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This Letter presents the first search for a heavy particle decaying into an e��� final state in
ffiffiffi

s
p ¼

7 TeV pp collisions at the LHC. The data were recorded by the ATLAS detector during 2010 and

correspond to a total integrated luminosity of 35 pb�1. No excess above the standard model background

expectation is observed. Exclusions at 95% confidence level are placed on two representative models. In

an R-parity violating supersymmetric model, tau sneutrinos with a mass below 0.75 TeV are excluded,

assuming all R-parity violating couplings are zero except �0
311 ¼ 0:11 and �312 ¼ 0:07. In a lepton flavor

violating model, a Z0-like vector boson with masses of 0.70–1.00 TeV and corresponding cross sections

times branching ratios of 0.175–0.183 pb is excluded. These results extend to higher mass R-parity

violating sneutrinos and lepton flavor violating Z’s than previous constraints from the Tevatron.
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Events with e��� (e�) in the final state, which played
an important role in the discoveries of the tau lepton and
the top quark, have a clean experimental signature and low
background. Many new physics models allow an e� sig-
nature. For example, in R-parity violating (RPV) super-
symmetric models [1] a sneutrino can decay to e�. Models
with additional gauge symmetry can accommodate an e�
signature through lepton flavor violating (LFV) decays of
an extra gauge boson Z0 [2]. Standard model (SM) pro-
cesses that can produce an e� signature typically have
small cross sections, and the e� invariant mass (me�) lies

below the range favored for new physics signals. This
Letter reports a search for a heavy particle decaying into
the e� final state using data taken with the ATLAS detec-
tor. The results are interpreted in terms of the production
and decay of a tau sneutrino ~�� and a Z

0. Both the CDF and
D0 Collaborations at the Tevatron collider have reported
searches for the RPV production and decay of the ~�� [3–7].
The CDF Collaboration has also set limits on the LFV
couplings as a function of the Z0 mass [4].

The ATLAS detector [8] is a multipurpose particle phys-
ics apparatus with a forward-backward symmetric cylin-
drical geometry and near 4� coverage in solid angle [9].
The inner tracking detector (ID) consists of a silicon pixel
detector, a silicon microstrip detector, and a transition
radiation tracker. The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field and by
a finely segmented, hermetic calorimeter. The latter covers
j�j< 4:9 and provides three-dimensional reconstruction

of particle showers using lead-liquid argon sampling for
the electromagnetic compartment followed by a hadronic
compartment which is based on iron-scintillating tiles
sampling in the central region and on liquid argon sam-
pling with copper or tungsten absorbers for j�j> 1:7. The
muon spectrometer surrounds the calorimeters and consists
of three large superconducting toroids, a system of preci-
sion tracking chambers, and detectors for triggering.
The data used in this analysis were recorded in 2010 at a

center-of-mass energy
ffiffiffi

s
p ¼ 7 TeV. Application of data-

quality requirements results in a total integrated luminosity
of 35 pb�1 with an estimated uncertainty of 11% [10].
Events are required to satisfy one of the single lepton (e
or �) triggers, which have nominal transverse momentum
pT thresholds up to 15 GeV for e and 13 GeV for �. The
trigger efficiency is measured to be 100%, with a precision
of 1%, for e� candidates containing two leptons with
transverse momentum pT > 20 GeV.
To select e� events, the electron candidate is required to

have pT > 20 GeV and to lie inside the pseudorapidity
regions j�j< 1:37 or 1:52< j�j< 2:47. The event is re-
jected if the candidate cluster is located in a problematic
region of the electromagnetic calorimeter. Electron identi-
fication and isolation requirements provide rejection
against hadrons. A set of electron identification criteria
based on the calorimeter shower shape, track quality, and
track matching with the calorimeter cluster, referred to as
‘‘medium’’ in Ref. [11], is applied. In addition, a calorime-
ter isolation criterion E�R<0:2

T =ET < 0:1 is applied, where
E�R<0:2
T is defined as the transverse energy deposited in the

calorimeter within a cone of radius �R¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

��2þ��2
p

<
0:2 around the electron cluster, excluding the core energy
deposited by the electron, and ET is the transverse energy
of the electron.
The muon candidate must be reconstructed in both

the ID and the muon spectrometer. A good match of the
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parameters of the ID and muon spectrometer tracks is
required, and the pT values measured by these two systems
must be compatible. Furthermore, the muon candidate
must have pT > 20 GeV, j�j< 2:4, and be isolated in
the ID with p�R<0:2

T =pT < 0:1, where p�R<0:2
T is defined

as the sum of the pT of tracks with pT > 1 GeV within a
cone of radius �R< 0:2 around the muon track, excluding
the muon track.

Jets are reconstructed by using the anti-kt jet clustering
algorithm [12] with a radius parameter of 0.4. Only jets
with pT > 20 GeV and j�j< 2:5 are considered. If such a
jet and an electron lie within �R ¼ 0:2 of each other, the
jet is discarded. Leptons are considered only if they are
separated from all of the remaining jets by �R> 0:4.
Electrons and muons are also required to be separated
from each other by �R> 0:2.

The e� candidate events are required to have exactly
one electron and one muon with opposite charge satisfying
the above selection criteria. Furthermore, events have to
contain at least one primary vertex reconstructed with
more than four associated tracks with pT > 150 MeV.

The SM processes that can produce an e� signature are
predominantly t�t, Z=�� ! ��, W=Zþ jets, diboson,
single top, and QCD multijet events. Among the processes
listed above, t�t, Z=�� ! ��, single top, WW, WZ, and ZZ
produce electrons and muons in the final state and amount
to �80% of the expected e� data yield. The contributions
from these processes are estimated by using Monte Carlo
(MC) samples generated at

ffiffiffi

s
p ¼ 7 TeV and processed

with the standard chain of the ATLAS GEANT4 [13] simu-
lation and reconstruction [14] using the ATLAS MC09
parameter tune [15]. The event generators used are
PYTHIA 6.421 [16] (W and Z=��), POWHEG 1.0 [17] (t�t),
MADGRAPH 4 [18] (W=Zþ �), MC@NLO 3.4 [19] (single

top), and HERWIG 6.510 [20] (WW, WZ, and ZZ). The MC
samples are normalized to cross sections with higher order
corrections applied, as follows. The cross section is calcu-
lated to next-to-next-to-leading-order accuracy for W and
Z=�� [21], next-to-leading-order plus next-to-next-to-lead-
ing-log for t�t [22], and next-to-leading-order forWW,WZ,
and ZZ [23]. Single top andW=Zþ � cross sections come
from MC@NLO and MADGRAPH, respectively. Studies of
Z=�� ! ‘‘ (‘ ¼ e; �) events have shown that the lepton
reconstruction and identification efficiencies, energy scale,
and resolution need to be adjusted in the MC calculations
to properly describe the data. The appropriate corrections
are applied to the MC calculations in order to improve the
modeling of the backgrounds.

The processesW=Zþ �,W=Zþ jets, and pure QCD jet
production give rise to background in addition to prompt
leptons, which come from W and Z decay. Jets misidenti-
fied as leptons, electrons from photon conversions, and
leptons from hadron decays (including b- and c-hadron
decays) are classified as instrumental background. The
instrumental background accounts for �20% of the

expected e� data yield. The dominant component of the
instrumental background comes from events with one
prompt lepton and one jet identified as a lepton, with an
additional contribution from events with two misidentified
jets. These sources are referred to as jet instrumental
background and are estimated by using data. The back-
ground component initiated by prompt photons, referred to
as the photon instrumental background, is estimated from
MC calculations.
The jet instrumental background is estimated by using

data in the following way. Two selections are defined, both
requiring at least one lepton satisfying all lepton criteria.
The selections are defined by the second lepton candidate:
The ‘‘tight’’ selection requires the second candidate to pass
all lepton criteria, while the ‘‘loose’’ selection does not
enforce the lepton isolation requirement. The probability
for a lepton to satisfy the lepton isolation requirement is
estimated by applying the loose and tight selections on
Z=�� ! ‘‘ events. The probability for a jet to satisfy the
lepton isolation requirement is estimated by applying the
loose and tight selections on a sample of QCD dijet events
to which a cut on the missing transverse energy Emiss

T <
15 GeV is applied to remove W þ jets events. These two
probabilities, along with numbers of events selected in the
loose and tight samples, are used to estimate the back-
ground in the final selected sample. The background is
estimated to be 12þ10

�5 events for candidates with one

electron and one jet satisfying the muon selection criteria
and 19þ28�7 events for candidates with one muon and one jet

satisfying the electron selection criteria. The dominant
uncertainty on the jet instrumental background estimation
comes from the pT dependence of the probability for a
jet to pass the lepton isolation criterion. The background
due to two jets satisfying the lepton requirements is esti-
mated to be 1:3þ5

�1:3 events from same-sign dilepton events

in the data with the subtraction of contributions estimated
from MC calculations for all physics processes except the
QCD multijet. The overall jet instrumental background is
found to be 29þ30

�10 events. This background level has been

checked in simulated samples, which agree with the data-
driven estimates.
The dominant photon instrumental background comes

from the Wð! ��Þ� and Zð! ��Þ� processes where the
photon is reconstructed as an electron. A photon can be
reconstructed as an electron if it lies close to a charged
particle track or the photon converts to eþe� after inter-
acting with the material in front of the calorimeter. The
photon instrumental background is found to be 4:0� 0:7
events.
Table I shows the number of events selected in the data

and the estimated background contributions with their
uncertainties. A total of 160 e� candidates are observed
in the data, while the expectation from SM processes is
163þ34

�18 events. The dominant sources of systematic uncer-

tainty for the SM prediction arise from the uncertainty on
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the probability for a jet to satisfy the lepton isolation
requirement (70% for an electron and 30% for a muon),
theoretical cross sections on the physics background pro-
cesses (5%–15%), and the integrated luminosity (11%).
Other systematic uncertainties from the lepton trigger,
reconstruction and identification efficiencies, energy or
momentum scale, and resolution have been included and
are small.

Since no excess is observed in the data, limits are set for
the production of ~�� in RPV supersymmetric models and
an LFV Z0-like vector boson.

The RPV production of ~�� by d �d annihilation decaying
into e� is considered. By fixing all RPV couplings but �0

311

and �312 to zero, the contributions to the e� final state
originate from the ~�� only. With these couplings, along
with the assumption that ~�� is the lightest supersymmetric
particle, the ~�� can decay only to d �d or e�. The signal
cross section depends on the ~�� mass (m~��

), �0
311, and �312.

The third-generation ~�� is considered since stringent limits
exist on the electron sneutrino and muon sneutrino [1]. The
couplings �0

311 ¼ 0:11 and �312 ¼ 0:07, compatible with

the current indirect limits [1], are chosen as a benchmark
point.

An e� resonance can be generated in models containing
a heavy neutral gauge boson with nondiagonal lepton
flavor couplings Z0 [24]. Very stringent limits on the com-
bination of the mass and the coupling to ee and e� of such
models have been inferred from searches for rare muon
decay [2]. By using the data presented in this Letter, a limit
on the production cross section times branching ratio to e�
can be placed on a Z-like vector boson. To calculate the
acceptance and efficiency, the Z0 is assumed to have the
same quark and lepton couplings as the SM Z.

MC events with ~�� or Z
0 decaying into e� are generated

with HERWIG [20,25] or PYTHIA, respectively. Samples are
produced with sneutrino masses ranging from 0.1 to 1 TeV
and Z0 masses from 0.7 to 1 TeV.

The e� invariant mass distribution is presented in Fig. 1
for data, background contributions, and two possible new
physics signals: a ~�� with m~��

¼ 650 GeV and a Z0 with
mZ0 ¼ 700 GeV. The cross section is 0.31 pb for m~��

¼
650 GeV [26] and 0.61 pb for mZ0 ¼ 700 GeV [27]. The

corresponding overall acceptance times efficiency is 55%
for ~�� and 50% for Z0.
Theme� spectrum is examined for the presence of a new

heavy particle. For m~�� < 500 GeV, the search region for

specific m~��
is defined to be ðm~��

� 3	;m~��
þ 3	Þ, where

	 is the expected me� resolution (e.g., 	 ’ 15 GeV for

m~��
¼ 400 GeV). For higher m~��

, the region me� >

400 GeV is used. The expected and observed 95% C.L.
upper limits on 	ðpp ! ~��Þ � BRð~�� ! e�Þ are calcu-
lated by using a Bayesian method [28] with a flat prior for
the signal cross section as a function of m~��

. Figure 2(a)

shows the expected and observed limits, as a function of
m~��

, together with the �1 and �2 standard deviation

uncertainty bands. The expected exclusion limits are de-
termined by using simulated pseudoexperiments contain-
ing only SM processes by evaluating the 95% C.L. upper
limits for each pseudoexperiment at each value ofm~��

. The

median of the distribution of limits is shown as the ex-
pected limit. The ensemble of limits is also used to find the
1	 and 2	 envelope of the expected limits as a function of
m~��

. For a sneutrino with a mass of 100 GeV (1 TeV), the

limit on the cross section times branching ratio is 0.951
(0.154) pb. The theoretical cross sections for �0

311 ¼ 0:11,
�312 ¼ 0:07 and �0

311 ¼ 0:10, �312 ¼ 0:05 are also shown.

Sneutrinos with masses below 0.75 (0.65) TeVare excluded
by using �0

311 ¼ 0:11 and �312 ¼ 0:07 (�0
311 ¼ 0:10 and

�312 ¼ 0:05). The results improve on the previous CDF
95% C.L. limit of 0.56 TeV assuming �0

311 ¼ 0:10 and

�312 ¼ 0:05. The 95% C.L. observed upper limits on
�0
311 as a function of m~��

are shown in Fig. 2(b) for three

values of �312, together with the exclusion region obtained
from the D0 experiment [7]. The limits derived here are
extended to a higher mass region than was available at D0,
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FIG. 1 (color online). Observed and predicted e� invariant
mass distributions. Signal simulations are shown for m~��

¼
650 GeV (�0

311 ¼ 0:11 and �312 ¼ 0:07) and mZ0 ¼ 700 GeV.
The ratio plot at the bottom includes only statistical uncertain-
ties.

TABLE I. Estimated backgrounds in the selected sample, to-
gether with the observed event yield.

Process Number of events

Z=�� ! �� 54� 7
t�t 57� 9
WW 13:4� 1:7
Single top 4:6� 0:9
WZ 0:79� 0:11
Instrumental background 33þ30

�10

Total background 163þ34
�18

Data 160
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even though the limits are worse than those obtained by the
D0 Collaboration in the low mass region due to limited
statistics.

A similar method is used to set limits on the LFV Z0-like
vector boson, by using only events with me� > 400 GeV.

After finding no events in the data, the 95% C.L. upper
limits on	ðpp ! Z0Þ � BRðZ0 ! e�Þ are set, as shown in
Fig. 3. The expected limit is the same as the observed limit
because the median background event count expectation is
also zero. For a Z0 with a mass of 700 GeV (1 TeV), the
limit on the cross section times branching ratio is 0.175
(0.183) pb. This result improves upon previous CDF limits
by probing a higher mass range of Z0-like vector particles.

In conclusion, a search has been performed for a heavy
particle decaying into the e��� final state by using pp

collision data at
ffiffiffi

s
p ¼ 7 TeV recorded by the ATLAS

detector. The data are found to be consistent with the SM
prediction. Exclusions are placed on two representative
models at 95% C.L. In an RPV supersymmetric model,
tau sneutrinos with a mass below 0.75 TeV are excluded,
assuming single coupling dominance and coupling values
�0
311 ¼ 0:11 and �312 ¼ 0:07. Higher values of the RPV

coupling are also excluded as a function of m~��
. In an LFV

model, extra Z0-like gauge bosons are excluded with a
cross section times branching ratio above 0.183 pb, assum-
ing mZ0 ¼ 1 TeV. These results extend to higher mass
RPV sneutrinos and LFV Z’s than previous constraints
from the Tevatron.
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tions for �0
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are also shown. Forme� > 400 GeV, the total SM background is

0:67� 0:19, and the median of number of events expected from
pseudoexperiments is 0; therefore, the �1	 and �2	 uncer-
tainty bands cannot reach below this expectation. (b) The 95%
C.L. upper limits on the �0

311 coupling as a function of m~��
for
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ranges of �0

311 values that are excluded. These results are

compared to the exclusion region obtained from the D0
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A. Leung Fook Cheong,172 J. Levêque,4 D. Levin,87 L. J. Levinson,171 M. S. Levitski,128 M. Lewandowska,21

G.H. Lewis,108 M. Leyton,15 B. Li,83 H. Li,172 S. Li,32b X. Li,87 Z. Liang,39 Z. Liang,118,p B. Liberti,133a P. Lichard,29

M. Lichtnecker,98 K. Lie,165 W. Liebig,13 R. Lifshitz,152 J. N. Lilley,17 C. Limbach,20 A. Limosani,86 M. Limper,63

S. C. Lin,151,q F. Linde,105 J. T. Linnemann,88 E. Lipeles,120 L. Lipinsky,125 A. Lipniacka,13 T.M. Liss,165

D. Lissauer,24 A. Lister,49 A.M. Litke,137 C. Liu,28 D. Liu,151,r H. Liu,87 J. B. Liu,87 M. Liu,32b S. Liu,2 Y. Liu,32b

M. Livan,119a,119b S. S. A. Livermore,118 A. Lleres,55 S. L. Lloyd,75 E. Lobodzinska,41 P. Loch,6 W. S. Lockman,137

S. Lockwitz,175 T. Loddenkoetter,20 F. K. Loebinger,82 A. Loginov,175 C.W. Loh,168 T. Lohse,15 K. Lohwasser,48

M. Lokajicek,125 J. Loken,118 V. P. Lombardo,89a R. E. Long,71 L. Lopes,124a,c D. Lopez Mateos,34,s M. Losada,162

P. Loscutoff,14 F. Lo Sterzo,132a,132b M. J. Losty,159a X. Lou,40 A. Lounis,115 K. F. Loureiro,162 J. Love,21

P. A. Love,71 A. J. Lowe,143,f F. Lu,32a L. Lu,39 H. J. Lubatti,138 C. Luci,132a,132b A. Lucotte,55 A. Ludwig,43

D. Ludwig,41 I. Ludwig,48 J. Ludwig,48 F. Luehring,61 G. Luijckx,105 D. Lumb,48 L. Luminari,132a E. Lund,117

B. Lund-Jensen,147 B. Lundberg,79 J. Lundberg,146a,146b J. Lundquist,35 M. Lungwitz,81 A. Lupi,122a,122b G. Lutz,99

D. Lynn,24 J. Lys,14 E. Lytken,79 H. Ma,24 L. L. Ma,172 J. A. Macana Goia,93 G. Maccarrone,47 A. Macchiolo,99
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L. Mandelli,89a I. Mandić,74 R. Mandrysch,15 J. Maneira,124a P. S. Mangeard,88 I. D. Manjavidze,65 A. Mann,54

P.M. Manning,137 A. Manousakis-Katsikakis,8 B. Mansoulie,136 A. Manz,99 A. Mapelli,29 L. Mapelli,29 L. March,80

J. F. Marchand,29 F. Marchese,133a,133b G. Marchiori,78 M. Marcisovsky,125 A. Marin,21,a C. P. Marino,61

F. Marroquim,23a R. Marshall,82 Z. Marshall,34,s F. K. Martens,158 S. Marti-Garcia,167 A. J. Martin,175 B. Martin,29

B. Martin,88 F. F. Martin,120 J. P. Martin,93 Ph. Martin,55 T.A. Martin,17 B. Martin dit Latour,49 M. Martinez,11

V. Martinez Outschoorn,57 A. C. Martyniuk,82 M. Marx,82 F. Marzano,132a A. Marzin,111 L. Masetti,81

T. Mashimo,155 R. Mashinistov,94 J. Masik,82 A. L. Maslennikov,107 M. Maß,42 I. Massa,19a,19b G. Massaro,105

N. Massol,4 A. Mastroberardino,36a,36b T. Masubuchi,155 M. Mathes,20 P. Matricon,115 H. Matsumoto,155

H. Matsunaga,155 T. Matsushita,67 C. Mattravers,118,t J.M. Maugain,29 S. J. Maxfield,73 D. A. Maximov,107

E. N. May,5 A. Mayne,139 R. Mazini,151 M. Mazur,20 M. Mazzanti,89a E. Mazzoni,122a,122b S. P. Mc Kee,87

A. McCarn,165 R. L. McCarthy,148 T. G. McCarthy,28 N. A. McCubbin,129 K.W. McFarlane,56 J. A. Mcfayden,139

H. McGlone,53 G. Mchedlidze,51 R.A. McLaren,29 T. Mclaughlan,17 S. J. McMahon,129 R. A. McPherson,169,j

A. Meade,84 J. Mechnich,105 M. Mechtel,174 M. Medinnis,41 R. Meera-Lebbai,111 T. Meguro,116 R. Mehdiyev,93

S. Mehlhase,35 A. Mehta,73 K. Meier,58a J. Meinhardt,48 B. Meirose,79 C. Melachrinos,30 B. R. Mellado Garcia,172

L. Mendoza Navas,162 Z. Meng,151,r A. Mengarelli,19a,19b S. Menke,99 C. Menot,29 E. Meoni,11 K.M. Mercurio,57

P. Mermod,118 L. Merola,102a,102b C. Meroni,89a F. S. Merritt,30 A. Messina,29 J. Metcalfe,103 A. S. Mete,64

S. Meuser,20 C. Meyer,81 J-P. Meyer,136 J. Meyer,173 J. Meyer,54 T. C. Meyer,29 W. T. Meyer,64 J. Miao,32d

S. Michal,29 L. Micu,25a R. P. Middleton,129 P. Miele,29 S. Migas,73 L. Mijović,41 G. Mikenberg,171
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D. Moreno,81 M. Moreno Llácer,167 P. Morettini,50a M. Morii,57 J. Morin,75 Y. Morita,66 A.K. Morley,29

G. Mornacchi,29 M-C. Morone,49 S. V. Morozov,96 J. D. Morris,75 H.G. Moser,99 M. Mosidze,51 J. Moss,109

R. Mount,143 E. Mountricha,9 S. V. Mouraviev,94 E. J.W. Moyse,84 M. Mudrinic,12b F. Mueller,58a J. Mueller,123

K. Mueller,20 T. A. Müller,98 D. Muenstermann,29 A. Muijs,105 A. Muir,168 Y. Munwes,153 K. Murakami,66

W. J. Murray,129 I. Mussche,105 E. Musto,102a,102b A.G. Myagkov,128 M. Myska,125 J. Nadal,11 K. Nagai,160

PRL 106, 251801 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
24 JUNE 2011

251801-10



K. Nagano,66 Y. Nagasaka,60 A.M. Nairz,29 Y. Nakahama,115 K. Nakamura,155 I. Nakano,110 G. Nanava,20

A. Napier,161 M. Nash,77,t N. R. Nation,21 T. Nattermann,20 T. Naumann,41 G. Navarro,162 H.A. Neal,87 E. Nebot,80

P. Yu. Nechaeva,94 A. Negri,119a,119b G. Negri,29 S. Nektarijevic,49 A. Nelson,64 S. Nelson,143 T. K. Nelson,143

S. Nemecek,125 P. Nemethy,108 A.A. Nepomuceno,23a M. Nessi,29,u S. Y. Nesterov,121 M. S. Neubauer,165

A. Neusiedl,81 R.M. Neves,108 P. Nevski,24 P. R. Newman,17 R. B. Nickerson,118 R. Nicolaidou,136 L. Nicolas,139

B. Nicquevert,29 F. Niedercorn,115 J. Nielsen,137 T. Niinikoski,29 A. Nikiforov,15 V. Nikolaenko,128 K. Nikolaev,65

I. Nikolic-Audit,78 K. Nikolopoulos,24 H. Nilsen,48 P. Nilsson,7 Y. Ninomiya,155 A. Nisati,132a T. Nishiyama,67

R. Nisius,99 L. Nodulman,5 M. Nomachi,116 I. Nomidis,154 H. Nomoto,155 M. Nordberg,29 B. Nordkvist,146a,146b
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G. Zevi della Porta,57 Z. Zhan,32d D. Zhang,32b H. Zhang,88 J. Zhang,5 X. Zhang,32d Z. Zhang,115 L. Zhao,108

T. Zhao,138 Z. Zhao,32b A. Zhemchugov,65 S. Zheng,32a J. Zhong,151,cc B. Zhou,87 N. Zhou,163 Y. Zhou,151

C. G. Zhu,32d H. Zhu,41 J. Zhu,87 Y. Zhu,172 X. Zhuang,98 V. Zhuravlov,99 D. Zieminska,61 R. Zimmermann,20

S. Zimmermann,20 S. Zimmermann,48 M. Ziolkowski,141 R. Zitoun,4 L. Živković,34 V. V. Zmouchko,128,a
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73Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
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134aINFN Sezione di Roma Tre, Italy
134bDipartimento di Fisica, Università Roma Tre, Roma, Italy
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