) are used to evaluate these uncer-
tainties. For the CMS measurements, samples with varia-
tions of the factorization, renormalization, and matching
scales are used. Similarly to the ME category, the QCD
radiation category is treated as partially correlated between
the two experiments.
In the ATLAS analyses, the uncertainty originating from

the hadronization model is evaluated by using an alternative
PS and hadronization generator (POWHEG+HERWIG6 [57]).
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 correlation 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 included in separate cat-
egories. The experiments use different PYTHIA settings for
the nominal simulation, and these uncertainty categories
are taken to be partially correlated. The uncertainty 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 pT distribution, represented
by a separate category, while for the ATLAS analyses, the
alternative MC sample used to evaluate the hadronization
uncertainty covers the disagreement between data and
simulation [58], 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 mt fit is unbiased. This is

done using simulated samples generated with different mt

values. The limited sample size introduces a systematic
uncertainty (Method) that is statistical and hence uncorre-
lated between measurements.
A few systematic uncertainties affect only a limited

number of analyses (see the Supplemental Material [43]).
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 combination giving
mt ¼ 172.71� 0.25ðstatÞ � 0.41ðsystÞ GeV and the
CMS combination giving mt ¼ 172.52� 0.14ðstatÞ �
0.39ðsystÞ 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 the Supplemental
Material [43]. The CMS measurement is improved com-
pared to the previous combination [16] and supersedes that
result. The improvement originates from including a more
precise dilepton measurement at 8 TeV together with the
single top, secondary vertex, and J=ψ meson measure-
ments, and from including the effect of anticorrelations of
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the systematic uncertainties between the input measure-
ments. It was verified that performing the combinations
with a likelihood-based approach [59] gives identical
results.
The combination of all 15 input measurements gives

mt ¼ 172.52� 0.14ðstatÞ � 0.30ðsystÞ 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 the Supplemental Material [43].
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 combination are the CMS 8 TeV leptonþ jets (0.34),
dilepton (0.12), and all-jets (0.12) results, and the ATLAS
8 TeV leptonþ jets (0.17) and dilepton (0.16) measure-
ments. The hierarchy of the weights originates from the
uncertainty of each measurement, as well as the correlation
between measurements. For example, the ATLAS 8 TeV
leptonþ 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 leptonþ jets measurement.
The combination shows good compatibility between the
measurements, with χ

2 ¼ 7.5 and a corresponding p value
of 91%. The LHC combination is much closer to the CMS
combination than the ATLAS 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 the Supplemental Material [43], along
with a combination where all 15 measurements are used to
extract separate mt values for ATLAS and CMS.
Table II shows the breakdown of the systematic uncer-

tainty in the combined measurement and the individual
ATLAS and CMS combinations. The largest systematic
uncertainties are seen to originate from JES, b tagging, and
tt̄ modeling. The stability of the measurement against the
correlation assumptions is checked by varying the corre-
lation strengths for each uncertainty category as shown in
Table I. The ranges reflect the extent of the understanding

165 170 175 180 185
 [GeV]tm

ATLAS+CMS  = 7,8 TeVs

ATLAS+CMS combined
stat uncertainty
total uncertainty

 syst) [GeV]� stat � total (�tm
ATLAS

  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 TeV�  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

FIG. 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 simulta-
neous combination for the different decay channels, where the
“other” category covers the single top, J=ψ , and secondary vertex
measurements.

TABLE II. Uncertainties on themt values extracted in the LHC,
ATLAS, and CMS combinations arising from the same categories
as listed in Table I, sorted in order of decreasing value of the
combined LHC uncertainty.

Uncertainty impact (GeV)

Uncertainty category 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
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of the correlations. No variation is performed for categories
where there is no ambiguity in the correlation assumption.
Table I 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 inmt. 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 per-
forming the combination with a separate mt parameter for
each tt̄ decay channel. The results are also shown in Fig. 1,
and the mt 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 measurements are varied according
to their uncertainties and the combination procedure is
repeated. 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 measuredmt (σmt

) 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 publication of the
measurements used in this combination. Developments
in the simulations include improved modeling of off-shell
effects [60], reduced uncertainties in additional QCD
radiation [61,62], new models of color reconnection
[63,64], MC simulations at next-to-NLO precision in
QCD [65], and investigations into the radiation patterns
in the top quark decay [66]. 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 performed at

ffiffiffi

s
p ¼ 13 TeV,

but this is not possible for the analyses used in this
combination. A cross-check, detailed in the Supplemental
Material [43], was performed to verify that potential
modeling uncertainties in the recoil in the top quark
decay [66] do not significantly affect the combination.
In summary, a combination of top quark mass

measurements by the ATLAS and CMS experiments at
the CERN LHC in proton-proton collisions at

ffiffiffi

s
p ¼ 7 and

8 TeV has been performed. The combination yields
mt ¼ 172.52� 0.33 GeV, which is the most precise result
to date.
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PHYSICAL REVIEW LETTERS 132, 261902 (2024)

261902-20



T. Herrmann ,238,‡ G. Herten ,242,‡ R. Hertenberger ,297,‡ L. Hervas ,224,‡ M. E. Hesping ,288,‡ N. P. Hessey ,344a,‡

H. Hibi ,273,‡ E. Hill ,343,‡ S. J. Hillier ,208,‡ J. R. Hinds ,295,‡ F. Hinterkeuser ,212,‡ M. Hirose ,312,‡ S. Hirose ,345,‡

D. Hirschbuehl ,359,‡ T. G. Hitchings ,289,‡ B. Hiti ,281,‡ J. Hobbs ,333,‡ R. Hobincu ,215e,‡ N. Hod ,357,‡

M. C. Hodgkinson ,327,‡ B. H. Hodkinson ,220,‡ A. Hoecker ,224,‡ D. D. Hofer ,294,‡ J. Hofer ,236,‡ T. Holm ,212,‡

M. Holzbock ,298,‡ L. B. A. H. Hommels ,220,‡ B. P. Honan ,289,‡ J. Hong ,250c,‡ T. M. Hong ,317,‡

B. H. Hooberman ,350,‡ W.H. Hopkins ,194,‡ Y. Horii ,299,‡ S. Hou ,336,‡ A. S. Howard ,281,‡ J. Howarth ,247,‡

J. Hoya ,194,‡ M. Hrabovsky ,310,‡ A. Hrynevich ,236,‡ T. Hryn’ova ,192,‡ P. J. Hsu ,253,‡ S.-C. Hsu ,326,‡ Q. Hu ,250a,‡

Y. F. Hu ,202a,202e,‡ S. Huang ,252b,‡ X. Huang ,202c,‡ X. Huang ,202a,202e,‡ Y. Huang ,327,‡ Y. Huang ,202a,‡

Z. Huang ,289,‡ Z. Hubacek ,320,‡ M. Huebner ,212,‡ F. Huegging ,212,‡ T. B. Huffman ,314,‡ C. A. Hugli ,236,‡

M. Huhtinen ,224,‡ S. K. Huiberts ,204,‡ R. Hulsken ,292,‡ N. Huseynov ,200,‡ J. Huston ,295,‡ J. Huth ,249,‡

R. Hyneman ,331,‡ G. Iacobucci ,244,‡ G. Iakovidis ,217,‡ I. Ibragimov ,329,‡ L. Iconomidou-Fayard ,254,‡

J. P. Iddon ,224,‡ P. Iengo ,260a,260b,‡ R. Iguchi ,341,‡ T. Iizawa ,314,‡ Y. Ikegami ,272,‡ N. Ilic ,343,‡ H. Imam ,223a,‡

M. Ince Lezki ,244,‡ T. Ingebretsen Carlson ,235a,235b,‡ G. Introzzi ,261a,261b,‡ M. Iodice ,265a,‡ V. Ippolito ,263a,263b,‡

R. K. Irwin ,280,‡ M. Ishino ,341,‡ W. Islam ,358,‡ C. Issever ,206,236,‡ S. Istin ,209a,vvvvv,‡ H. Ito ,356,‡

J. M. Iturbe Ponce ,252a,‡ R. Iuppa ,266a,266b,‡ A. Ivina ,357,‡ J. M. Izen ,233,‡ V. Izzo ,260a,‡ P. Jacka ,319,320,‡

P. Jackson ,189,‡ R.M. Jacobs ,236,‡ B. P. Jaeger ,330,‡ C. S. Jagfeld ,297,‡ G. Jain ,344a,‡ P. Jain ,242,‡ K. Jakobs ,242,‡

T. Jakoubek ,357,‡ J. Jamieson ,247,‡ K.W. Janas ,274a,‡ M. Javurkova ,291,‡ F. Jeanneau ,323,‡ L. Jeanty ,311,‡

J. Jejelava ,337a,wwwww,‡ P. Jenni ,242,xxxxx,‡ C. E. Jessiman ,222,‡ S. Jézéquel ,192,‡ C. Jia,250b,‡ J. Jia ,333,‡ X. Jia ,249,‡
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266a
INFN-TIFPA, Italy

266b
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