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Abstract

Measurements of four-lepton (4`, ` = e, µ) production cross sections at the Z resonance in pp

collisions at the LHC with the ATLAS detector are presented. For dilepton and four-lepton invariant
mass regionm`+`− > 5 GeV and 80 < m4` < 100 GeV, the measured cross sections are 76±18 (stat) ±
4 (syst) ±1.4 (lumi) fb and 107±9 (stat) ±4 (syst) ±3.0 (lumi) fb at

√
s = 7 and 8 TeV, respectively. By

subtracting the non-resonant 4` production contributions and normalizing with Z → µ+µ− events, the
branching fraction for the Z boson decay to 4` is determined to be (3.20± 0.25 (stat)± 0.13 (syst)) ×
10−6, consistent with the Standard Model prediction.
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Measurement of the 4` Cross Section at the Z Resonance and Determination of the
Branching Fraction of Z → 4` in pp Collisions at

√
s = 7 and 8 TeV with ATLAS

G. Aad et al.

(ATLAS Collaboration)

Measurements of four-lepton (4`, ` = e, µ) production cross sections at the Z resonance in pp
collisions at the LHC with the ATLAS detector are presented. For dilepton and four-lepton invariant
mass region m`+`− > 5 GeV and 80 < m4` < 100 GeV, the measured cross sections are 76 ±
18 (stat) ± 4 (syst) ± 1.4 (lumi) fb and 107± 9 (stat) ± 4 (syst) ± 3.0 (lumi) fb at

√
s = 7 and

8 TeV, respectively. By subtracting the non-resonant 4` production contributions and normalizing
with Z → µ+µ− events, the branching fraction for the Z boson decay to 4` is determined to be
(3.20± 0.25 (stat)± 0.13 (syst))× 10−6, consistent with the Standard Model prediction.

PACS numbers: 13.38.Dg

This Letter presents measurements of the cross sec-
tions for the inclusive production of four leptons (4`,
` = e, µ) at the Z resonance in proton–proton colli-
sions at

√
s = 7 and 8 TeV using data recorded by the

ATLAS detector [1] at the LHC [2] in 2011 and 2012. In
the Standard Model (SM), 4` production in the Z reso-
nance region occurs dominantly via an s-channel diagram
such as shown in Fig. 1(a) where the Z boson decay to
charged leptons includes the production of an additional
lepton pair from the internal conversion of a virtual Z
or γ. A small fraction of 4` events is also produced in a
t-channel process such as shown in Fig. 1(b). The process
gg → Z(∗)Z(∗) → 4` accounts for only about 10−3 of the
total 4` event rate around the Z resonance [3]. A reso-
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FIG. 1. Examples of (a) s-channel and (b) t-channel Feyn-
man diagrams for 4` production in pp collisions.

nant peak around the Z mass in the 4` invariant mass
spectrum is observed along with the nearby peak from
the Higgs boson decay H → 4` [4, 5]. A measurement of
the 4` production cross section at the Z resonance pro-
vides a test of the SM and a cross-check of the detector
response to the 4` final state from Higgs decays.

Since the interference between the resonant and non-
resonant (t-channel and gg) production mechanisms is
expected to be very small around the Z resonance, the
branching fraction of the rare decay Z → 4` can be de-
termined by subtracting the expected non-resonant 4`
contributions from the measured 4` rate. For simplic-

ity, inclusive 4` production around the Z resonance, in-
cluding the non-resonant contributions, is denoted as
Z → 4` from here on, except that the branching frac-
tion ΓZ→4`/ΓZ refers to the s-channel contribution alone.
The CMS Collaboration has observed the Z → 4` reso-
nance in

√
s = 7 TeV data and determined a branching

fraction, summed over the 4e, 4µ and 2e2µ final states, of
ΓZ→4`/ΓZ =

(
4.2+0.9
−0.8 (stat)± 0.2 (syst)

)
× 10−6, where

80 < m4` < 100 GeV and m`` > 4 GeV for all pairs of
leptons (regardless of lepton flavor or charge) [6]. The
results presented here include the first cross section mea-
surement of the 4` production at the Z resonance at

√
s=

8 TeV, and a determination of ΓZ→4`/ΓZ with improved
statistical precision.

The inclusive 4` production cross section at the Z
resonance is measured separately for the 4e, 4µ and
2e2µ final states for each of the

√
s = 7 and 8 TeV

datasets in a fiducial region (defined below) correspond-
ing closely to the experimental acceptance. The mea-
sured fiducial cross sections are then extrapolated to a
final phase-space region defined by the dilepton and four-
lepton invariant mass requirements m`+`− > 5 GeV and
80 < m4` < 100 GeV, where `+`− denotes all same-
flavor lepton pairs with opposite charge. The branching
fraction ΓZ→4`/ΓZ is determined by normalizing the res-
onant 4` production rate to the Z → µ+µ− production
rate measured in the same dataset.

The ATLAS detector has a cylindrical geometry [7] and
consists of an inner tracking detector surrounded by a 2 T
superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer with a toroidal
magnetic field. The inner detector (ID) provides preci-
sion tracking for charged particles for |η| < 2.5. It con-
sists of silicon pixel and strip detectors surrounded by a
straw tube tracker that also provides transition radiation
measurements for electron identification. The calorime-
ter system covers the pseudorapidity range |η| < 4.9. For
|η| < 2.5, the liquid-argon electromagnetic calorimeter
is finely segmented and plays an important role in elec-
tron identification. The muon spectrometer includes fast-
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trigger chambers (|η| < 2.4) and high-precision tracking
chambers covering |η| < 2.7.

The datasets for this analysis are recorded using single-
lepton and dilepton triggers. The transverse momentum
(pT) thresholds of these triggers vary from 20 to 24 GeV
for the single-lepton triggers and from 8 to 13 GeV for the
dilepton triggers, depending on lepton flavor and data-
taking period. The overall trigger efficiency for Z → 4`
events ranges from 94 to 99%.

After removing the short data-taking periods having
problems that affect the lepton reconstruction, the total
integrated luminosity used in the analysis is 4.5 fb−1 at
7 TeV and 20.3 fb−1 at 8 TeV. The overall uncertainty
on the integrated luminosity is 1.8% [8] and 2.8% [9] for
the
√
s = 7 and 8 TeV datasets, respectively.

The Powheg Monte Carlo (MC) program [10–12],
used to calculate the signal cross sections, includes per-
turbative QCD corrections to next-to-leading order. The
calculation also includes the interference terms between
the s-channel and the t-channel as well as the interfer-
ence terms between the Z and the γ∗ diagrams. The
CT10 [13] set of parton distribution functions (PDFs)
and QCD renormalization and factorization scales of
µR, µF = m4` are used. In the m`+`− > 5 GeV and
80 < m4` < 100 GeV phase space, the production
cross sections calculated by Powheg are 53.4 ± 1.2 fb
(45.8± 1.1 fb) for the sum of the 4e and 4µ final states,
and 51.5 ± 1.2 fb (44.2 ± 1.1 fb) for the 2e2µ final state
at 8 TeV (7 TeV). The cross sections for 4e and 4µ
are larger than for 2e2µ due to the interference between
the two same-flavor lepton pairs. The expected fraction
of 4` events produced via the t-channel process, ft, is
(3.35± 0.02) % and (3.90± 0.02) % for same-flavor (4e,
4µ) and mixed-flavor (2e2µ) final states, respectively, for
both 7 and 8 TeV. The gg → ZZ → 4` process is mod-
eled by gg2zz [14], and the 4` event fraction from this
process is calculated to be around 0.1%. The overall non-
resonant fraction (fnr) from the t-channel and gg contri-
butions combined is (3.45 ± 0.02)% and (4.00 ± 0.02)%
for the same-flavor and mixed-flavor final states, respec-
tively. To generate MC events with a simulation of the
detector to determine the signal acceptance, Powheg is
interfaced to Pythia6 [15] or Pythia8 [16] for shower-
ing and hadronization and to Photos [17] for radiated
photons from charged leptons.

The MC generators used to simulate the reducible
background contributions are MC@NLO [18] (to model
tt̄ and single-top production) and Alpgen [19] (to model
Z boson production in association with jets, referred to as
Z+jets). These generators are interfaced to Herwig [20]
and Jimmy [21] for parton showering and underlying-
event simulations. The diboson background processes
WZ and Zγ, and Z(∗)Z(∗) → 4` decays involving τ →
e/µ+2ν, are modeled by Powheg (interfaced to Pythia
for parton showering) and Sherpa [22].

The detector response simulation [23] is based on the

GEANT4 program [24]. Additional inelastic pp interac-
tions (referred to as pile-up) are included in the simu-
lation, and events are re-weighted to reproduce the ob-
served distribution of the average number of collisions
per bunch-crossing in the data.

The Z → 4` event selection closely follows the H →
ZZ∗ → 4` analysis [25] with muon pT and dilepton in-
variant mass requirements loosened to increase the ac-
ceptance for the Z → 4` process.

Muons are identified by tracks (or track segments) re-
constructed in the muon spectrometer and are matched
to tracks reconstructed in the ID. The muon momen-
tum is calculated by combining the information from
the two subsystems, correcting for the energy lost in the
calorimeters. Additionally, one muon in each event is al-
lowed to be a stand-alone muon or a calorimeter-tagged
muon, where the stand-alone muon is identified by only
a muon spectrometer track in 2.5 < |η| < 2.7, and the
calorimeter-tagged muon is identified by an ID track with
pT > 15 GeV associated with a compatible calorimeter
energy deposit in |η| < 0.1. All muon candidates are
required to have pT > 4 GeV and |η| < 2.7.

Electrons are reconstructed from energy deposits in
the electromagnetic calorimeter matched to a track in
the ID [26]. Tracks associated with electromagnetic clus-
ters are fitted using a Gaussian Sum Filter [27], which
allows bremsstrahlung energy losses to be taken into ac-
count. For

√
s = 8 TeV data, improved electron discrim-

ination from jets is obtained using a likelihood function
formed from parameters characterizing the shower shape
and track association, resulting in a reduction of the elec-
tron misidentification rate by more than a factor of two
compared to that at 7 TeV. Electron candidates are re-
quired to have pT > 7 GeV and |η| < 2.47.

Collision events are selected by requiring at least one
reconstructed vertex with at least three charged parti-
cle tracks with pT > 0.4 GeV. If more than one vertex
satisfies the selection requirement, the primary vertex is
chosen as the one with the highest

∑
p2

T, summed over
all tracks associated with the vertex.

In order to reject electrons and muons from jets, only
isolated leptons are selected, requiring the scalar sum of
the transverse momenta,

∑
pT, of other tracks inside a

cone size of ∆R =
√

(∆η)2 + (∆φ)2 = 0.2 around the
lepton to be less than 15% of the lepton pT. In addition,
the

∑
ET deposited in calorimeter cells inside a cone size

of ∆R = 0.2 around the lepton direction, excluding the
transverse energy due to the lepton and corrected for the
expected pile-up contribution, is required to be less than
30% of the lepton pT, reduced to 20% for electrons in
the 8 TeV dataset and 15% for stand-alone muons. To
further reject leptons from heavy-flavor jets, the impact
parameter relative to the primary vertex is required to
be less than 3.5 (6.0) standard deviations for all muons
(electrons), where the looser electron requirement allows
for tails in the electron impact parameter distribution
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due to bremsstrahlung in the ID.

Candidate quadruplets are formed by selecting two
opposite-sign, same-flavor dilepton pairs in an event. The
four leptons of the quadruplets are required to be well
separated, ∆R > 0.1 for same-flavor lepton pairs and
∆R > 0.2 for eµ pairs. The two leading leptons must
have pT > 20 GeV and pT > 15 GeV. The third lepton
must have pT > 10 (8) GeV if it is an electron (muon).
The dilepton pair with greatest invariant mass (denoted
m12) is called the leading lepton pair, while the sub-
leading lepton pair is chosen to have the largest invari-
ant mass (denoted m34) among the remaining possible
pairs. The dilepton masses must satisfy m12 > 20 GeV
and m34 > 5 GeV. In the 4e and 4µ channels all same-
flavor, opposite-sign lepton pairs are required to have
m`+`− > 5 GeV. This helps to reject events containing
J/ψ → `+`− decays. The invariant mass of the lepton
quadruplet is restricted to 80 < m4` < 100 GeV. A total
of 21 and 151 Z → 4` candidate events are selected in
the 7 and 8 TeV datasets, respectively. The distributions
of m12, m34, and m4` are shown in Fig. 2. The number
of events observed in each channel is shown in Table I.
The 2e2µ channel is divided into ee + µµ and µµ + ee
channels indicating the lepton flavors of the leading and
sub-leading lepton pairs.

The overall signal selection efficiency is the product of
efficiency and acceptance factors, C4` and A4`, respec-
tively. The efficiency factor C4` is the ratio of the num-
ber of Z → 4` events passing the reconstructed event
selections to the number in the fiducial region, and is
determined using the signal MC samples after the detec-
tor simulation. The fiducial region, defined at the MC
generator level using the lepton four-momenta, requires
pT > 20, 15, 10(8), 7(4) GeV and |η| < 2.5(2.7) of the pT-
ordered e(µ), ∆R(`, `′) > 0.1(0.2) for all same(different)-
flavor lepton pairs, m`+`− > 20 GeV for at least one
lepton pair, m`+`− > 5 GeV for all same-flavor lepton
pairs, and 80 < m4` < 100 GeV. The four-momenta of
all final state photons within ∆R = 0.1 of a lepton are
summed into the four-momentum of that lepton. The
acceptance factor A4` is the fraction of Z → 4` events in
the final phase space which falls into the fiducial region.
The C4` uncertainty is mostly experimental and the A4`

uncertainty is entirely theoretical. The A4` and C4` val-
ues are listed in Table I for each channel and dataset.
The C4` values for 8 TeV are larger than for 7 TeV due
to a variety of factors, including electron identification
improvements with better bremsstrahlung treatment and
additional muon detector coverage.

The MC lepton identification and trigger efficiencies
are corrected based on studies performed in data control
regions. The energy and momentum scales and resolu-
tions of the MC events are calibrated to reproduce data
from Z → `+`− and J/ψ → `+`− decays. The uncer-
tainties on the Z → 4` signal detection efficiency are de-
termined by varying the nominal calibrations (including

lepton energy and momentum resolutions and scales, and
the trigger, reconstruction and identification efficiencies)
in the MC samples by one standard deviation. For the
8 TeV (7 TeV) analysis, the relative uncertainties on the
C4` factors are 2.7% (2.7%), 3.7% (4.9%), 6.2% (9.8%),
and 9.4% (14.9%) for µµ + µµ, ee + µµ, µµ + ee, and
ee+ee, respectively, where the labeling ``+`′`′ indicates
the leading and sub-leading lepton pairs. The major un-
certainty contributions come from the lepton reconstruc-
tion and identification efficiencies.

The relative uncertainties on the A4` factors, evalu-
ated using Powheg MC samples, range from 1.3% to
1.7% depending on channel. The theoretical uncertain-
ties reflect uncertainties from the choice of QCD scales
and PDFs. The scales are varied independently from 0.5
to 2.0 times the nominal µR, µF = m4`. The PDF uncer-
tainties are estimated by taking the sum in quadrature
of the deviations of A4` for each PDF error set (52 CT10
eigenvectors varied by one standard deviation) and for
an alternative PDF set, MSTW2008 [28], with respect to
the nominal one.

The overall background in the selected 4` event sam-
ple is estimated to be below 1%, as shown in Table I.
The background contributions from diboson production
are estimated, using MC simulations, to be 0.06 ± 0.01
and 0.49 ± 0.04 events in the 7 and 8 TeV datasets, re-
spectively. Background contributions from Z+jets and
top production processes are estimated from data. Such
background events may contain two isolated leptons from
Z decays or from W decays in top events, together with
additional activity such as heavy-flavor jets or misidenti-
fied components of jets yielding reconstructed leptons.
These backgrounds are estimated from data using a
background-enriched control sample of ``j`j` events, se-
lected with the standard signal requirements except that
lepton-like jets, j`, are selected in place of two of the
signal leptons. Electron-like jets, je, in the ``j`j` con-
trol sample are obtained from electromagnetic clusters
matched to tracks in the ID that do not satisfy the iden-
tification criteria or isolation requirements. Muon-like
jets, jµ, are defined as muon candidates that fail the re-
quirements on isolation. The reducible background in
the signal sample is estimated by scaling each event in
the ``j`j` control sample by f1 × f2, where the factor
fi (i = 1, 2) for each of the two lepton-like jets depends
on lepton flavor and pT. The factor f is the ratio of
the probability for a jet to satisfy the signal lepton se-
lection criteria to the probability for the jet to satisfy
the lepton-like jet criteria, and is obtained from indepen-
dent jet-enriched data samples dominated by Z+jets or
tt̄ events. The uncertainties on f are determined from
the variations of f in data samples obtained with alter-
native lepton-like jet selections and different jet compo-
sitions. The estimated background from Z+jets and top
processes ranges from 0.05 to 0.20 events for the different
channels and datasets; for all 4` channels combined it is
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FIG. 2. Invariant mass distributions of (a) the leading lepton pair, m12, (b) the subleading lepton pair, m34 , and (c) the
four-lepton system, m4`. The MC simulation expectation for a combination of all channels is compared to

√
s = 7 and 8 TeV

data. All selections are applied except in (c) there is no m4` requirement. The background contributes < 1% of the total
expected signal (invisible in the plots).

TABLE I. Summary of the observed (Nobs
4` ) and expected (Nexp

4` ) number of selected Z → 4` candidate events, and the estimated

number of background events (Nbkg
4` ) in each 4` channel for

√
s = 7 and 8 TeV. The associated uncertainties are statistical and

systematic combined. The central values of the acceptance and efficiency factors (A4`) and (C4`), the measured fiducial cross
sections (σfid

Z4`), and the total cross sections for m`+`− > 5 GeV, 80 < m4` < 100 GeV (σZ4`) are also presented. The fiducial
regions are defined in the text and are different for each channel. The σZ4` are given for same-flavor (4e and 4µ), different-flavor
(2e2µ), and all channels combined. The uncertainties on σfid

Z4` and σZ4` are the statistical and systematic uncertainties, and
the uncertainty due to the luminosity measurement.

√
s 4` state Nobs

4` Nexp
4` Nbkg

4` C4` σfid
Z4` [fb] A4` σZ4` [fb]

7 TeV ee+ ee 1 1.8± 0.3 0.12± 0.04 21.5% 0.9+1.4
−0.7 ± 0.14± 0.02 7.5%

}
4e, 4µ 32± 11± 1.0± 0.6

µµ+ µµ 8 11.3± 0.5 0.08± 0.04 59.2% 3.0+1.2
−0.9 ± 0.07± 0.05 18.3%

ee+ µµ 7 7.9± 0.4 0.18± 0.09 49.0% 3.1+1.4
−1.1 ± 0.16± 0.05 15.8%

}
2e2µ 44± 14± 3.3± 0.9

µµ+ ee 5 3.3± 0.3 0.07± 0.04 36.3% 3.0+1.6
−1.2 ± 0.30± 0.06 8.8%

combined 21 24.2± 1.2 0.44± 0.14 76± 18± 4± 1.4

8 TeV ee+ ee 16 14.4± 1.4 0.14± 0.03 36.1% 2.2+0.6
−0.5 ± 0.20± 0.06 7.3%

}
4e, 4µ 56± 6± 1.8± 1.6

µµ+ µµ 71 68.8± 2.7 0.34± 0.05 71.1% 4.9+0.7
−0.6 ± 0.13± 0.14 17.8%

ee+ µµ 48 43.2± 2.1 0.32± 0.05 55.5% 4.2+0.7
−0.6 ± 0.16± 0.12 14.8%

}
2e2µ 52± 7± 2.4± 1.5

µµ+ ee 16 19.3± 1.3 0.18± 0.04 46.2% 1.7+0.5
−0.4 ± 0.10± 0.04 7.9%

combined 151 146± 7 1.0± 0.11 107± 9± 4± 3.0

estimated to be 0.38±0.14 and 0.49±0.10 events for the
7 and 8 TeV data, respectively.

The numbers of signal events predicted by MC simu-
lation are 23.8± 1.2 and 145± 7 for 7 and 8 TeV, respec-
tively. The data and MC predictions, as shown in Fig. 2,
are in good agreement. Denoting the integrated lumi-
nosity by L, the measured fiducial cross sections (σfid

Z4`),

determined by (Nobs
4` - Nbkg

4` )/(L×C4`), are given in Ta-
ble I.

The cross section in the final phase space for each chan-
nel is calculated by σfid

Z4`/A4`. The cross sections ob-
tained for the ee+ ee and µµ+ µµ channels, and for the
2e+2µ and 2µ+2e channels, are compatible within errors
and are combined using 2 × 2 covariance matrices. The
total inclusive 4` cross section is a sum of the two com-

bined cross sections, and the uncertainty includes cor-
relations between the four channels. The cross sections
listed in Table I are consistent with the SM predictions
given earlier.

The Z → 4` branching fraction, ΓZ→4`/ΓZ , is deter-
mined by subtracting the non-resonant contributions to
the selected events and normalizing the resulting yield to
the observed number of Z → µ+µ− events in the same
dataset,

ΓZ→4`

ΓZ
=

(
ΓZ→µµ

ΓZ

) (Nobs
4` −N

bkg
4`

)
(1− fnr)C2µ ·A2µ(

Nobs
2µ −N

bkg
2µ

)
C4` ·A4`

,

where ΓZ→µµ/ΓZ = (3.366± 0.007) % [29], Nobs
2µ is

around 1.7 million and 8.9 million in the 7 and 8 TeV
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datasets, respectively, and (C × A)2µ is (41.4± 0.6) %

and (41.8± 0.6) %, respectively. The background (Nbkg
2µ )

is estimated to be around 0.3% of the selected Z → µ+µ−

events, where the multijet and W+jets contributions are
obtained using a data-driven method similar to that used
for the Z → 4` background estimation, and other back-
ground contributions are estimated with simulated MC
samples. The branching fraction for Z → 4`, summed
over all ` = e, µ final states, is determined with both the
7 and 8 TeV datasets. The measured branching fractions
for each dataset are consistent within uncertainties and
are combined, giving

ΓZ→4`/ΓZ = (3.20± 0.25 (stat)± 0.13 (syst))× 10−6

in the final phase-space region, where the systematic un-
certainty includes a contribution (about 0.2%) due to the
interference between the s-channel and t-channel pro-
cesses, calculated using CalcHep [30]. The measured
branching fraction is consistent with the SM prediction
of (3.33± 0.01) × 10−6, calculated using Powheg. For
a larger final phase-space region defined by m`+`− >
4 GeV and 80 < m4` < 100 GeV, similar to that
used by CMS, the acceptance factors A4` and the non-
resonant fractions fnr, and their uncertainties, are also
evaluated (leaving the fiducial region unchanged), and
the measured branching fraction becomes ΓZ→4`/ΓZ =
(4.31± 0.34 (stat)± 0.17 (syst))× 10−6, compared with
an SM prediction of (4.50± 0.01) × 10−6. This result
is consistent with the CMS result measured with data
collected from pp collisions at 7 TeV.

In summary, measurements of the cross sections of 4`
production at the Z resonance in pp collision data col-
lected by the ATLAS detector at the LHC have been
presented. The datasets analyzed correspond to an in-
tegrated luminosity of 4.5 fb−1 and 20.3 fb−1 at

√
s = 7

and 8 TeV, respectively. The total Z → 4` production
cross sections in the phase-space region m`+`− > 5 GeV
and 80 < m4` < 100 GeV are measured to be σZ4` = 76±
18 (stat) ± 4 (syst) ± 1.4 (lumi) fb at 7 TeV and 107±
9 (stat) ± 4 (syst) ± 3.0 (lumi) fb at 8 TeV, consistent
with the SM predictions of 90.0±2.1 fb and 104.8±2.5 fb,
respectively. Normalizing to the measured Z → µ+µ−

production, the Z → 4` branching fraction is determined
to be (3.20± 0.25 (stat)± 0.13 (syst))×10−6, consistent
with the SM prediction of (3.33± 0.01)× 10−6.

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq
and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC,
China; COLCIENCIAS, Colombia; MSMT CR, MPO
CR and VSC CR, Czech Republic; DNRF, DNSRC

and Lundbeck Foundation, Denmark; EPLANET, ERC
and NSRF, European Union; IN2P3-CNRS, CEA-
DSM/IRFU, France; GNSF, Georgia; BMBF, DFG,
HGF, MPG and AvH Foundation, Germany; GSRT
and NSRF, Greece; ISF, MINERVA, GIF, I-CORE and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; FOM and NWO, Netherlands;
BRF and RCN, Norway; MNiSW and NCN, Poland;
GRICES and FCT, Portugal; MNE/IFA, Romania; MES
of Russia and ROSATOM, Russian Federation; JINR;
MSTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slove-
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N. Asbah94, A. Ashkenazi154, B. Åsman147a,147b, L. Asquith6, K. Assamagan25, R. Astalos145a, M. Atkinson166,
N.B. Atlay142, B. Auerbach6, K. Augsten127, M. Aurousseau146b, G. Avolio30, G. Azuelos94,d, Y. Azuma156,
M.A. Baak30, C. Bacci135a,135b, H. Bachacou137, K. Bachas155, M. Backes30, M. Backhaus30, J. Backus Mayes144,
E. Badescu26a, P. Bagiacchi133a,133b, P. Bagnaia133a,133b, Y. Bai33a, T. Bain35, J.T. Baines130, O.K. Baker177,
S. Baker77, P. Balek128, F. Balli137, E. Banas39, Sw. Banerjee174, D. Banfi30, A. Bangert151, A.A.E. Bannoura176,
V. Bansal170, H.S. Bansil18, L. Barak173, S.P. Baranov95, E.L. Barberio87, D. Barberis50a,50b, M. Barbero84,
T. Barillari100, M. Barisonzi176, T. Barklow144, N. Barlow28, B.M. Barnett130, R.M. Barnett15, Z. Barnovska5,
A. Baroncelli135a, G. Barone49, A.J. Barr119, F. Barreiro81, J. Barreiro Guimarães da Costa57, R. Bartoldus144,
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A. Durglishvili51b, M. Dwuznik38a, M. Dyndal38a, J. Ebke99, W. Edson2, N.C. Edwards46, W. Ehrenfeld21,
T. Eifert144, G. Eigen14, K. Einsweiler15, T. Ekelof167, M. El Kacimi136c, M. Ellert167, S. Elles5, F. Ellinghaus82,
N. Ellis30, J. Elmsheuser99, M. Elsing30, D. Emeliyanov130, Y. Enari156, O.C. Endner82, M. Endo117,
R. Engelmann149, J. Erdmann177, A. Ereditato17, D. Eriksson147a, G. Ernis176, J. Ernst2, M. Ernst25, J. Ernwein137,
D. Errede166, S. Errede166, E. Ertel82, M. Escalier116, H. Esch43, C. Escobar124, B. Esposito47, A.I. Etienvre137,
E. Etzion154, H. Evans60, L. Fabbri20a,20b, G. Facini30, R.M. Fakhrutdinov129, S. Falciano133a, R.J. Falla77,



9

Y. Fang33a, M. Fanti90a,90b, A. Farbin8, A. Farilla135a, T. Farooque12, S. Farrell164, S.M. Farrington171,
P. Farthouat30, F. Fassi168, P. Fassnacht30, D. Fassouliotis9, A. Favareto50a,50b, L. Fayard116, P. Federic145a,
O.L. Fedin122,j , W. Fedorko169, M. Fehling-Kaschek48, S. Feigl30, L. Feligioni84, C. Feng33d, E.J. Feng6, H. Feng88,
A.B. Fenyuk129, S. Fernandez Perez30, S. Ferrag53, J. Ferrando53, A. Ferrari167, P. Ferrari106, R. Ferrari120a,
D.E. Ferreira de Lima53, A. Ferrer168, D. Ferrere49, C. Ferretti88, A. Ferretto Parodi50a,50b, M. Fiascaris31,
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S.A. Stucci17, B. Stugu14, N.A. Styles42, D. Su144, J. Su124, HS. Subramania3, R. Subramaniam78, A. Succurro12,
Y. Sugaya117, C. Suhr107, M. Suk127, V.V. Sulin95, S. Sultansoy4c, T. Sumida67, X. Sun33a, J.E. Sundermann48,
K. Suruliz140, G. Susinno37a,37b, M.R. Sutton150, Y. Suzuki65, M. Svatos126, S. Swedish169, M. Swiatlowski144,
I. Sykora145a, T. Sykora128, D. Ta89, K. Tackmann42, J. Taenzer159, A. Taffard164, R. Tafirout160a, N. Taiblum154,
Y. Takahashi102, H. Takai25, R. Takashima68, H. Takeda66, T. Takeshita141, Y. Takubo65, M. Talby84,
A.A. Talyshev108,f , J.Y.C. Tam175, M.C. Tamsett78,ad, K.G. Tan87, J. Tanaka156, R. Tanaka116, S. Tanaka132,
S. Tanaka65, A.J. Tanasijczuk143, K. Tani66, N. Tannoury21, S. Tapprogge82, S. Tarem153, F. Tarrade29,
G.F. Tartarelli90a, P. Tas128, M. Tasevsky126, T. Tashiro67, E. Tassi37a,37b, A. Tavares Delgado125a,125b,
Y. Tayalati136d, F.E. Taylor93, G.N. Taylor87, W. Taylor160b, F.A. Teischinger30, M. Teixeira Dias Castanheira75,
P. Teixeira-Dias76, K.K. Temming48, H. Ten Kate30, P.K. Teng152, J.J. Teoh117, S. Terada65, K. Terashi156,
J. Terron81, S. Terzo100, M. Testa47, R.J. Teuscher159,i, J. Therhaag21, T. Theveneaux-Pelzer34, S. Thoma48,
J.P. Thomas18, J. Thomas-Wilsker76, E.N. Thompson35, P.D. Thompson18, P.D. Thompson159, A.S. Thompson53,
L.A. Thomsen36, E. Thomson121, M. Thomson28, W.M. Thong87, R.P. Thun88,∗, F. Tian35, M.J. Tibbetts15,
V.O. Tikhomirov95,ae, Yu.A. Tikhonov108,f , S. Timoshenko97, E. Tiouchichine84, P. Tipton177, S. Tisserant84,
T. Todorov5, S. Todorova-Nova128, B. Toggerson7, J. Tojo69, S. Tokár145a, K. Tokushuku65, K. Tollefson89,
L. Tomlinson83, M. Tomoto102, L. Tompkins31, K. Toms104, N.D. Topilin64, E. Torrence115, H. Torres143,
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33 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; (b) Department of Modern Physics,
University of Science and Technology of China, Anhui; (c) Department of Physics, Nanjing University, Jiangsu; (d)

School of Physics, Shandong University, Shandong; (e) Physics Department, Shanghai Jiao Tong University,
Shanghai, China
34 Laboratoire de Physique Corpusculaire, Clermont Université and Université Blaise Pascal and CNRS/IN2P3,
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II, Casablanca; (b) Centre National de l’Energie des Sciences Techniques Nucleaires, Rabat; (c) Faculté des Sciences
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