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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 data sets 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 8TeV, 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 = 172.52 ± 0.14 (stat) ± 0.30 (syst)GeV, with a total
uncertainty of 0.33GeV.

The mass of the top quark (mt ) is a fundamental pa-
rameter of the standard model (SM). Its precise measure-
ment provides a crucial input to fits that probe the con-
sistency 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 col-
lisions at

√
s = 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 AT-
LAS and CMS experiments is published for the first time.
The 15 input measurements utilize up to 5 (20) fb−1 of
integrated luminosity per experiment at 7 (8) TeV. A de-
tailed estimate of the correlations between the ATLAS
and CMS measurements is performed and the measure-
ments are combined using the best linear unbiased es-
timate (BLUE) method [25, 26]. Not included in this
combination are recent measurements of mt 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 de-
termined by the decay of the W bosons produced in
the top quark decays. In the top quark pair (tt ) pro-
duction mode, ATLAS and CMS have made measure-
ments in the dilepton (tt → ℓ+νbℓ−νb ), lepton+jets
(tt → ℓ±νbqq ′b ), and all-jets (tt → qq ′bqq ′b ) chan-
nels. In addition, CMS has performed a measurement
using single top quark (t → ℓ+νb, t → ℓ−νb ) events.

In the dilepton channel, ATLAS uses the average in-
variant 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

√
s = 7 TeV, CMS uses

a kinematic reconstruction with the analytical matrix

weighting technique [12] and at
√
s = 8 TeV CMS per-

forms a fit to two dedicated observables [22] to simulta-
neously extract mt and the global jet energy scale (JES).
In the lepton+jets channel [11, 15, 16, 23], both experi-
ments 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 originat-
ing 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 recon-
structed 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].

The CMS single top quark analysis fits the invariant
mass of the lepton, neutrino, and b-tagged jet [21] to ex-
tract mt . Two additional CMS measurements [17, 19] use
observables built only from leptons and charged-particle
tracks, resulting in mt measurements with low sensitiv-
ity 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 invariant mass of the lepton and the charged particles
from a displaced secondary vertex [17]. Both measure-
ments use tt events from the dilepton and lepton+jets
decay modes.

All mt measurements are calibrated using Monte
Carlo (MC) simulation. Matrix element (ME) calcu-
lations are performed at fixed order in quantum chro-
modynamics (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 tt production in the ATLAS
measurements. The CMS measurements use the Mad-
Graph5 [38] generator, which includes leading-order
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(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 iden-
tification 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 =∑
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 de-
fined 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 lep-
ton+jets measurements [16, 22]. Given the different na-
ture of the observable 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 system-
atic uncertainties differs between ATLAS and CMS, for
each measurement they are mapped onto 25 categories
that group together similar sources of uncertainties. Un-
certainty categories can influence mt in opposite direc-
tions for different measurements, as seen in the ATLAS
combinations [15, 23], and this effect is included via nega-
tive correlations. The correlations between pairs of mea-
surements 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 rel-
ative 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
similarities of the underlying models and methods, and
of the estimates used. Three different cases are identi-
fied, with corresponding assumed correlation strengths:
ρ = 0.85 (strongly correlated), ρ = 0.5 (partially corre-
lated), and ρ = 0 (uncorrelated). No category was iden-
tified to have ρ = 1, which reflects the many differences
between the two experiments. The correlation coefficient
between an ATLAS and CMS measurement for each cat-
egory is the product of the respective correlation strength
and the signs of the impacts of that category on each mea-
surement. In this way, for a given pair of measurements,
categories that impact mt in the same (opposite) direc-
tion 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 de-

termined. 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 AT-
LAS and CMS for each systematic uncertainty cate-
gory, and the Supplemental Material [43] provides ta-
bles with the uncertainties for all 15 measurements.
The corresponding correlation coefficients are available
in HEPData [44, 45]. The subsequent paragraphs outline
the categorization of systematic uncertainties and their
corresponding correlation assessments.

TABLE I. Correlation strengths ρ of the systematic uncer-
tainty categories between ATLAS and CMS, as used in the
combination. The categories are defined in the text. Cat-
egories 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 varia-

tion are shown in the last two columns.

Uncertainty category ρ Scan range
∆mt/2 ∆σmt

/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

p
miss
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 · · · · · · · · ·

The JES uncertainty is important in many mt mea-
surements. Six categories are used to describe the uncer-
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tainties 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 cor-
rections and contributions due to pileup and its time-
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 measurements. The category JES 2
corresponds to the uncertainties from the absolute JES
determined using γ/Z+jets events that are not included
in JES 1. There are significant differences between the
ATLAS and CMS approaches [46, 47], including differ-
ences 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
η intercalibration [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
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 com-
bined CMS uncertainty in the jet response of light-quark
jets and the ATLAS uncertainty for the flavor composi-
tion of jets in tt 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, correspond-
ing 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 [48, 49], 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 re-
construction algorithms are different, this category is
treated as uncorrelated.

The selection criteria for many top quark measure-

ments make use of b tagging. The uncertainty in the
efficiency and rejection rate of these algorithms can im-
pact the mt measurements, and one category is used for
the corresponding uncertainties. Both collaborations use
dijet events to calibrate the b-tagging efficiency, employ-
ing equivalent methods [50, 51] that depend on similar
simulation setups. As the ATLAS b jet calibration (un-
like the CMS one) also uses tt events [50], 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 en-
ergy 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 corre-
lation between ATLAS and CMS is assessed to be strong.
While for other categories, the correlation strength is in-
dependent of the data set, the pileup category has zero
correlation between analyses performed 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 mea-
surements. As the triggers are calibrated in independent
data sets, the uncertainty is treated as uncorrelated be-
tween ATLAS and CMS.

The mt measurements rely on MC simulation of tt
events to relate the reconstructed observables to mt . 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 com-
paring the results obtained using an mc@nlo [52, 53]
sample with the powheg sample. CMS assesses this
uncertainty by comparing 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 uncertainty sources for the mod-
eling 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 hdamp

parameter in powheg (which controls ME/PS match-
ing and effectively regulates high-pT QCD radiation) are
used to evaluate these uncertainties. For the CMS mea-
surements, samples with variations of the factorization,
renormalization, and matching scales are used. Simi-
larly to the ME category, the QCD radiation category
is treated as partially correlated between the two exper-
iments.

In the ATLAS analyses, the uncertainty originat-
ing from the hadronization model is evaluated by us-
ing an alternative PS and hadronization generator
(powheg+herwig6 [54]). CMS addresses similar un-



4

certainties by separately varying the b quark fragmen-
tation 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 set-
tings in the two experiments are not the same, there is
no clear mapping and correlation for these sources. Nev-
ertheless, 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 uncor-
related with the ATLAS uncertainties. It was verified
that the alternative treatment of correlating the ATLAS
hadronization uncertainty with the CMS b hadron B un-
certainty had no significant impact on the result.

The uncertainties associated with color reconnection
and the underlying event tunes are included in separate
categories. The experiments use different pythia set-
tings for the nominal simulation, and these uncertainty
categories are taken to be partially correlated. The un-
certainty 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 dis-
agreement between data and simulation [55], and no ad-
ditional uncertainty is evaluated.

The analyses typically have small contributions from
background processes, and background uncertainties
have only a small impact on the measurements. Un-
certainties 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 back-
grounds. The uncertainties in these are included in the
category Background (MC), assumed to be strongly cor-
related.

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 system-
atic uncertainty (Method) that is statistical and hence
uncorrelated 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 sepa-
rately combined, with the ATLAS combination giving
mt = 172.71 ± 0.25 (stat) ± 0.41 (syst) GeV and the
CMS combination giving mt = 172.52 ± 0.14 (stat) ±
0.39 (syst) GeV. The ATLAS combination is very sim-

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

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 simul-
taneous combination for the different decay channels, where
the “other” category covers the single top, J/ψ, and secondary
vertex measurements.

ilar to, and supersedes, the result in Ref. [23], with the
slight difference originating from changes in the correla-
tion 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
measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the in-
put 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

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 uncer-
tainty as the CMS combination. This is because the fig-
ure 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 Mate-
rial [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
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in the combination are the CMS 8 TeV lepton+jets (0.34),
dilepton (0.12), and all-jets (0.12) results, and the AT-
LAS 8 TeV lepton+jets (0.17) and dilepton (0.16) mea-
surements. The hierarchy of the weights originates from
the uncertainty of each measurement, as well as the corre-
lation between measurements. 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 cor-
relation with the precise CMS 8 TeV lepton+jets mea-
surement. The combination shows good compatibility
between the measurements, with χ2 = 7.5 and a corre-
sponding 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 com-
bination than in the per-experiment combinations. All
weights and the individual pulls can be found in the Sup-
plemental Material [43], along with a combination where
all 15 measurements are used to extract separate mt val-
ues for ATLAS and CMS.

Table II shows the breakdown of the systematic un-
certainty in the combined measurement and the individ-
ual ATLAS and CMS combinations. The largest system-
atic uncertainties are seen to originate from JES, b tag-
ging, and tt modeling. The stability of the measurement
against the correlation assumptions is checked by vary-
ing the correlation strengths for each uncertainty cate-
gory as shown in Table I. The ranges reflect the extent
of the understanding 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 combi-
nation under those changes. Both the central value and
uncertainty are observed to vary linearly under the vari-
ations and the changes are small (<30 MeV) compared
to the uncertainty in mt . 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 mt parame-
ter for each tt 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 un-
certainties of the measurements 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 measured mt (σmt

) is found to be

63 (19) MeV, demonstrating the stability of the combi-
nation.

TABLE II. Uncertainties on the mt 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 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

p
miss
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

The understanding of top quark production and de-
cay 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 [57], reduced uncertainties in additional QCD ra-
diation [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 in-
corporated into analyses performed at

√
s = 13 TeV, but

this is not possible for the analyses used in this combina-
tion. A cross-check, detailed in the Supplemental Mate-
rial [43], was performed to verify that potential modeling
uncertainties in the recoil in the top quark decay [63] do
not significantly affect the combination.

In summary, a combination of top quark mass mea-
surements by the ATLAS and CMS experiments at the
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CERN LHC in proton-proton collisions at
√
s = 7 and

8 TeV has been performed. The combination yields mt =
172.52 ± 0.33 GeV, which is the most precise result to
date.
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G. F. Giudice, G. Isidori, and A. Strumia, Higgs mass
and vacuum stability in the standard model at NNLO,
J. High Energy Phys. 2012 (08), 098.

[3] F. Bezrukov, M. Y. Kalmykov, B. A. Kniehl, and M. Sha-
poshnikov, Higgs boson mass and new physics, J. High
Energy Phys. 2012 (10), 140.

[4] F. L. Bezrukov and M. Shaposhnikov, The standard
model Higgs boson as the inflaton, Phys. Lett. B 659,
703 (2008).

[5] A. De Simone, M. P. Hertzberg, and F. Wilczek, Running
inflation in the standard model, Phys. Lett. B 678, 1
(2009).

[6] F. Abe et al. (CDF), Observation of top quark production
in pp collisions with the Collider Detector at Fermilab,
Phys. Rev. Lett. 74, 2626 (1995).

[7] S. Abachi et al. (D0), Observation of the top quark, Phys.
Rev. Lett. 74, 2632 (1995).

[8] CDF and D0 Collaborations, Combination of CDF and

https://arxiv.org/abs/1012.2367
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1007/JHEP10(2012)140
https://doi.org/10.1007/JHEP10(2012)140
https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1016/j.physletb.2009.05.054
https://doi.org/10.1016/j.physletb.2009.05.054
https://doi.org/10.1103/PhysRevLett.74.2626
https://doi.org/10.1103/PhysRevLett.74.2632
https://doi.org/10.1103/PhysRevLett.74.2632


7

D0 results on the mass of the top quark using up
to 9.7 fb

−1
at the Tevatron, arXiv:1608.01881 [hep-ex]

(2016).
[9] ATLAS Collaboration, The ATLAS experiment at the

CERN Large Hadron Collider, J. Instrum. 2008 (3),
S08003.

[10] CMS Collaboration, The CMS experiment at the CERN
LHC, J. Instrum. 2008 (3), S08004.

[11] CMS Collaboration, Measurement of the top-quark mass
in t t events with lepton+jets final states in pp collisions
at

√
s = 7TeV, J. High Energy Phys. 2012 (12), 105.

[12] CMS Collaboration, Measurement of the top-quark mass
in t t events with dilepton final states in pp collisions at√
s = 7TeV, Eur. Phys. J. C 72, 2202 (2012).

[13] CMS Collaboration, Measurement of the top-quark mass
in all-jets t t events in pp collisions at

√
s = 7TeV, Eur.

Phys. J. C 74, 2758 (2014).
[14] ATLAS Collaboration, Measurement of the top-quark

mass in the fully hadronic decay channel from ATLAS
data at

√
s = 7TeV, Eur. Phys. J. C 75, 158 (2015).

[15] ATLAS Collaboration, Measurement of the top quark
mass in the t t → lepton+jets and t t → dilepton chan-
nels using

√
s = 7TeV ATLAS data, Eur. Phys. J. C 75,

330 (2015).
[16] CMS Collaboration, Measurement of the top quark mass

using proton-proton data at
√
s = 7 and 8TeV, Phys.

Rev. D 93, 072004 (2016).
[17] CMS Collaboration, Measurement of the top quark mass

using charged particles in pp collisions at
√
s = 8TeV,

Phys. Rev. D 93, 092006 (2016).
[18] ATLAS Collaboration, Measurement of the top quark

mass in the t t → dilepton channel from
√
s = 8TeV,

Phys. Lett. B 761, 350 (2016).
[19] CMS Collaboration, Measurement of the mass of the top

quark in decays with a J/ψ meson in pp collisions at
8TeV, J. High Energy Phys. 2016 (12), 123.

[20] ATLAS Collaboration, Top-quark mass measurement in
the all-hadronic t t decay channel at

√
s = 8TeV with the

ATLAS detector, J. High Energy Phys. 2017 (09), 118.
[21] CMS Collaboration, Measurement of the top quark mass

using single top quark events in proton-proton collisions
at

√
s = 8TeV, Eur. Phys. J. C 77, 354 (2017).

[22] CMS Collaboration, Measurement of the top quark mass
in the dileptonic t t decay channel using the mass observ-
ables Mbℓ, MT2, and mbℓν in pp collisions at

√
s = 8TeV,

Phys. Rev. D 96, 032002 (2017).
[23] ATLAS Collaboration, Measurement of the top quark

mass in the t t → lepton+jets channel from
√
s = 8TeV

ATLAS data and combination with previous results, Eur.
Phys. J. C 79, 290 (2019).

[24] CMS Collaboration, Review of top quark mass measure-
ments in CMS, arXiv:2403.01313 [hep-ex] (2024), to be
submitted to Phys. Rept.

[25] L. Lyons, D. Gibaut, and P. Clifford, How to combine
correlated estimates of a single physical quantity, Nucl.
Instrum. Meth. A 270, 110 (1988).

[26] R. Nisius, BLUE: Combining correlated estimates of
physics observables within root using the best linear un-
biased estimate method, SoftwareX 11, 100468 (2020).

[27] CMS Collaboration, Measurement of the top quark mass
with lepton+jets final states using pp collisions at

√
s =

13TeV, Eur. Phys. J. C 78, 891 (2018).
[28] CMS Collaboration, Measurement of the top quark mass

in the all-jets final state at
√
s = 13TeV and combination

with the lepton+jets channel, Eur. Phys. J. C 79, 313
(2019).

[29] CMS Collaboration, Measurement of the t t production
cross section, the top quark mass, and the strong coupling
constant using dilepton events in pp collisions at

√
s =

13TeV, Eur. Phys. J. C 79, 368 (2019).
[30] CMS Collaboration, Measurement of the jet mass distri-

bution and top quark mass in hadronic decays of boosted
top quarks in pp collisions at

√
s = 13TeV, Phys. Rev.

Lett. 124, 202001 (2020).
[31] CMS Collaboration, Measurement of the top quark mass

using events with a single reconstructed top quark in pp
collisions at

√
s = 13TeV, J. High Energy Phys. 2021

(12), 161.
[32] ATLAS Collaboration, Measurement of the top-quark

mass using a leptonic invariant mass in pp collisions at√
s = 13TeV with the ATLAS detector, J. High Energy

Phys. 2023 (06), 019.
[33] CMS Collaboration, Measurement of the top quark mass

using a profile likelihood approach with the lepton+jets
final states in proton-proton collisions at

√
s = 13TeV,

Eur. Phys. J. C 83, 963 (2023).
[34] P. Nason, A new method for combining NLO QCD with

shower Monte Carlo algorithms, J. High Energy Phys.
2004 (11), 040.

[35] S. Frixione, P. Nason, and C. Oleari, Matching NLO
QCD computations with parton shower simulations: the
powheg method, J. High Energy Phys. 2007 (11), 070.

[36] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: the powheg box, J. High En-
ergy Phys. 2010 (06), 043.
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