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Combined Measurement of the Higgs Boson Mass in pp Collisions at
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A measurement of the Higgs boson mass is presented based on the combined data samples of the ATLAS
and CMS experiments at the CERN LHC in the H → γγ and H → ZZ → 4l decay channels. The results
are obtained from a simultaneous fit to the reconstructed invariant mass peaks in the two channels and
for the two experiments. The measured masses from the individual channels and the two experiments
are found to be consistent among themselves. The combined measured mass of the Higgs boson is
mH ¼ 125.09� 0.21 ðstatÞ � 0.11 ðsystÞ GeV.
DOI: 10.1103/PhysRevLett.114.191803 PACS numbers: 14.80.Bn, 13.85.Qk

The study of the mechanism of electroweak symmetry
breaking is one of the principal goals of the CERN LHC
program. In the standard model (SM), this symmetry
breaking is achieved through the introduction of a complex
doublet scalar field, leading to the prediction of the
Higgs boson H [1–6], whose mass mH is, however, not
predicted by the theory. In 2012, the ATLAS and CMS
Collaborations at the LHC announced the discovery of a
particle with Higgs-boson-like properties and a mass of
about 125 GeV [7–9]. The discovery was based primarily
on mass peaks observed in the γγ and ZZ → lþl−l0þl0−
(denoted H → ZZ → 4l for simplicity) decay channels,
where one or both of the Z bosons can be off shell and
where l and l0 denote an electron or muon. With mH
known, all properties of the SM Higgs boson, such as its
production cross section and partial decay widths, can be
predicted. Increasingly precise measurements [10–13] have
established that all observed properties of the new particle,
including its spin, parity, and coupling strengths to SM
particles are consistent within the uncertainties with those
expected for the SM Higgs boson.
The ATLAS and CMS Collaborations have independ-

ently measured mH using the samples of proton-proton
collision data collected in 2011 and 2012, commonly
referred to as LHC Run 1. The analyzed samples corre-
spond to approximately 5 fb−1 of integrated luminosity at
ffiffiffi

s
p ¼ 7 TeV, and 20 fb−1 at

ffiffiffi

s
p ¼ 8 TeV, for each experi-

ment. Combined results in the context of the separate
experiments, as well as those in the individual channels, are
presented in Refs. [12,14–16].

This Letter describes a combination of the Run 1 data
from the two experiments, leading to improved precision
for mH. Besides its intrinsic importance as a fundamental
parameter, improved knowledge of mH yields more precise
predictions for the other Higgs boson properties.
Furthermore, the combined mass measurement provides
a first step towards combinations of other quantities, such
as the couplings. In the SM, mH is related to the values of
the masses of the W boson and top quark through loop-
induced effects. Taking into account other measured SM
quantities, the comparison of the measurements of the
Higgs boson, W boson, and top quark masses can be used
to directly test the consistency of the SM [17] and thus to
search for evidence of physics beyond the SM.
The combination is performed using only the H → γγ

and H → ZZ → 4l decay channels, because these two
channels offer the best mass resolution. Interference
between the Higgs boson signal and the continuum back-
ground is expected to produce a downward shift of the
signal peak relative to the true value of mH. The overall
effect in the H → γγ channel [18–20] is expected to be a
few tens of MeV for a Higgs boson with a width near the
SM value, which is small compared to the current pre-
cision. The effect in theH → ZZ → 4l channel is expected
to be much smaller [21]. The effects of the interference on
the mass spectra are neglected in this Letter.
The ATLAS and CMS detectors [22,23] are designed to

precisely reconstruct charged leptons, photons, hadronic
jets, and the imbalance of momentum transverse to the
direction of the beams. The two detectors are based on
different technologies requiring different reconstruction
and calibration methods. Consequently, they are subject
to different sources of systematic uncertainty.
The H → γγ channel is characterized by a narrow

resonant signal peak containing several hundred events
per experiment above a large falling continuum back-
ground. The overall signal-to-background ratio is a few

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 114, 191803 (2015)
Selected for a Viewpoint in Physics

PHY S I CA L R EV I EW LE T T ER S
week ending
15 MAY 2015

0031-9007=15=114(19)=191803(33) 191803-1 © 2015 CERN, for the ATLAS and CMS Collab.

http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


percent. Both experiments divide the H → γγ events into
different categories depending on the signal purity and mass
resolution, as a means to improve sensitivity. While CMS
uses the same analysis procedure for the measurement of the
Higgs boson mass and couplings [15], ATLAS implements
separate analyses for the couplings [24] and for themass [14];
the latter analysis classifies events in a manner that reduces
the expected systematic uncertainties in mH.
The H → ZZ → 4l channel yields only a few tens of

signal events per experiment, but has very little back-
ground, resulting in a signal-to-background ratio larger
than 1. The events are analyzed separately depending on the
flavor of the lepton pairs. To extractmH, ATLAS employs a
two-dimensional (2D) fit to the distribution of the four-
lepton mass and a kinematic discriminant introduced to
reject the main background, which arises from ZZ con-
tinuum production. The CMS procedure is based on a
three-dimensional fit, utilizing the four-lepton mass dis-
tribution, a kinematic discriminant, and the estimated
event-by-event uncertainty in the four-lepton mass. Both
analyses are optimized for the mass measurement and
neither attempts to distinguish between different Higgs
boson production mechanisms.
There are only minor differences in the parametrizations

used for the present combination compared to those used
for the combination of the two channels by the individual
experiments. These differences have almost no effect on the
results.
The measurement of mH, along with its uncertainty, is

based on the maximization of profile-likelihood ratios ΛðαÞ
in the asymptotic regime [25,26]:

ΛðαÞ ¼ L(α; ˆ̂θðαÞ)
Lðα̂; θ̂Þ ; ð1Þ

where L represents the likelihood function, α the param-
eters of interest, and θ the nuisance parameters. There are
three types of nuisance parameters: those corresponding to
systematic uncertainties, the fitted parameters of the back-
ground models, and any unconstrained signal model
parameters not relevant to the particular hypothesis under
test. Systematic uncertainties are discussed below. The
other two types of nuisance parameters are incorporated
into the statistical uncertainty. The θ terms are profiled, i.e.,
for each possible value of a parameter of interest (e.g.,mH),
all nuisance parameters are refitted to maximize L. The α̂
and θ̂ terms denote the unconditional maximum likelihood
estimates of the best-fit values for the parameters, while
ˆ̂θðαÞ is the conditional maximum likelihood estimate for
given parameter values α.
The likelihood functions L are constructed using signal

and background probability density functions (PDFs) that
depend on the discriminating variables: for the H → γγ
channel, the diphoton mass, and, for the H → ZZ → 4l
channel, the four-lepton mass (for CMS, also its uncer-
tainty) and the kinematic discriminant. The signal PDFs are

derived from samples of Monte Carlo (MC) simulated
events. For the H → ZZ → 4l channel, the background
PDFs are determined using a combination of simulation
and data control regions. For the H → γγ channel, the
background PDFs are obtained directly from the fit to the
data. The profile-likelihood fits to the data are performed as
a function of mH and the signal-strength scale factors
defined below. The fitting framework is implemented
independently by ATLAS and CMS, using the ROOFIT

[27], ROOSTATS [28], and HISTFACTORY [29] data modeling
and handling packages.
Despite the current agreement between the measured

Higgs boson properties and the SMpredictions, it is pertinent
to perform a mass measurement that is as independent as
possible of SM assumptions. For this purpose, three signal-
strength scale factors are introduced and profiled in the fit,
thus reducing the dependence of the results on assumptions
about the Higgs boson couplings and about the variation
of the production cross section (σ) times branching fraction
(BF) with the mass. The signal strengths are defined as
μ ¼ ðσexpt × BFexptÞ=ðσSM × BFSMÞ, representing the ratio
of the cross section times branching fraction in the experi-
ment to the corresponding SM expectation for the different
production and decay modes. Two factors, μγγggFþtt̄H and
μγγVBFþVH, are used to scale the signal strength in theH → γγ
channel. The production processes involving Higgs boson
couplings to fermions, namely gluon fusion (ggF) and
associated production with a top quark-antiquark pair
(tt̄H), are scaled with the μγγggFþtt̄H factor. The production
processes involving couplings to vector bosons, namely
vector boson fusion (VBF) and associated production with
a vector boson (VH), are scaledwith the μγγVBFþVH factor. The
third factor μ4l is used to scale the signal strength in the
H → ZZ → 4l channel. Only a single signal-strength
parameter is used for H → ZZ → 4l events because the
mH measurement in this case is found to exhibit almost no
sensitivity to the different production mechanisms.
The procedure based on the two scale factors μγγggFþtt̄H

and μγγVBFþVH for the H → γγ channel was previously
employed by CMS [15] but not by ATLAS. Instead,
ATLAS relied on a single H → γγ signal-strength scale
factor. The additional degree of freedom introduced by
ATLAS for the present study results in a shift of about
40 MeV in the ATLAS H → γγ result, leading to a shift of
20 MeV in the ATLAS combined mass measurement.
The individual signal strengths μγγggFþtt̄H, μ

γγ
VBFþVH, and

μ4l are assumed to be the same for ATLAS and CMS, and
are profiled in the combined fit for mH. The corresponding
profile-likelihood ratio is
ΛðmHÞ

¼L½mH; ˆ̂μ
γγ
ggFþtt̄HðmHÞ; ˆ̂μγγVBFþVHðmHÞ; ˆ̂μ4lðmHÞ; ˆ̂θðmHÞ�

Lðm̂H; μ̂
γγ
ggFþtt̄H; μ̂

γγ
VBFþVH; μ̂

4l; θ̂Þ :

ð2Þ
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Slightly more complex fit models are used, as described
below, to perform additional compatibility tests between
the different decay channels and between the results from
ATLAS and CMS.
Combining the ATLAS and CMS data for the H → γγ

and H → ZZ → 4l channels according to the above
procedure, the mass of the Higgs boson is determined to be

mH ¼ 125.09� 0.24 GeV

¼ 125.09� 0.21 ðstatÞ � 0.11 ðsystÞ GeV; ð3Þ
where the total uncertainty is obtained from the width of
a negative log-likelihood ratio scan with all parameters
profiled. The statistical uncertainty is determined by fixing
all nuisance parameters to their best-fit values, except for
the three signal-strength scale factors and the H → γγ
background function parameters, which are profiled. The
systematic uncertainty is determined by subtracting in
quadrature the statistical uncertainty from the total uncer-
tainty. Equation (3) shows that the uncertainties in the mH
measurement are dominated by the statistical term, even
when the Run 1 data sets of ATLAS and CMS are
combined. Figure 1 shows the negative log-likelihood ratio
scans as a function of mH, with all nuisance parameters
profiled (solid curves), and with the nuisance parameters
fixed to their best-fit values (dashed curves).
The signal strengths at the measured value of mH are

found to be μγγggFþtt̄H ¼ 1.15þ0.28
−0.25 , μγγVBFþVH ¼ 1.17þ0.58

−0.53 ,

and μ4l ¼ 1.40þ0.30
−0.25 . The combined overall signal strength

μ (with μγγggFþtt̄H ¼ μγγVBFþVH ¼ μ4l ≡ μ) is μ ¼ 1.24þ0.18
−0.16 .

The results reported here for the signal strengths are not
expected to have the same sensitivity, nor exactly the same
values, as those that would be extracted from a combined
analysis optimized for the coupling measurements.
The combined ATLAS and CMS results for mH in the

separate H → γγ and H → ZZ → 4l channels are

mγγ
H ¼ 125.07� 0.29 GeV

¼ 125.07� 0.25 ðstatÞ � 0.14 ðsystÞ GeV ð4Þ
and

m4l
H ¼ 125.15� 0.40 GeV

¼ 125.15� 0.37 ðstatÞ � 0.15 ðsystÞ GeV: ð5Þ
The corresponding likelihood ratio scans are shown in
Fig. 1. For the H → ZZ → 4l channel, the systematic
uncertainty is dominated by the absolute scale uncertainty
in the momentum measurement for the muons and in the
momentum and energy measurements for the electrons.
Large samples (> 107 events) of dilepton decays of the
J=ψ , ϒðnSÞ, and Z resonances are used by both experi-
ments to evaluate the absolute scales and to correct for
residual misalignments in the inner tracker systems [14,16].
The systematic uncertainty in the ATLAS mH result from
H → ZZ → 4l decays was conservatively set to 60 MeV in
Ref. [14] to account for the limited numerical precision in
its estimate. A more precise procedure, resulting in a
reduced systematic uncertainty of 40 MeV, is used here.
For CMS, conservative systematic uncertainties of 0.1% for
the H → ZZ → 4μ and 2μ2e channels, and 0.3% for the
H → ZZ → 4e channel, were obtained in Ref. [16] and are
used here.
A summary of the results from the individual analyses

and their combination is presented in Fig. 2.
The observed uncertainties in the combined measure-

ment can be compared with expectations. The latter are
evaluated by generating two Asimov data sets [26], where
an Asimov data set is a representative event sample that
provides both the median expectation for an experimental
result and its expected statistical variation, in the asymp-
totic approximation, without the need for an extensive
MC-based calculation. The first Asimov data set is a
“prefit” sample, generated using mH ¼ 125.0 GeV and
the SM predictions for the couplings, with all nuisance
parameters fixed to their nominal values. The second
Asimov data set is a “postfit” sample, in which mH, the
three signal strengths μγγggFþtt̄H, μ

γγ
VBFþVH, and μ4l, and all

nuisance parameters are fixed to their best-fit estimates
from the data. The expected uncertainties for the combined
mass are

δmHprefit ¼ �0.24 GeV

¼ �0.22 ðstatÞ � 0.10 ðsystÞ GeV ð6Þ
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FIG. 1 (color online). Scans of twice the negative log-
likelihood ratio −2 lnΛðmHÞ as functions of the Higgs boson
mass mH for the ATLAS and CMS combination of the H → γγ
(red), H → ZZ → 4l (blue), and combined (black) channels.
The dashed curves show the results accounting for statistical
uncertainties only, with all nuisance parameters associated with
systematic uncertainties fixed to their best-fit values. The 1 and 2
standard deviation limits are indicated by the intersections of the
horizontal lines at 1 and 4, respectively, with the log-likelihood
scan curves.
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for the prefit case and

δmHpostfit ¼ �0.22 GeV

¼ �0.19 ðstatÞ � 0.10 ðsystÞ GeV ð7Þ
for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature

 (GeV)Hm

123 124 125 126 127 128 129

Total Stat SystCMS and ATLAS
 Run 1LHC       Total            Syst      Stat    

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.
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between the uncertainties resulting from consecutive scans.
The statistical uncertainty is determined from the final scan,
with all nuisance parameters associated with systematic
terms held fixed, as explained above. The result is

mH ¼ 125.09� 0.21 ðstatÞ � 0.11 ðscaleÞ � 0.02 ðotherÞ
� 0.01 ðtheoryÞ GeV; ð8Þ

fromwhich it is seen that the systematic uncertainty is indeed
dominated by the energy and momentum scale terms.
The result in Eq. (8) is consistent with the values of mH
derived from the less preciseWW and ττ Higgs boson decay
modes [37–40].
The relative importance of the various sources of

systematic uncertainty is further investigated by dividing
the nuisance parameters into yet-finer groups, with each
group associated with a specific underlying effect, and
evaluating the impact of each group on the overall mass
uncertainty. The matching of nuisance parameters to an
effect is not strictly rigorous because nuisance parameters
in the two experiments do not always represent exactly the
same effect and in some cases multiple effects are related
to the same nuisance parameter. Nevertheless, the relative
impact of the different effects can be explored. A few
experiment-specific groups of nuisance parameters are
defined. For example, ATLAS includes a group of nuisance
parameters to account for the inaccuracy of the background
modeling for the H → γγ channel. To model this back-
ground, ATLAS uses specific analytic functions in each
category [14] while CMS simultaneously considers differ-
ent background parametrizations [35]. The systematic
uncertainty in mH related to the background modeling in
CMS is estimated to be negligible [15].
The impact of groups of nuisance parameters is evalu-

ated starting from the contribution of each individual
nuisance parameter to the total uncertainty. This contribu-
tion is defined as the mass shift δmH observed when
reevaluating the profile-likelihood ratio after fixing the
nuisance parameter in question to its best-fit value
increased or decreased by 1 standard deviation (σ) in its
distribution. For a nuisance parameter whose PDF is a
Gaussian distribution, this shift corresponds to the con-
tribution of that particular nuisance parameter to the final
uncertainty. The impact of a group of nuisance parameters
is estimated by summing in quadrature the contributions
from the individual parameters.
The impacts δmH due to each of the considered effects are

listed inTable I. The results are reported for the four individual
channels, both for the data and (in parentheses) the prefit
Asimov data set. The row labeled “Systematic uncertainty
(sum in quadrature)” shows the total sums in quadrature of the
individual terms in the table. The row labeled “Systematic
uncertainty (nominal)” shows the corresponding total sys-
tematic uncertainties derived using the subtraction in quad-
rature method discussed in connection with Eq. (3). The two

methods to evaluate the total systematic uncertainty are seen
to agree within 10 MeV, which is comparable with the
precision of the estimates. The two rightmost columns of
Table I list the contribution of each group of nuisance
parameters to the uncertainties in the combined mass meas-
urement, for ATLAS and CMS separately.
The statistical and total uncertainties are summarized in

the bottom section of Table I. Since the weight of a channel
in the final combination is determined by the inverse of
the squared uncertainty, the approximate relative weights
for the combined result are 19% (H → γγ) and 18%
(H → ZZ → 4l) for ATLAS, and 40% (H → γγ) and
23% (H → ZZ → 4l) for CMS. These weights are reported
in the last row of Table I, along with the expected values.
Figure 3 presents the impact of each group of nuisance

parameters on the total systematic uncertainty in the mass
measurement of ATLAS, CMS, and the combination. For
the individual ATLAS and CMS measurements, the results
in Fig. 3 are approximately equivalent to the sum in
quadrature of the respective δmH terms in Table I multi-
plied by their analysis weights, after normalizing these
weights to correspond to either ATLAS only or CMS only.
The ATLAS and CMS combined results in Fig. 3 are the
sum in quadrature of the combined results in Table I.
The results in Table I and Fig. 3 establish that the largest

systematic effects for the mass uncertainty are those related
to the determination of the energy scale of the photons,
followed by those associated with the determination of
the electron and muon momentum scales. Since the CMS
H → γγ channel has the largest weight in the combination,
its impact on the systematic uncertainty of the combined
result is largest.
The mutual compatibility of themH results from the four

individual channels is tested using a likelihood ratio with
four masses in the numerator and a common mass in the
denominator, and thus three degrees of freedom. The three
signal strengths are profiled in both the numerator and
denominator as in Eq. (1). The resulting compatibility,
defined as the asymptotic p value of the fit, is 10%.
Allowing the ATLAS and CMS signal strengths to vary
independently yields a compatibility of 7%. This latter fit
results in an mH value that is 40 MeV larger than the
nominal result.
The compatibility of the combined ATLAS and CMS

mass measurement in the H → γγ channel with the com-
bined measurement in the H → ZZ → 4l channel is
evaluated using the variable ΔmγZ ≡mH

γγ −mH
4l as the

parameter of interest, with all other parameters, including
mH, profiled. Similarly, the compatibility of the ATLAS
combined mass measurement in the two channels with the
CMS combined measurement in the two channels is
evaluated using the variable Δmexpt ≡mATLAS

H −mCMS
H .

The observed results, ΔmγZ ¼ −0.1� 0.5 GeV and
Δmexpt ¼ 0.4� 0.5 GeV, are both consistent with zero
within 1σ. The difference between the mass values in
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the two experiments is Δmexpt
γγ ¼ 1.3� 0.6 GeV (2.1σ) for

the H → γγ channel and Δmexpt
4l ¼ −0.9� 0.7 GeV (1.3σ)

for the H → ZZ → 4l channel. The combined results
exhibit a greater degree of compatibility than the results
from the individual decay channels because the Δmexpt

value has opposite signs in the two channels.
The compatibility of the signal strengths from

ATLAS and CMS is evaluated through the ratios
λexpt ¼ μATLAS=μCMS, λexptF ¼ μγγATLASggFþtt̄H =μγγCMS

ggFþtt̄H, and

λexpt4l ¼ μ4lATLAS=μ4lCMS. For this purpose, each ratio is
individually taken to be the parameter of interest, with all
other nuisance parameters profiled, including the remaining

two ratios for the first two tests. We find λexpt ¼ 1.21þ0.30
−0.24 ,

λexptF ¼ 1.3þ0.8
−0.5 , and λexpt4l ¼ 1.3þ0.5

−0.4 , all of which are con-
sistent with unity within 1σ. The ratio λexptV ¼
μγγATLASVBFþVH=μ

γγCMS
VBFþVH is omitted because the ATLAS mass

measurement in the H → γγ channel is not sensitive
to μγγVBFþVH=μ

γγ
ggFþtt̄H.

The correlation between the signal strength and the
measured mass is explored with 2D likelihood scans as
functions of μ and mH. The three signal strengths are
assumed to be the same: μγγggFþtt̄H ¼ μγγVBFþVH ¼ μ4l ≡ μ,
and thus the ratios of the production cross sections
times branching fractions are constrained to the SM

TABLE I. Systematic uncertainties δmH (see text) associated with the indicated effects for each of the four input channels, and the
corresponding contributions of ATLAS and CMS to the systematic uncertainties of the combined result. “ECAL” refers to the
electromagnetic calorimeters. The numbers in parentheses indicate expected values obtained from the prefit Asimov data set discussed
in the text. The uncertainties for the combined result are related to the values of the individual channels through the relative weight of the
individual channel in the combination, which is proportional to the inverse of the respective uncertainty squared. The top section of the
table divides the sources of systematic uncertainty into three classes, which are discussed in the text. The bottom section of the table
shows the total systematic uncertainties estimated by adding the individual contributions in quadrature, the total systematic uncertainties
evaluated using the nominal method discussed in the text, the statistical uncertainties, the total uncertainties, and the analysis weights,
illustrative of the relative weight of each channel in the combined mH measurement.

Uncertainty in ATLAS
results (GeV):

observed (expected)

Uncertainty in CMS
results (GeV):

observed (expected)

Uncertainty in combined
result (GeV):

observed (expected)

H → γγ H → ZZ → 4l H → γγ H → ZZ → 4l ATLAS CMS

Scale uncertainties:
ATLAS ECAL nonlinearity
or CMS photon nonlinearity

0.14 (0.16) � � � 0.10 (0.13) � � � 0.02 (0.04) 0.05 (0.06)

Material in front of ECAL 0.15 (0.13) � � � 0.07 (0.07) � � � 0.03 (0.03) 0.04 (0.03)
ECAL longitudinal response 0.12 (0.13) � � � 0.02 (0.01) � � � 0.02 (0.03) 0.01 (0.01)
ECAL lateral shower shape 0.09 (0.08) � � � 0.06 (0.06) � � � 0.02 (0.02) 0.03 (0.03)
Photon energy resolution 0.03 (0.01) � � � 0.01 ð<0.01Þ � � � 0.02 ð<0.01Þ <0.01 ð<0.01Þ
ATLAS H → γγ vertex and
conversion reconstruction

0.05 (0.05) � � � � � � � � � 0.01 (0.01) � � �

Z → ee calibration 0.05 (0.04) 0.03 (0.02) 0.05 (0.05) � � � 0.02 (0.01) 0.02 (0.02)
CMS electron energy scale
and resolution

� � � � � � � � � 0.12 (0.09) � � � 0.03 (0.02)

Muon momentum scale
and resolution

� � � 0.03 (0.04) � � � 0.11 (0.10) <0.01 ð0.01Þ 0.05 (0.02)

Other uncertainties:
ATLAS H → γγ background
modeling

0.04 (0.03) � � � � � � � � � 0.01 (0.01) � � �

Integrated luminosity 0.01 ð<0.01Þ <0.01 ð<0.01Þ 0.01 ð<0.01Þ <0.01 ð<0.01Þ 0.01 ð<0.01Þ
Additional experimental
systematic uncertainties

0.03 ð<0.01Þ <0.01 ð<0.01Þ 0.02 ð<0.01Þ 0.01 ð<0.01Þ 0.01 ð<0.01Þ 0.01 ð<0.01Þ

Theory uncertainties: <0.01 ð<0.01Þ <0.01 ð<0.01Þ 0.02 ð<0.01Þ < 0.01 ð<0.01Þ 0.01 ð<0.01Þ
Systematic uncertainty
(sum in quadrature)

0.27 (0.27) 0.04 (0.04) 0.15 (0.17) 0.16 (0.13) 0.11 (0.10)

Systematic uncertainty
(nominal)

0.27 (0.27) 0.04 (0.05) 0.15 (0.17) 0.17 (0.14) 0.11 (0.10)

Statistical uncertainty 0.43 (0.45) 0.52 (0.66) 0.31 (0.32) 0.42 (0.57) 0.21 (0.22)

Total uncertainty 0.51 (0.52) 0.52 (0.66) 0.34 (0.36) 0.45 (0.59) 0.24 (0.24)
Analysis weights 19% (22%) 18% (14%) 40% (46%) 23% (17%) � � �
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predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09� 0.24 GeV

¼ 125.09� 0.21 ðstatÞ � 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.
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