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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 → `+`−`′+`′− (denoted H → ZZ → 4` for sim-
plicity) decay channels, where one or both of the Z bosons can be off-shell and where ` and `′

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 mea-
surements [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 independently 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 correspond to approximately 5 fb−1 of integrated luminosity at

√
s =

7 TeV, and 20 fb−1 at
√

s = 8 TeV, for each experiment. 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, im-
proved 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 mea-
sured 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 → 4` decay channels,
because these two channels offer the best mass resolution. Interference between the Higgs
boson signal and the continuum background 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 precision. The effect in the H → ZZ → 4` 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 reconstruc-
tion 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 hun-
dred events per experiment above a large falling continuum background. The overall signal-to-
background ratio is a few percent. Both experiments divide the H → γγ events into different
categories depending on the signal purity and mass resolution, as a means to improve sensi-
tivity. 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
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the mass [14]; the latter analysis classifies events in a manner that reduces the expected system-
atic uncertainties in mH.

The H → ZZ → 4` channel yields only a few tens of signal events per experiment, but has
very little background, resulting in a signal-to-background ratio larger than 1. The events are
analyzed separately depending on the flavor of the lepton pairs. To extract mH, ATLAS em-
ploys 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 continuum pro-
duction. The CMS procedure is based on a three-dimensional fit, utilizing the four-lepton mass
distribution, 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 parameterizations 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 Λ(α) in the asymptotic regime [25, 26]:

Λ(α) =
L
(
α , ˆ̂θ(α)

)
L(α̂, θ̂)

, (1)

where L represents the likelihood function, α the parameters of interest, and θ the nuisance
parameters. There are three types of nuisance parameters: those corresponding to systematic
uncertainties, the fitted parameters of the background models, and any unconstrained signal
model parameters not relevant to the particular hypothesis under test. Systematic uncertain-
ties 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 de-
note the unconditional maximum likelihood estimates of the best-fit values for the parameters,
while ˆ̂θ(α) 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 → 4` channel, the four-lepton mass (for CMS, also its
uncertainty) and the kinematic discriminant. The signal PDFs are derived from samples of
Monte Carlo (MC) simulated events. For the H → ZZ → 4` 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 SM pre-
dictions, 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 times branching fraction with
the mass. The signal strengths are defined as µ = (σexpt × BFexpt)/(σSM × BFSM), representing
the ratio of the cross section times branching fraction in the experiment to the correspond-
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ing SM expectation for the different production and decay modes. Two factors, µ
γγ
ggF+tt̄H and

µ
γγ
VBF+VH, are used to scale the signal strength in the H → γγ channel. The production pro-

cesses involving Higgs boson couplings to fermions, namely gluon fusion (ggF) and associated
production with a top quark-antiquark pair (tt̄H), are scaled with the µ

γγ
ggF+tt̄H factor. The pro-

duction processes involving couplings to vector bosons, namely vector boson fusion (VBF) and
associated production with a vector boson (VH), are scaled with the µ

γγ
VBF+VH factor. The third

factor, µ4`, is used to scale the signal strength in the H → ZZ → 4` channel. Only a single
signal-strength parameter is used for H → ZZ → 4` 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 µ
γγ
ggF+tt̄H and µ

γγ
VBF+VH 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 µ
γγ
ggF+tt̄H, µ

γγ
VBF+VH, and µ4` 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

Λ(mH) =
L
(
mH , ˆ̂µγγ

ggF+tt̄H(mH) , ˆ̂µγγ
VBF+VH(mH) , ˆ̂µ4`(mH) , ˆ̂θ(mH)

)
L(m̂H, µ̂

γγ
ggF+tt̄H , µ̂

γγ
VBF+VH, µ̂4`, θ̂)

. (2)

Slightly more complex fit models are used, as described below, to perform additional compati-
bility 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 → 4` channels according
to the above procedure, the mass of the Higgs boson is determined to be

mH = 125.09± 0.24 GeV
= 125.09± 0.21 (stat.)± 0.11 (syst.) GeV,

(3)

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 uncertainty.
Equation (3) shows that the uncertainties in the mH measurement are dominated by the statisti-
cal 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 µ
γγ
ggF+tt̄H = 1.15+0.28

−0.25,

µ
γγ
VBF+VH = 1.17+0.58

−0.53, and µ4` = 1.40+0.30
−0.25. The combined overall signal strength µ (with

µ
γγ
ggF+tt̄H = µ

γγ
VBF+VH = µ4` ≡ µ) is µ = 1.24+0.18

−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 → 4`
channels are

mγγ
H = 125.07± 0.29 GeV

= 125.07± 0.25 (stat.)± 0.14 (syst.) GeV
(4)
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Figure 1: Scans of twice the negative log-likelihood ratio−2 ln Λ(mH) as functions of the Higgs
boson mass mH for the ATLAS and CMS combination of the H → γγ (red), H → ZZ → 4`
(blue), and combined (black) channels. The dashed curves show the results accounting for
statistical uncertainties only, with all nuisance parameters associated with systematic uncer-
tainties 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.

and

m4`
H = 125.15± 0.40 GeV
= 125.15± 0.37 (stat.)± 0.15 (syst.) GeV.

(5)

The corresponding likelihood ratio scans are shown in Fig. 1.

A summary of the results from the individual analyses and their combination is presented in
Fig. 2.

The observed uncertainties in the combined measurement 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 asymptotic approximation, without the need
for an extensive MC-based calculation. The first Asimov data set is a “prefit” sample, generated
using mH = 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 µ

γγ
ggF+tt̄H, µ

γγ
VBF+VH, and µ4`, and all nuisance parameters are fixed to

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

δmHprefit = ±0.24 GeV = ±0.22 (stat.)± 0.10 (syst.) GeV (6)



5

 [GeV]Hm
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Total Stat. Syst.CMS and ATLAS
 Run 1LHC Total      Stat.    Syst.

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

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

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS 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.

for the prefit case and

δmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

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 → 4` measured
signal strength and the increase of the H → 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 = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined 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 al-
low 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 → 4` channel [14–16]. These uncertainties are assumed to be uncor-
related 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 negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and
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Table 1: 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 uncer-
tainties 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 respec-
tive 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 system-
atic 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 Uncertainty in CMS Uncertainty in
results [GeV]: results [GeV]: combined result [GeV]:

observed (expected) observed (expected) observed (expected)
H → γγ H → ZZ → 4` H → γγ H → ZZ → 4` ATLAS CMS

Scale uncertainties:
ATLAS ECAL non-linearity /
CMS photon non-linearity 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 (<0.01) – 0.02 (<0.01) <0.01 (<0.01)
ATLAS H → γγ vertex & conversion 0.05 (0.05) – – – 0.01 (0.01) –

reconstruction
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 & resolution – – – 0.12 (0.09) – 0.03 (0.02)
Muon momentum scale & resolution – 0.03 (0.04) – 0.11 (0.10) <0.01 (0.01) 0.05 (0.02)
Other uncertainties:
ATLAS H → γγ background 0.04 (0.03) – – – 0.01 (0.01) –

modeling
Integrated luminosity 0.01 (<0.01) <0.01 (<0.01) 0.01 (<0.01) <0.01 (<0.01) 0.01 (<0.01)
Additional experimental systematic 0.03 (<0.01) <0.01 (<0.01) 0.02 (<0.01) 0.01 (<0.01) 0.01 (<0.01) 0.01 (<0.01)
uncertainties
Theory uncertainties <0.01 (<0.01) <0.01 (<0.01) 0.02 (<0.01) <0.01 (<0.01) 0.01 (<0.01)
Systematic uncertainty (sum in 0.27 (0.27) 0.04 (0.04) 0.15 (0.17) 0.16 (0.13) 0.11 (0.10)

quadrature)
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%) –

momentum scales. Other experimental 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, re-
spectively.

To evaluate the relative importance of the different sources of systematic uncertainty, the nui-
sance parameters are grouped according to their correspondence to three broad classes of sys-
tematic uncertainty:

• uncertainties in the energy or momentum scale and resolution for photons, electrons,
and muons (“scale”),

• theoretical uncertainties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM background processes (“the-
ory”),

• 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.
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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 pa-
rameters cumulatively held fixed to their best-fit values. The uncertainties associated with the
different classes of nuisance parameters are defined by the difference in quadrature 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 = 125.09± 0.21 (stat.)± 0.11 (scale)± 0.02 (other)± 0.01 (theory) GeV, (8)

from which it is seen that the systematic uncertainty is indeed dominated by the energy and
momentum scale terms.

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 un-
certainty. 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 param-
eters to account for the inaccuracy of the background modeling for the H → γγ channel. To
model this background, ATLAS uses specific analytic functions in each category [14] while CMS
simultaneously considers different background parameterizations [35]. The systematic uncer-
tainty in mH related to the background modeling in CMS is estimated to be negligible [15].

The impact of groups of nuisance parameters is evaluated starting from the contribution of each
individual nuisance parameter to the total uncertainty. This contribution is defined as the mass
shift δmH observed when re-evaluating 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 contribution 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 in Table 1. 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 systematic uncertainties derived using
the subtraction in quadrature 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 1 list the contribution
of each group of nuisance parameters to the uncertainties in the combined mass measurement,
for ATLAS and CMS separately.

The statistical and total uncertainties are summarized in the bottom section of Table 1. 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 → 4`) for ATLAS, and 40% (H → γγ) and 23% (H → ZZ → 4`) for CMS. These
weights are reported in the last row of Table 1, along with the expected values.
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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 1 multiplied 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 1.

The results in Table 1 and Fig. 3 establish that the largest systematic effects for the mass un-
certainty 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.

0 0.05 0.1

ATLAS
Observed
Expected

combined result
Uncertainty in ATLAS

0 0.05 0.1
 [GeV]Hmδ

CMS
Observed
Expected

combined result
Uncertainty in CMS

0 0.02 0.04 0.06

Combined
Observed
Expected

combined result
Uncertainty in LHC

Theory uncertainties

Additional experimental
systematic uncertainties

Integrated luminosity

 background modelingγγ →H ATLAS 

Muon momentum scale & resolution

CMS electron energy scale & resolution

 calibration ee→Z 

 vertex & conversionγγ →H ATLAS 
reconstruction

Photon energy resolution

ECAL lateral shower shape

ECAL longitudinal response

Material in front of ECAL

ATLAS ECAL non-linearity /
  photon non-linearityCMS 

CMS and ATLAS
 Run 1LHC

Figure 3: The impacts δmH (see text) of the nuisance parameter groups in Table 1 on the AT-
LAS (left), CMS (center), and combined (right) mass measurement uncertainty. The observed
(expected) results are shown by the solid (empty) bars.

The mutual compatibility of the mH 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 chan-
nel with the combined measurement in the H → ZZ → 4` channel is evaluated using the
variable ∆mγZ ≡ mγγ

H − m4`
H as the parameter of interest, with all other parameters, includ-
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ing 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 ∆mexpt ≡ mATLAS

H − mCMS
H . The observed results, ∆mγZ = −0.1 ± 0.5 GeV and

∆mexpt = 0.4± 0.5 GeV, are both consistent with zero within 1 σ. The difference between the
mass values in the two experiments is ∆mexpt

γγ = 1.3± 0.6 GeV (2.1 σ) for the H → γγ channel
and ∆mexpt

4` = −0.9± 0.7 GeV (1.3 σ) for the H → ZZ → 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the ∆mexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
λexpt = µATLAS/µCMS, λ

expt
F = µ

γγ ATLAS
ggF+tt̄H /µ

γγ CMS
ggF+tt̄H, and λ

expt
4` = µ4` ATLAS/µ4` CMS. 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 =

1.21+0.30
−0.24, λ

expt
F = 1.3+0.8

−0.5, and λ
expt
4` = 1.3+0.5

−0.4, all of which are consistent with unity within 1 σ.
The ratio λ

expt
V = µ

γγ ATLAS
VBF+VH /µ

γγ CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H → γγ channel is not sensitive to µ
γγ
VBF+VH/µ

γγ
ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µ

γγ
ggF+tt̄H = µ

γγ
VBF+VH = µ4` ≡ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio −2 ln Λ(µ, mH) is distributed as a χ2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H → γγ
and H → ZZ → 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09± 0.24 GeV

= 125.09± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

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 ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 σ, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 σ. 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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Bern, Genève and Zurich (Switzerland); NSC (Taipei); MST (Taiwan); ThEPCenter, IPST, STAR
and NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU and SFFR (Ukraine); STFC and
the Royal Society and Leverhulme Trust (United Kingdom); DOE and NSF (United States of
America).

In addition, we gratefully acknowledge the crucial computing support from all WLCG part-
ners, in particular from CERN and the Tier-1 and Tier-2 facilities worldwide.



References 11

References
[1] F. Englert and R. Brout, “Broken symmetry and the mass of gauge vector mesons”, Phys.

Rev. Lett. 13 (1964) 321, doi:10.1103/PhysRevLett.13.321.

[2] P. W. Higgs, “Broken symmetries, massless particles and gauge fields”, Phys. Lett. 12
(1964) 132, doi:10.1016/0031-9163(64)91136-9.

[3] P. W. Higgs, “Broken symmetries and the masses of gauge bosons”, Phys. Rev. Lett. 13
(1964) 508, doi:10.1103/PhysRevLett.13.508.

[4] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, “Global conservation laws and massless
particles”, Phys. Rev. Lett. 13 (1964) 585, doi:10.1103/PhysRevLett.13.585.

[5] P. W. Higgs, “Spontaneous symmetry breakdown without massless bosons”, Phys. Rev.
145 (1966) 1156, doi:10.1103/PhysRev.145.1156.

[6] T. W. B. Kibble, “Symmetry breaking in non-Abelian gauge theories”, Phys. Rev. 155
(1967) 1554, doi:10.1103/PhysRev.155.1554.

[7] ATLAS Collaboration, “Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC”, Phys. Lett. B 716 (2012) 1,
doi:10.1016/j.physletb.2012.08.020, arXiv:1207.7214.

[8] CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC”, Phys. Lett. B 716 (2012) 30,
doi:10.1016/j.physletb.2012.08.021, arXiv:1207.7235.

[9] CMS Collaboration, “Observation of a new boson with mass near 125 GeV in pp
collisions at

√
s = 7 and 8 TeV”, JHEP 06 (2013) 081,

doi:10.1007/JHEP06(2013)081, arXiv:1303.4571.

[10] ATLAS Collaboration, “Measurements of Higgs boson production and couplings in
diboson final states with the ATLAS detector at the LHC”, Phys. Lett. B 726 (2013) 88,
doi:10.1016/j.physletb.2013.08.010, arXiv:1307.1427.

[11] ATLAS Collaboration, “Evidence for the spin-0 nature of the Higgs boson using ATLAS
data”, Phys. Lett. B 726 (2013) 120, doi:10.1016/j.physletb.2013.08.026,
arXiv:1307.1432.

[12] CMS Collaboration, “Precise determination of the mass of the Higgs boson and tests of
compatibility of its couplings with the standard model predictions using proton collisions
at 7 and 8 TeV”, (2014). arXiv:1412.8662. Accepted for publication in Eur. Phys. J. C.

[13] CMS Collaboration, “Constraints on the spin-parity and anomalous HVV couplings of
the Higgs boson in proton collisions at 7 and 8 TeV”, (2014). arXiv:1411.3441.
Submitted for publication in Phys. Rev. D.

[14] ATLAS Collaboration, “Measurement of the Higgs boson mass from the H → γγ and
H → ZZ∗ → 4` channels in pp collisions at center-of-mass energies of 7 and 8 TeV with
the ATLAS detector”, Phys. Rev. D 90 (2014) 052004,
doi:10.1103/PhysRevD.90.052004, arXiv:1406.3827.

[15] CMS Collaboration, “Observation of the diphoton decay of the 125 GeV Higgs boson and
measurement of its properties”, Eur. Phys. J. C 74 (2014) 3076,
doi:10.1140/epjc/s10052-014-3076-z, arXiv:1407.0558.

http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRev.145.1156
http://dx.doi.org/10.1103/PhysRev.155.1554
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://www.arXiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://www.arXiv.org/abs/1207.7235
http://dx.doi.org/10.1007/JHEP06(2013)081
http://www.arXiv.org/abs/1303.4571
http://dx.doi.org/10.1016/j.physletb.2013.08.010
http://www.arXiv.org/abs/1307.1427
http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://www.arXiv.org/abs/1307.1432
http://www.arXiv.org/abs/1307.1432
http://www.arXiv.org/abs/1412.8662
http://www.arXiv.org/abs/1411.3441
http://dx.doi.org/10.1103/PhysRevD.90.052004
http://www.arXiv.org/abs/1406.3827
http://dx.doi.org/10.1140/epjc/s10052-014-3076-z
http://www.arXiv.org/abs/1407.0558


12 References

[16] CMS Collaboration, “Measurement of the properties of a Higgs boson in the four-lepton
final state”, Phys. Rev. D 89 (2014) 092007, doi:10.1103/PhysRevD.89.092007,
arXiv:1312.5353.

[17] Gfitter Group, M. Baak et al., “The global electroweak fit at NNLO and prospects for the
LHC and ILC”, Eur. Phys. J. C 74 (2014) 3046,
doi:10.1140/epjc/s10052-014-3046-5, arXiv:1407.3792.

[18] L. J. Dixon and M. S. Siu, “Resonance-Continuum Interference in the Diphoton Higgs
Signal at the LHC”, Phys. Rev. Lett. 90 (2003) 252001,
doi:10.1103/PhysRevLett.90.252001, arXiv:hep-ph/0302233.

[19] S. P. Martin, “Shift in the LHC Higgs diphoton mass peak from interference with
background”, Phys. Rev. D 86 (2012) 073016, doi:10.1103/PhysRevD.86.073016,
arXiv:1208.1533.

[20] L. J. Dixon and Y. Li, “Bounding the Higgs Boson Width Through Interferometry”, Phys.
Rev. Lett. 111 (2013) 111802, doi:10.1103/PhysRevLett.111.111802,
arXiv:1305.3854.

[21] N. Kauer and G. Passarino, “Inadequacy of zero-width approximation for a light Higgs
boson signal”, JHEP 08 (2012) 116, doi:10.1007/JHEP08(2012)116,
arXiv:1206.4803.

[22] ATLAS Collaboration, “The ATLAS experiment at the CERN Large Hadron Collider”,
JINST 3 (2008) S08003, doi:10.1088/1748-0221/3/08/S08003.

[23] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[24] ATLAS Collaboration, “Measurement of Higgs boson production in the diphoton decay
channel in pp collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS
detector”, Phys. Rev. D 90 (2014) 112015, doi:10.1103/PhysRevD.90.112015,
arXiv:1408.7084.

[25] ATLAS and CMS Collaborations, “Procedure for the LHC Higgs boson search
combination in Summer 2011”, Technical Report ATL-PHYS-PUB 2011-11, CMS NOTE
2011/005, 2011.

[26] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, “Asymptotic formulae for
likelihood-based tests of new physics”, Eur. Phys. J. C 71 (2011) 1554,
doi:10.1140/epjc/s10052-011-1554-0, arXiv:1007.1727.

[27] W. Verkerke and D. P. Kirkby, “The RooFit toolkit for data modeling”, in 13th

International Conference for Computing in High-Energy and Nuclear Physics (CHEP03). 2003.
arXiv:physics/0306116. CHEP-2003-MOLT007.

[28] L. Moneta et al., “The RooStats Project”, in 13th International Workshop on Advanced
Computing and Analysis Techniques in Physics Research (ACAT2010). SISSA, 2010.
arXiv:1009.1003. PoS(ACAT2010)057.

[29] ROOT Collaboration, “HistFactory: A tool for creating statistical models for use with
RooFit and RooStats”, Technical Report CERN-OPEN-2012-016, 2012.

http://dx.doi.org/10.1103/PhysRevD.89.092007
http://www.arXiv.org/abs/1312.5353
http://www.arXiv.org/abs/1312.5353
http://dx.doi.org/10.1140/epjc/s10052-014-3046-5
http://www.arXiv.org/abs/1407.3792
http://dx.doi.org/10.1103/PhysRevLett.90.252001
http://www.arXiv.org/abs/hep-ph/0302233
http://dx.doi.org/10.1103/PhysRevD.86.073016
http://www.arXiv.org/abs/1208.1533
http://www.arXiv.org/abs/1208.1533
http://dx.doi.org/10.1103/PhysRevLett.111.111802
http://www.arXiv.org/abs/1305.3854
http://www.arXiv.org/abs/1305.3854
http://dx.doi.org/10.1007/JHEP08(2012)116
http://www.arXiv.org/abs/1206.4803
http://www.arXiv.org/abs/1206.4803
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1103/PhysRevD.90.112015
http://www.arXiv.org/abs/1408.7084
http://www.arXiv.org/abs/1408.7084
http://cdsweb.cern.ch/record/1379837
http://cdsweb.cern.ch/record/1379837
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://www.arXiv.org/abs/1007.1727
http://www.arXiv.org/abs/physics/0306116
http://www.arXiv.org/abs/physics/0306116
http://www.arXiv.org/abs/1009.1003
http://www.arXiv.org/abs/1009.1003
http://pos.sissa.it/archive/conferences/093/057/ACAT2010_057.pdf


References 13

[30] ATLAS Collaboration, “Electron and photon energy calibration with the ATLAS detector
using LHC Run 1 data”, Eur. Phys. J. C 74 (2014) 3071,
doi:10.1140/epjc/s10052-014-3071-4, arXiv:1407.5063.

[31] ATLAS Collaboration, “Measurement of the muon reconstruction performance of the
ATLAS detector using 2011 and 2012 LHC proton-proton collision data”, Eur. Phys. J. C
74 (2014) 3130, doi:10.1140/epjc/s10052-014-3130-x, arXiv:1407.3935.

[32] CMS Collaboration, “Performance of CMS muon reconstruction in pp collision events at√
s = 7 TeV”, JINST 7 (2012) P10002, doi:10.1088/1748-0221/7/10/P10002,

arXiv:1206.4071.

[33] CMS Collaboration, “Performance of electron reconstruction and selection with the CMS
detector in proton-proton collisions at

√
s = 8 TeV”, (2015). arXiv:1502.02701.

Submitted for publication in JINST.

[34] CMS Collaboration, “Performance of photon reconstruction and identification with the
CMS detector in proton-proton collisions at

√
s = 8 TeV”, (2015). arXiv:1502.02702.

Submitted for publication in JINST.

[35] P. D. Dauncey, M. Kenzie, N. Wardle, and G. Davies, “Handling uncertainties in
background shapes: the discrete profiling method”, (2014). arXiv:1408.6865.
Accepted for publication in JINST.

[36] The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working
Group, the SLD Electroweak and Heavy Flavour Groups, “Precision Electroweak
Measurements on the Z Resonance”, Phys. Rept. 427 (2006) 257,
doi:10.1016/j.physrep.2005.12.006, arXiv:hep-ex/0509008.

http://dx.doi.org/10.1140/epjc/s10052-014-3071-4
http://www.arXiv.org/abs/1407.5063
http://dx.doi.org/10.1140/epjc/s10052-014-3130-x
http://www.arXiv.org/abs/1407.3935
http://dx.doi.org/10.1088/1748-0221/7/10/P10002
http://www.arXiv.org/abs/1206.4071
http://www.arXiv.org/abs/1206.4071
http://www.arXiv.org/abs/1502.02701
http://www.arXiv.org/abs/1502.02702
http://www.arXiv.org/abs/1408.6865
http://dx.doi.org/10.1016/j.physrep.2005.12.006
http://www.arXiv.org/abs/hep-ex/0509008


14 References



15

A The ATLAS Collaboration
G. Aad85, B. Abbott113, J. Abdallah151, O. Abdinov11, R. Aben107, M. Abolins90,
O.S. AbouZeid158, H. Abramowicz153, H. Abreu152, R. Abreu30, Y. Abulaiti146a,146b,
B.S. Acharya164a,164b,a, L. Adamczyk38a, D.L. Adams25, J. Adelman108, S. Adomeit100,
T. Adye131, A.A. Affolder74, T. Agatonovic-Jovin13, J.A. Aguilar-Saavedra126a,126f, S.P. Ahlen22,
F. Ahmadov65,b, G. Aielli133a,133b, H. Akerstedt146a,146b, T.P.A. Åkesson81, G. Akimoto155,
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B. Alvarez Gonzalez30, D. Álvarez Piqueras167, M.G. Alviggi104a,104b, B.T. Amadio15,
K. Amako66, Y. Amaral Coutinho24a, C. Amelung23, D. Amidei89, S.P. Amor Dos Santos126a,126c,
A. Amorim126a,126b, S. Amoroso48, N. Amram153, G. Amundsen23, C. Anastopoulos139,
L.S. Ancu49, N. Andari30, T. Andeen35, C.F. Anders58b, G. Anders30, J.K. Anders74,
K.J. Anderson31, A. Andreazza91a,91b, V. Andrei58a, S. Angelidakis9, I. Angelozzi107,
P. Anger44, A. Angerami35, F. Anghinolfi30, A.V. Anisenkov109,c, N. Anjos12, A. Annovi124a,124b,
M. Antonelli47, A. Antonov98, J. Antos144b, F. Anulli132a, M. Aoki66, L. Aperio Bella18,
G. Arabidze90, Y. Arai66, J.P. Araque126a, A.T.H. Arce45, F.A. Arduh71, J-F. Arguin95,
S. Argyropoulos42, M. Arik19a, A.J. Armbruster30, O. Arnaez30, V. Arnal82, H. Arnold48,
M. Arratia28, O. Arslan21, A. Artamonov97, G. Artoni23, S. Asai155, N. Asbah42, A. Ashkenazi153,
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Z.L. Trocsanyi45, B. Ujvari45, P. Mal46, K. Mandal46, N. Sahoo46, S.K. Swain46, S. Bansal47,
S.B. Beri47, V. Bhatnagar47, R. Chawla47, R. Gupta47, U.Bhawandeep47, A.K. Kalsi47, A. Kaur47,
M. Kaur47, R. Kumar47, A. Mehta47, M. Mittal47, N. Nishu47, J.B. Singh47, G. Walia47,
Ashok Kumar48, Arun Kumar48, A. Bhardwaj48, B.C. Choudhary48, R.B. Garg48, A. Kumar48,
S. Malhotra48, M. Naimuddin48, K. Ranjan48, R. Sharma48, V. Sharma48, S. Banerjee49,
S. Bhattacharya49, K. Chatterjee49, S. Dey49, S. Dutta49, Sa. Jain49, Sh. Jain49, R. Khurana49,
N. Majumdar49, A. Modak49, K. Mondal49, S. Mukherjee49, S. Mukhopadhyay49, A. Roy49,
D. Roy49, S. Roy Chowdhury49, S. Sarkar49, M. Sharan49, A. Abdulsalam50, R. Chudasama50,
D. Dutta50, V. Jha50, V. Kumar50, A.K. Mohanty50,c, L.M. Pant50, P. Shukla50, A. Topkar50,
T. Aziz51, S. Banerjee51, S. Bhowmik51,aa, R.M. Chatterjee51, R.K. Dewanjee51, S. Dugad51,
S. Ganguly51, S. Ghosh51, M. Guchait51, A. Gurtu51,bb, G. Kole51, S. Kumar51, B. Mahakud51,
M. Maity51,aa, G. Majumder51, K. Mazumdar51, S. Mitra51, G.B. Mohanty51, B. Parida51,
T. Sarkar51,aa, K. Sudhakar51, N. Sur51, B. Sutar51, N. Wickramage51,cc, S. Sharma52,
H. Bakhshiansohi53, H. Behnamian53, S.M. Etesami53,dd, A. Fahim53,ee, R. Goldouzian53,
M. Khakzad53, M. Mohammadi Najafabadi53, M. Naseri53, S. Paktinat Mehdiabadi53,
F. Rezaei Hosseinabadi53, B. Safarzadeh53, f f , M. Zeinali53, M. Felcini54, M. Grunewald54,
M. Abbrescia55a,55b, C. Calabria55a,55b, C. Caputo55a,55b, S.S. Chhibra55a,55b, A. Colaleo55a,
D. Creanza55a,55c, L. Cristella55a,55b, N. De Filippis55a,55c, M. De Palma55a,55b, L. Fiore55a,
G. Iaselli55a,55c, G. Maggi55a,55c, M. Maggi55a, G. Miniello55a,55b, S. My55a,55c, S. Nuzzo55a,55b,
A. Pompili55a,55b, G. Pugliese55a,55c, R. Radogna55a,55b, A. Ranieri55a, G. Selvaggi55a,55b,
L. Silvestris55a,c, R. Venditti55a,55b, P. Verwilligen55a, G. Abbiendi56a, C. Battilana56a,c,
A.C. Benvenuti56a, D. Bonacorsi56a,56b, S. Braibant-Giacomelli56a,56b, L. Brigliadori56a,56b,
R. Campanini56a,56b, P. Capiluppi56a,56b, A. Castro56a,56b, F.R. Cavallo56a, G. Codispoti56a,56b,
M. Cuffiani56a,56b, G.M. Dallavalle56a, F. Fabbri56a, A. Fanfani56a,56b, D. Fasanella56a,56b,
P. Giacomelli56a, C. Grandi56a, L. Guiducci56a,56b, S. Marcellini56a, G. Masetti56a,
A. Montanari56a, F.L. Navarria56a,56b, A. Perrotta56a, A.M. Rossi56a,56b, T. Rovelli56a,56b,
G.P. Siroli56a,56b, N. Tosi56a,56b, R. Travaglini56a,56b, G. Cappello57a, M. Chiorboli57a,57b,
S. Costa57a,57b, F. Giordano57a, R. Potenza57a,57b, A. Tricomi57a,57b, C. Tuve57a,57b,
G. Barbagli58a, V. Ciulli58a,58b, C. Civinini58a, R. D’Alessandro58a,58b, E. Focardi58a,58b,
S. Gonzi58a,58b, V. Gori58a,58b, P. Lenzi58a,58b, M. Meschini58a, S. Paoletti58a, G. Sguazzoni58a,
A. Tropiano58a,58b, L. Viliani58a,58b, L. Benussi59, S. Bianco59, F. Fabbri59, D. Piccolo59,
V. Calvelli60a,60b, F. Ferro60a, M. Lo Vetere60a,60b, E. Robutti60a, S. Tosi60a,60b, M.E. Dinardo61a,61b,
S. Fiorendi61a,61b, S. Gennai61a, R. Gerosa61a,61b, A. Ghezzi61a,61b, P. Govoni61a,61b, S. Malvezzi61a,
R.A. Manzoni61a,61b, B. Marzocchi61a,61b,c, D. Menasce61a, L. Moroni61a, M. Paganoni61a,61b,
D. Pedrini61a, S. Ragazzi61a,61b, N. Redaelli61a, T. Tabarelli de Fatis61a,61b, S. Buontempo62a,
N. Cavallo62a,62c, S. Di Guida62a,62d,c, M. Esposito62a,62b, F. Fabozzi62a,62c, A.O.M. Iorio62a,62b,
G. Lanza62a, L. Lista62a, S. Meola62a,62d,c, M. Merola62a, P. Paolucci62a,c, C. Sciacca62a,62b,
F. Thyssen62a, P. Azzi63a,c, N. Bacchetta63a, D. Bisello63a,63b, A. Branca63a,63b, R. Carlin63a,63b,
A. Carvalho Antunes De Oliveira63a,63b, P. Checchia63a, M. Dall’Osso63a,63b,c, T. Dorigo63a,
U. Dosselli63a, F. Gasparini63a,63b, U. Gasparini63a,63b, A. Gozzelino63a, K. Kanishchev63a,63c,
S. Lacaprara63a, M. Margoni63a,63b, A.T. Meneguzzo63a,63b, J. Pazzini63a,63b, N. Pozzobon63a,63b,



35

P. Ronchese63a,63b, F. Simonetto63a,63b, E. Torassa63a, M. Tosi63a,63b, M. Zanetti63a, P. Zotto63a,63b,
A. Zucchetta63a,63b,c, G. Zumerle63a,63b, A. Braghieri64a, M. Gabusi64a,64b, A. Magnani64a,
S.P. Ratti64a,64b, V. Re64a, C. Riccardi64a,64b, P. Salvini64a, I. Vai64a, P. Vitulo64a,64b,
L. Alunni Solestizi65a,65b, M. Biasini65a,65b, G.M. Bilei65a, D. Ciangottini65a,65b,c, L. Fanò65a,65b,
P. Lariccia65a,65b, G. Mantovani65a,65b, M. Menichelli65a, A. Saha65a, A. Santocchia65a,65b,
A. Spiezia65a,65b, K. Androsov66a,gg, P. Azzurri66a, G. Bagliesi66a, J. Bernardini66a, T. Boccali66a,
G. Broccolo66a,66c, R. Castaldi66a, M.A. Ciocci66a,gg, R. Dell’Orso66a, S. Donato66a,66c,c,
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6 Université Libre de Bruxelles, Bruxelles, Belgium
7 Ghent University, Ghent, Belgium
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67a INFN Sezione di Roma
67b Università di Roma
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