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Results are reported from a search for supersymmetric particles in proton-proton collisions in the final
state with a single lepton, multiple jets, including at least one b-tagged jet, and large missing transverse
momentum. The search uses a sample of proton-proton collision data at /s = 13 TeV recorded by the
CMS experiment at the LHC, corresponding to an integrated luminosity of 35.9 tb~!. The observed event
yields in the signal regions are consistent with those expected from standard model backgrounds. The
results are interpreted in the context of simplified models of supersymmetry involving gluino pair
production, with gluino decay into either on- or off-mass-shell top squarks. Assuming that the top squarks
decay into a top quark plus a stable, weakly interacting neutralino, scenarios with gluino masses up to about
1.9 TeV are excluded at 95% confidence level for neutralino masses up to about 1 TeV.
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A central goal of the physics program of the CMS
experiment at the CERN LHC [1] is the search for new
particles and phenomena beyond the standard model (SM),
in particular, for supersymmetry (SUSY) [2-9]. During
2016, CMS recorded a data sample of proton-proton
collisions at a center-of-mass energy of 13 TeV, correspond-
ing to an integrated luminosity of 35.9 fb~!, significantly
extending the sensitivity to the production of new heavy
particles. The search described here focuses on a generically
important experimental signature that is also strongly
motivated by SUSY phenomenology. This signature
includes a single lepton (an electron or a muon), several
jets, arising from the hadronization of energetic quarks and
gluons, at least one b-tagged jet, indicative of processes
involving third generation quarks, and, finally, %, the
missing momentum in the direction transverse to the beam.
A large value of pPss = | pMisS| can arise from the production
of high momentum, weakly interacting particles that escape
detection. Searches for SUSY in the single-lepton final state
have been performed by both ATLAS and CMS at /s = 7
and 8 TeV [10-13] and at /s = 13 TeV [14-17]. The
present analysis, which introduces extended binning and
other improvements, is based largely on methodologies
described in detail in Ref. [16], which include the use of
large-radius jets and related kinematic variables.

In models based on SUSY, new particles are introduced
such that all fermionic (bosonic) degrees of freedom in the
SM are paired with corresponding bosonic (fermionic)
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degrees of freedom in the extended theory. The discovery
of a Higgs boson with low mass [18-23] provides a key
motivation for SUSY. Stabilizing the Higgs boson mass at a
low value, without invoking extreme fine-tuning of param-
eters, is a major theoretical challenge, referred to as the
gauge hierarchy problem [24-29]. This stabilization can be
achieved in so-called natural SUSY models [30-34], in
which several of the SUSY partners are constrained to be
light [33]: the top squarks 7; and 7, which have the same
electroweak couplings as the left- (L-) and right- (R-)
handed top quarks, respectively, the bottom squark with
L-handed couplings, b, the gluino §; and the Higgsinos H.
This search targets gluino pair production, which has a
relatively large cross section for a given mass, with gluino
decay g — 1z". This process can arise from g — 7,7, where
the lighter top squark mass eigenstate 7, is produced either
on or off mass shell. The symbol %" denotes the lightest
neutralino, an electrically neutral mass eigenstate that is in
general a mixture of the Higgsinos and electroweak
gauginos. In R-parity conserving SUSY models [35,36]
in which the 79 is the lightest supersymmetric particle, the
7Y is stable and can, in principle, account for some or all of
the astrophysical dark matter [37-39]. The scenario with
off-mass-shell top squarks is denoted as Tltttt [40] in
simplified model scenarios [41-43]. In natural SUSY
models, the top squark is typically lighter than the gluino,
so we also search for scenarios with on-shell top squarks,
denoted as T5tttt.

Simulated event samples for SM background processes
are used to determine correction factors, typically near unity,
that are used in conjunction with observed event yields in
control regions to determine the SM background contribu-
tion in the signal regions. The production of #7 + jets,
W + jets, Z + jets, and QCD multijet events is simulated
with the MC generator MADGRAPHS_AMC @NLO@NLO 2.2.2
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[44], with parton distribution functions taken from NNPDF 3.0
[45]. Details on the simulated SM background samples,
including other processes with smaller contributions (single
top quark, ¢f + bosons, diboson, and f7ff production) are
givenin Ref. [16]. The detector simulation is performed with
GEANT4 [46]. Simulated event samples for SUSY signal
models, used to determine the selection efficiency for signal
events, are generated with MADGRAPH5_AMC @NLO@NLO
222 with up to two additional partons at leading order
accuracy and are normalized to cross sections based on
Ref. [47]. Because of the large number of mass hypotheses
examined in this analysis, the detector simulation in this case
is performed with the CMS fast simulation package [48].

Two TItttt benchmark models are used to illustrate
typical signal behavior. The T1tttt(1800,100) model, which
we refer to as a noncompressed-spectrum model (NC), has
m(g) = 1800 GeV, m(3!) = 100 GeV, and a cross section
of 2.8 fb, and corresponds to a scenario with a large gluino-
neutralino mass splitting. The T1tttt(1400,1000) model,
with m(g) = 1400 GeV, m(¥}) = 1000 GeV, and a cross
section of 25 fb, corresponds to a scenario with a small
gluino-neutralino mass splitting and is referred to as a
compressed-spectrum model (C).

The data were recorded with the CMS detector [49],
which is constructed around a superconducting solenoid of
6 m diameter, providing a magnetic field of 3.8 T. Within the
solenoid volume are the charged particle tracking systems,
composed of silicon-pixel and silicon-strip detectors, and
the calorimeter systems, consisting of a lead tungstate
crystal electromagnetic calorimeter and a brass and scintil-
lator hadron calorimeter. Muons are identified and measured
by gas-ionization detectors embedded in the magnetic flux-
return yoke outside the solenoid. Events were selected using
several triggers [50] that require either large p** or a single
lepton (an electron or a muon), with and without significant
hadronic activity. The trigger efficiency is measured in data
for our analysis requirements to be nearly 100%.

Event reconstruction proceeds from particles identified
by the particle-flow (PF) algorithm [51], which uses
information from the tracker, calorimeters, and muon
systems to identify PF candidates as electrons, muons,
charged or neutral hadrons, or photons. Electrons are
reconstructed by associating a charged-particle track with
electromagnetic calorimeter superclusters [52]. The result-
ing candidate electrons are required to have transverse
momentum py > 20 GeV and pseudorapidity |n| < 2.5,
and to satisfy identification criteria designed to reject light-
parton jets and photon conversions. Muons are recon-
structed by associating tracks in the muon system with
those found in the silicon tracker [53]. Muon candidates are
required to satisfy py > 20 GeV and 5| < 2.4. To select
leptons from W boson decays, leptons are required to be
isolated from other PF candidates. Isolation is quantified
using an optimized version [16] of the mini-isolation
variable originally suggested in Ref. [54], in which the

transverse energy of the particles within a cone around the
lepton momentum vector is computed using a cone size that
decreases as 1/ py*, where p;* is the transverse momentum
of the lepton.

To suppress dilepton backgrounds, we veto events that
contain a broader category of candidates for the second
lepton, referred to as veto tracks. These include two catego-
ries of charged-particle tracks: isolated leptons satisfying
looser identification criteria than lepton candidates, includ-
ing a relaxed momentum requirement, py > 10 GeV, and
isolated charged-hadron PF candidates, which must satisfy
pr > 15 GeV and |57| < 2.5. In either case, the charge of the
veto track must be opposite to that of the lepton candidate in
the event. To maintain a high selection efficiency for signal
events, lepton veto tracks must satisfy a requirement on the
quantity [55,56] My, (p’, p., ) < 80 GeV and had-
ronic veto tracks must satisfy My (p7, py, prss) <
60 GeV, where v refers to the veto track.

Charged and neutral PF candidates are clustered into jets
using the anti-k; algorithm [57] with radius parameter
R = 0.4, as implemented in the FASTJET package [58].
Jets are required to satisfy p; > 30 GeV and || <2.4.
Additional details and references are given in Ref. [16] on
the pr- and n-dependent jet energy calibration [59], the jet
identification requirements, and the subtraction of the
energy contribution to the jet p, from multiple proton-
proton interactions from the same or neighboring beam
crossings (pileup) [60]. A subset of the jets are tagged as
originating from b quarks using the combined secondary
vertex algorithm [61,62].

We further cluster the jets with R = 0.4 (small-R jets),
including those associated with isolated leptons, into
R = 1.4 (large-R) jets using the anti-k; algorithm. The
masses m(J;) of the large-R jets reflect the p; spectrum and
multiplicity of the clustered objects, as well as their angular
spread. The variable M is defined as the sum of all large-R
jetmasses: M; = > _jyoe—riers™ (J;). For £7 events with a
small contribution from initial-state radiation (ISR), the M,
distribution has an approximate cutoff at 2m,. In contrast,
the M, distribution for signal events extends to larger
values because of the presence of multiple top quarks in the
decay chain. The presence of a significant amount of ISR
generates a high-M tail in the 77 background, producing
the main source of background in the analysis.

The missing transverse momentum pis* is defined as the
negative vector sum of the transverse momenta of all PF
candidates. To separate backgrounds characterized by the
presence of a single W boson decaying leptonically, but
without any other source of pr“iSS, we use the transverse

mass mT:\/2p§p‘}“5“[1—cos(Agbfﬂ;iss)L where Ag s
is the difference between the azimuthal angles of p? and
pRiss The quantity Hy is defined as the scalar sum of the

transverse momenta of all the small-R jets passing the
selection, while S; = Hy + p5.
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We select events with exactly one isolated charged lepton
(an electron or a muon), no veto tracks, Sy > 500 GeV,
pr}li“ > 200 GeV, and at least six small-R jets, at least one
of which is b tagged. After this set of requirements, referred
to as the baseline selection, about 80% of the SM back-
ground arises from {7 production. The contributions
from events with a single top quark or a W boson in
association with jets are each about 6%—8%; much of the
remainder arises from events with a #7 pair produced in
association with a vector boson. After applying the baseline
selection, the background from QCD multijet events is
negligible.

The analysis is performed using four regions in the
M ;-m7 plane: three control regions (CR) and one signal
region:

(i) R1 (CR): my < 140 GeV, 250 < M; <400 GeV.

(ii)) R2 (CR): my < 140 GeV, M; > 400 GeV.

(iii) R3 (CR): mr > 140 GeV, 250 < M; <400 GeV.

(iv) R4 (signal region): my>140GeV, M; > 400 GeV.

All four regions are divided in bins of p, forming
three largely independent M ;-my planes:

(i) Three pP** bins: 200 < pss <350 GeV, 350 <
piriss < 500 GeV, piiss > 500 GeV.

Regions R2 and R4, which have high M, are further
divided into bins according to the number of small-R jets
(Njeis) and the number of b-tagged jets (N,,) as follows:

(ii) TWO Njes bins: 6 < Ny <8, Njeys 2 9.

(iii) Three N, bins: N, =1, N, =2, N, > 3, giving a
total of 18 bins each. Backgrounds with a single W boson
decaying leptonically are strongly suppressed by the
requirement my > 140 GeV, so the background in R3
and R4 is dominated by dilepton 77 events. Approxi-
mately half of the dilepton background events in R4 contain
a missed electron or muon, and the other half contain a
hadronically decaying 7 lepton. Given that the main back-
ground processes have two or fewer b quarks, the total
SM contribution to the N, > 3 bins is very small and is
driven by the b tag misidentification rate. Signal events in
the T1tttt and T5tttt models populate primarily the bins
with N, > 2.

The method for predicting the background yields takes
advantage of the near absence of correlation between the
M ; and my variables in R1-R4, which is a consequence of
the high jet multiplicity, p7'*, and S requirements applied
in the baseline selection [16] To satisfy these requirements,
background events must typically contain additional jets
from ISR. Even though the background at low my arises
largely from single-lepton 77 events, while the background
at high my is dominated by dilepton 7 events, the shapes
of the M distributions at low and high m; become very
similar in the presence of multiple ISR jets. We therefore
measure this shape at low my (R1, R2) and extrapolate it to
high my to obtain the background prediction in R4. The

fitted mean background yields in R1-R4 are thus related by

. bke Pke bkg , bk
the constraint pp," = Kups Hps/Hpy - Here, k is a near-unity

correction factor obtained from MC simulation of the total
background that accounts for a residual my-M ; correlation:

MC bkg ’uMCbkg
R4 R2
- MCbkg/ MCbkg * (1)

This constraint is imposed by relating the expected yields in
R1-R4 to three parameters: an overall background nor-

malization 4 and two ratios R(my) and R(M 7)» where the

expected background yields are given by y Rl =4 ,ubkg

IR(M,), Wi = AR(my), and i = cAR(M,)R(my).
These quantities are defined such that there is one value
of R(M ) and « for each bin of piiss, N, Je[g, and N,,. Because
regions R1 and R3 are integrated in N and Ny, the fit
parameters A and R(my) are defined such that there is only
one value of these quantities for each bin in pJss,

We perform two types of maximum likelihood fits,
which are described in detail in Ref. [16]. The predictive
fit uses the observed yields in R1-R3, assuming no signal
contribution, to propagate the uncertainties to 4, R(M;),
and R(my). The global fit uses the observed yields in all
four regions R1-R4 and allows a signal contribution with a
single normalization parameter. The global fit accounts for
signal contamination in R1-R3, which is typically less than
10%, and is used to compute signal limits and signifi-
cances. The results from the predictive fit simplify theo-
retical reinterpretation in terms of other models by only
requiring comparison of observed and predicted yields in
R4 rather than all four regions. In both cases, the likelihood
function is written as a product of Poisson distributions for
the relevant contributions in bins of pss, Nieis» and Ny,
within R2 and R4, taking into account the correlated yields
between the unbinned regions R1 and R3.

Systematic uncertainties in the background prediction
are incorporated in the uncertainty in the double ratio
correction factor k. Discrepancies between the value of «
predicted by simulation and the true value of k in the data
can in principle arise from mismodeling of the background
composition or its properties, including detector effects.

To assess the potential impact of such effects on x, two
control samples in data are used: a five-jet control sample
and a dilepton control sample. The five-jet control sample is
completely dominated by background processes and has a
SM composition very similar to that of the analysis regions.
In particular, this sample probes the rate at which pT* is
mismeasured in single-lepton events, which could increase
the tail of the my distribution. Such events account for
about 7% of the background in the signal region at high
priss. This small event category can have a x value that
departs significantly from unity, and it is important to
validate the modeling of such effects. Using the analogous
R1-R4 regions in the Ny = 5 control sample, « values are
measured in data and are found to be consistent with those
obtained from simulation. Because of this consistency, the
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statistical uncertainty obtained from the comparison in the

Nies = 5 control sample is assigned as an uncertainty in x

for each p™ss bin. These uncertainties are taken to be fully
correlated over the Njy, and N, bins.

The dilepton control sample is used to test the degree of
similarity between the M; shapes of single-lepton and
dilepton #7 events in the presence of ISR. This sample
includes not only events with two identified isolated
leptons, but also events with one lepton and an oppositely
charged veto track. The usual R3 and R4 regions are
replaced by dilepton events, and the quantity x is measured
in bins of Nje. As in the five-jet control sample, the values of
k measured in data are found to be consistent with those
observed in simulation, and uncertainties are assigned in a
similar way. The uncertainties are treated as independent
across N bins but fully correlated across N, and pmiss
bins. The uncertainties from the dilepton and five-jet control
samples are treated as uncorrelated. Studies of a broad range
of potential mismodeling effects in simulation show that all
such effects would be evident in these control samples.

Systematic uncertainties in the expected signal yields
account for uncertainties in the trigger, lepton identifica-
tion, jet identification, and b tagging efficiencies in
simulated data, uncertainties in the distributions of p‘}‘iss,
the number of pileup vertices, and ISR jet multiplicity, and
uncertainties in the jet energy corrections, QCD scales,
and integrated luminosity [63]. The combined effect of all
signal-related uncertainties is typically about 25%.

Table I lists the observed event yields in region R4 in
data, together with the mean background yields from the
predictive fit and the expected signal yields from two
benchmark model points. The uncertainties in the predicted
background yields include the statistical uncertainties on
the event yields in R1-R4 in data, the statistical uncer-
tainties in the x values arising from the finite size of
simulated event samples, and the systematic uncertainties
in k¥ as assessed from the data control samples. The
observed yields are consistent with the background pre-
dictions in all of the 18 signal bins within 2 standard
deviations, with most of the 18 bins consistent within 1 s.d.
The R4 bins with ps > 500 GeV show an underpredic-
tion of the background with respect to the observed yields.
However, accounting for the correlations arising from the
use of a single, integrated yield in R3 across bins in Nje
and N, the significance of the discrepancy in these six bins
in R4 is only 1.9 s.d., mostly due to the bins with N, = 1.

To simplify the reinterpretation of the results in terms of
other theoretical models, we provide predicted mean back-
ground yields for four aggregated search bins, shown in
Table II. The aggregate bins are defined such that at least
one bin will provide sensitivity to most of the models for
which the finely binned analysis has sensitivity. Since the
aggregate bins overlap, they are intended to be used one at a
time, unlike the 18 nonoverlapping signal bins, which are
considered simultaneously in the fit. Each prediction

TABLE 1. Observed event yields and mean background
yields from the predictive fit in the 18 bins of the signal region
R4. Each bin is specified by the values of piiss, N jets» and N, The
uncertainties in k include both a statistical component from the
size of the MC samples and a systematic component assessed
from the data control samples. The uncertainty in the predicted
event yield includes both of these and the statistical uncertainties
associated with the data control regions. Yields for the two T1tttt
benchmark models NC and C are also given.

Niews Np NC C K Predicted  Observed
200 < piiss < 350 GeV
6-8 1 04 19 12402 8+x14 106
6-8 2 06 30 12+£02 551+93 75
6-8 >3 06 22 154+02 164+3.0 16
>9 1 02 16 10x£02 65+£15 11
>9 2 03 21 12+03 76=£19 11
>9 >3 04 31 14+£03 23+£07 2
350 < piiss < 500 GeV
6-8 1 07 1.1 1.0x+03 174+£6.6 25
6-8 2 09 13 1.1+04 13.7+£53 10
6-8 >3 08 09 13+£04 38%£1.6 1
>9 1 03 10 11+04 13+£06 2
>9 2 05 1.1 08+£03 16+£08 2
>9 >3 07 21 124£05 06+04 0
PS> 500 GeV
6-8 1 25 06 1003 19+15 8
6-8 2 36 1.0 1.0+£04 09+0.7 4
6-8 >3 32 04 15+£06 04£04 1
>9 1 1.0 07 10+£04 02+£02 2
>9 2 1.8 12 10+£04 0.1+£0.1 0
>9 >3 23 1.7 31£15 0.1£0.1 0

includes all sources of uncertainty. The choice of the best
aggregate bin will depend on the model under study. For the
T1tttt benchmark models considered in this Letter, using
the aggregate bins results in expected upper limits on the

TABLE II.  Observed event yields and mean background yields
from the predictive fit in four aggregate search bins. In all four
cases, the predicted yields refer to the signal region R4 with the
standard m;>140 GeV and M ;>400 GeV requirements applied
in addition to the baseline selection. Unlike the finely binned
approach, where all 18 background predictions are computed
simultaneously, the four aggregate bin predictions are computed
separately. The aggregate bins overlap, causing their background
predictions to be highly correlated. Yields for the two T1tttt
benchmark models NC and C are also given.

miss

Pr

[GeV] Njs N, NC C K Predicted Observed
>200 >9 >3 34 69 14+03 3.1+08 2
>350 >9 >2 53 62 1.0x04 27x12 2
>500 >6 >3 54 21 1.7£06 05+04 1
>500 >9 >1 5.1 3.6 12£04 04+04 2
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FIG. 1. Distributions of M observed in data for 200 < piiss <
350 GeV (left) and p‘}‘i“ > 350 GeV (right) with the baseline
selection and either my < 140 GeV or my > 140 GeV. In each
plot, the data at low m; have been normalized to the yield
observed at high my. The vertical dashed lines at M; = 250 and
400 GeV show the boundaries separating the control and signal
regions. The data are integrated over Nj.s > 6 and Nj, > 2. Two
SUSY benchmark models, whose contributions are small in the
lower p‘;ﬁ“ region, are shown in the solid and dashed red
histograms. Overflow events are included in the uppermost bins.

cross sections that are 20%—-50% higher than those result-
ing from the full analysis.

Figure 1 compares the shapes of the M distributions
observed in data in the single-lepton sample for m; <
140 GeV and m; > 140 GeV in two regions of pFs. The
shapes of the two M distributions for each pF'** region are
very similar, as expected in the absence of signal. A further
correction is applied via the « factors listed in Table I in M
ranges larger than the binning shown in the figure. The
lower-p'iss region shows the background behavior with
higher statistics, while the higher-p region has higher
sensitivity to the signal.

Figure 2 shows an interpretation of the results as
exclusion limits at 95% C.L. for Tltttt and T5tttt. The
limits are obtained using the CL, method with a profile-
likelihood ratio as the test statistic, using asymptotic
approximations for the distribution of the test statistic
[64—66]. The color map shows the cross section upper
limits as a function of m(g) and m(%?) for Tltttt, assuming
a 100% branching fraction for the decay g — 7y}. The
T1tttt model points below the dark solid curve, which
extend up to gluino masses of about 1.9 TeV for neutralino
masses up to 1 TeV, have a theoretical cross section above
the observed cross section upper limit and are thus
excluded by this analysis. The dotted black lines around
the observed mass limits show the impact of the theoretical
uncertainties in the overall signal cross sections arising
from uncertainties in the parton distribution functions and
the renormalization and factorization scales.

Model points below the light solid curve are excluded at
95% C.L. for the T5tttt model, where it is assumed that the

2CMS 35.9 b (13 TeV) )
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FIG. 2. Observed and expected excluded gluino and neutralino
masses at 95% C.L. for the Tltttt and T5tttt models. The black
(red) lines show the observed (expected) exclusion and the range
associated with the theoretical (experimental) uncertainties for
the T1tttt model. The solid (dashed) blue line shows the observed
(expected) exclusion for the T5tttt model. The uncertainties for
the T5tttt exclusion limits are not shown and are similar to those
for the T1tttt model. The color map shows the observed cross
section upper limits for the T1tttt model.

top squark mass is 175 GeV above the neutralino mass, a
limiting case in terms of sensitivity to the decay kinemat-
ics. The T5tttt simulation does not explicitly include direct
top squark pair production. Studies presented in Ref. [16]
demonstrate that the effect of this contribution is very
small for most of the space of T5tttt model points
considered here. For most of the excluded region, the
boundaries for T1tttt and T5tttt are very similar, indicating
only a weak overall sensitivity to the value of the top
squark mass. At low values of m(??) in T5tttt, the
sensitivity is reduced because the neutralino carries very
little momentum; however, some sensitivity is still pro-
vided by dilepton events that escape the lepton veto [16].
For both the T1tttt and T5tttt models, expected limits are
computed using the background-only hypothesis, with
nuisance parameters assuming their best fit values from
the observed data. All limits are computed using results
from the global fit.

In summary, we have performed a search for an excess
event yield above that expected for SM processes using a
data sample of proton-proton collision events with an
integrated luminosity of 35.9 fb~! at \/s = 13 TeV. The
signature is characterized by large missing transverse
momentum, a single isolated lepton, multiple jets, and at
least one b-tagged jet. No significant excesses above the
SM backgrounds are observed. The results are interpreted
in the framework of simplified models that describe natural
SUSY scenarios. For gluino pair production followed by
the three-body decay g — #7%" (T1tttt model), gluinos with
masses below 1.9 TeV are excluded at 95% confidence level
for neutralino masses up to about 1 TeV. For the two-body
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gluino decay g — 7;7 with 7; — 7} (T5tttt model), the
results are generally similar, except at low neutralino
masses, where the excluded gluino mass is somewhat
lower. These results extend previous gluino mass limits
by about 300 GeV and are among the most stringent
constraints on these simplified models of SUSY to date.
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A.-C. Le Bihan,32 N. Tonon,32 P. Van Hove,32 S. Gadrat,33 S. Beauceron,34 C. Bernet,34 G. Boudoul,34 R. Chierici,34
D. Contardo,34 P. Depasse,34 H. El Mamouni,34 J. Fay,34 L. Finco,3 4s. Gascon,34 M. Gouzevitch,34 G. Grenier,34 B. Ille,3 4
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F. Lagaurde,34 I.B. Laktineh,34 M. Lethuillier,34 L. Mirabito,34 A.L. Pequegnot,34 S. Perlries,34 A. Popov,34" V. Sordini,34
M. Vander Donckt,34 S. Viret,34 A. Khvedelidze,z‘s’g Z. Tszlmalaidze,36’g C. Autermann,37 S. Beranek,37 L. Feld,37
M. K. Kiesel,37 K. Klein,37 M. Lipinski,37 M. Preuten,37 C. Schomakers,37 J. Schulz,37 T. Verlage,37 A. Albert,38

M. Brodski,38 E. Dietz—Laursonn,38 D. Duchardt,38 M. Endres,38 M. Erdmann,38 S. Erdweg,38 T. Esch,38 R. Fischer,38

A. Gl'jth,38 M. Hamer,38 T. Hebbeker,38 C. Heidemann,38 K. Hoepfner,38 S. Knutzen,38 M. Merschmeyer,38 A. Meyer,38
P. Millet,38 S. Mukherjee,38 M. Olschewski,38 K. Padeken,38 T. Pook,38 M. Radziej,38 H. Reithler,38 M. Rieger,38

F. Scheuch,38 D. Teyssier,38 S. Thijer,38 G. Fliigge,39 B. Kargoll,39 T. Kress,39 A. Kijnsken,39 J. Lingemann,39 T. Miiller,39

A. Nehrkorn,” A. Nowack,” C. Pistone,” O. Pooth,” A. Stahl,”>™ M. Aldaya Martin,*® T. Arndt,*’

C. Asawatangtrakuldee,40 K. Beernaelrt,40 0. Behnke,40 U. Behrens,40 A.A. Bin Anualr,40 K. Borras,40’“ V. Bot'[a,40
A. Campbell,40 P. Connor,40 C. Contreras-Campana,40 F. Costanza,40 C. Diez Palrdos.,40 G. Eckerlin,40 D. Eckstein,40
T. Eichhorn,40 E. Eren,40 E. G21110,40’O J. Garay Garcia,40 A. Geiser,40 A. Gizhko,40 J. M. Grados Luyando,40 A. Grohsjean,40
P. Gunnellini,4o A. Harb,40 1. Hauk,40 M. Hempel,“o’p H. Jung,40 A. Kalogeropoulos,40 M. Kasemann,40 J. Keaveney,40
C. Kleinwort,40 I. Korol,40 D. Kriicker,40 W. Lange,40 A. Lelek,40 T. Lenz,40 J. Leonard,40 K. Lipka,40 W. Lohmann,‘m’p
R. Mankel,40 I.-A. Melzer-Pellmann,40 A.B. Meyer,40 G. Mittag,40 J. Mnich,40 A. Mussgiller,40 E. Ntomari,40 D. Pitzl,40
R. Placakyte,4o A. Raspereza,40 B. Roland,* M. Savitskyi,40 P. Saxena,* R. Shevchenko,™ S. Spannagel,40 N. Stefaniuk,*
G.P. Van Onsem,40 R. Walsh,40 Y. Wen,40 K. Wichmann,40 C. Wissing,40 0. Zenaiev,40 S. Bein,41 V. Blobel,41
M. Centis Vignali,41 A.R. Draeger,41 T. Dreyer,41 E. Garutti,*! D. Gonzalez,*' J. Haller,*! A. Hinzmann,*' M. Hoffmann,*'
A. Junkes,41 A. Karavdina,41 R. Klanner,41 R. Koglerf” N. Kovalchuk,“ S. Kurz,41 T. Lapsien,41 1. Maurchesini,41
D. Malrconi,41 M. Meyer,“ M. Niedziela,41 D. Nowatschin,“ F. Pantaleo,“'m T. Peiffer,41 A. Perieanu,“ C. Scharf,41
P. Schleper,41 A. Schmidt,41 S. Schumann,41 J. Schwandt,41 J. Sonneveld,41 H. Stadie,41 G. Steinbrﬁck,“ F. M. Stoberf”
M. St'o'ver,41 H. Tholen,41 D. Troendle,41 E. Usai,41 L. Vanelderen,41 A. Vanhoefer,41 B. Vormwald,41 M. Akbiyik,42
C. Barth,42 S. Baur,42 E. Butz,42 R. Caspaurt,42 T. Chwalek,42 F. Colombo,42 W. De Boer,42 A. Dierlamm,42 B. Freund,42
R. Friese,42 M. Giffels,42 A. Gilbert,42 D. Haitz,42 F. H211*t11131nn,42’m S. M. Heindl,42 U. Husemann,42 F. Kassel,‘u‘m
S. Kudella,42 H. Mildner,42 M. U. Mozer,42 Th. Ml‘iller,42 M. Plagge,42 G. Quast,42 K. Rabbertz,42 M. Schrtider,42
1. Shvetsov,42 G. Sieber,42 H.J. Simonis,42 R. Ulrich,42 S. Wayand,42 M. Weber,42 T. Weiler,42 S. Williamson,42
C. Wtihrrnann,42 R. Wolf,42 G. Anagnostou,43 G. Daskalakis,43 T. Geralis,43 V. A. Giakoumopoulou,43 A. Kyriakis,43
D. Loukas,43 I Topsis—Giotis,43 S. Kesisoglou,44 A. Panagiotou,44 N. Saoulidou,44 I Evangelou,45 C. Foudas,45 P. Kokkas,45
N. Manthos,45 I Papadopoulos,45 E. Palradas,45 J. Strologas,45 F. A. Triantis,45 M. Csanad,46 N. Filipovic,46 G. Pasztor,46
G. Bencze,"” C. Hajdu,"” D. Horvath,*”? A. Hunyadi,*” F. Sikler,”’ V. Veszpremi,"” G. Vesztergombi,*”" A. J. Zsigmond,*’
N. Beni,48 S. Czellar,48 J. Karancsi,‘m’S A. Makovec,48 J. Molnar,48 Z. Szillasi,48 M. Bart(’)k,49’r P. Raics,49 Z.L. Tlrocsanyi,49
B. Ujvari,” S. Choudhury,” J.R. Komaragiri,” S. Bahinipati,”"" S. Bhowmik,”' P. Mal,”' K. Mandal,”' A. Nayak,”""
D. K. Sahoo,”"" N. Sahoo,”" S.K. Swain,”" S. Bansal,”® S.B. Beri,”> V. Bhatnagar,”> U. Bhawandeep,”> R. Chawla,’
N. Dhingra,”* A. K. Kalsi,”* A. Kaur,”> M. Kaur,”> R. Kumar,”> P. Kumari,”> A. Mehta,” J. B. Singh,”* G. Walia,”
Ashok Kumar,53 Aashaq Shah,53 A. Bhatrdwaj,53 S. Chauhan,53 B.C. Choudhary,53 R.B. Garg,53 S. Keshri,53 A. Kumar,53
S. Malhotra,53 M. Naimuddin,53 K. Ranjan,53 R. Sharma,53 V. Shalrma,53 R. Bhardwaj,54 R. Bhattacharya,54
S. Bhattacharya,54 S. Dey,54 S. Dutt,54 S. Dutta,54 S. Ghosh,54 N. Majumdar,54 A. Modak,54 K. Mondal,54
S. Mukhopadhyay,54 S. Nandan,™ A. Purohit,”* A. Roy,54 D. Roy,54 S. Roy Chowdhury,54 S. Sarkar,”* M. Sharan,”*
S. Thakur,54 P K. Behera,55 R. Chudasama,56 D. Dutta,56 V. Jha,5 6y, Kumar,56 A. K. Mohanty,SG‘m P. K. Netrakanti,56
L. M. Pant,’® P. Shukla,”® A. Topkar,”® T. Aziz,”’ S. Dugad,”’ B. Mahakud,”’ S. Mitra,”’ G. B. Mohanty,”’ B. Parida,”’
N. Sur,57 B. Sutar,5 ’s. Banerjee,58 S. Bhattacharya,58 S. Chatterjee,58 P. Das,5 § ML Guchait,58 Sa. Jain,58 S. Kumar,58
M. Maity,”" G. Majumder,” K. Mazumdar,™ T. Sarkar,”®’ N. Wickramage,”®" S. Chauhan,” S. Dube,” V. Hegde,”
A. Kapoor,59 K. Kothekar,59 S. Pandey,59 A. Rane,59 S. Shau‘ma,59 S. Chenarani,so’x E. Eskandari Tadavani,60
S. M. Etesami,”* M. Khakzad,®® M. Mohammadi Najafabadi,”” M. Naseri,”” S. Paktinat Mehdiabadi,*""

F. Rezaei Hosseinabaldi,60 B. Safarzadeh,mZ M. Zeinali,60 M. Felcini,61 M. Grunewald,61 M. Abbrescia,&a’62b
C. Calabria,®*%*" C. Caputo,®**® A. Colaleo,”* D. Creanza,®**** L. Cristella,”**%*" N. De Filippis,***®*

M. De Palma,***%** E. Errico,”***®" L. Fiore,"* G. laselli,"**%* S. Lezki,®***® G. Maggi,"**** M. Maggi,**

G. Miniello,®** §. My,®*%% S Nuzz0,"*** A. Pompili,®***® G. Pugliese,"**** R. Radogna,****** A. Ranieri,"*
G. Selvaggi,”*%® A. Sharma,"* L. Silvestris,”*™ R. Venditti,"** P. Verwilligen,*”* G. Abbiendi,”* C. Battilana,"**
D. Bonacorsi,”**® S. Braibant-Giacomelli,"****® L. Brigliadori,”**®" R. Campanini,”***" P. Capiluppi,®****
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A. Castro,”*%® F. R. Cavallo,”* S. S. Chhibra,”*%" G. Codispoti,****** M. Cuffiani,”***** G. M. Dallavalle,** F. Fabbri,***
A. Fanfani,®**%® D. Fasanella,”***** P. Giacomelli,®* L. Guiducci,®**%*® S. Marcellini,** G. Masetti,®** F. L. Navarria,****
A. Perrotta,”** A. M. Rossi,”*%® T. Rovelli,”***® G. P. Siroli,”**%** N. Tosi,"**%*™ §. Albergo,***** S. Costa,***"
A. Di Mattia,*** F. Giordano,”**** R. Potenza,*****® A. Tricomi,***** C. Tuve,®***** G. Barbagli,** K. Chatterjee,’>*®"
V. Ciulli,?>*®® C. Civinini,®* R. D’ Alessandro,”*%® E. Focardi,®**®® P. Lenzi,®*®® M. Meschini,®** S. Paoletti,*
L. Russo,”* G. Sguazzoni,”™ D. Strom,”™ L. Viliani,””**™™ L. Benussi,”® S. Bianco,’® F. Fabbri,”® D. Piccolo,*
F. Primavera,®™ V. Calvelli,"’*®”* F. Ferro,*”® E. Robutti,”” S. Tosi,*”*%"" L. Brianza,’**** F. Brivio,”*® V. Ciriolo,”**
M. E. Dinardo,”**® S Fiorendi,®®*®® S. Gennai,”®* A. Ghezzi,”***® P. Govoni,***%* M. Malberti,®****" S. Malvezzi,***
R. A. Manzoni,®**%® D. Menasce,*®* L. Moroni,®** M. Paganoni,683’68b K. Pauwels, % D Pedrini,®®* S. Pigazzini,682“6%’bb
S. Ragazzi,m’68b T. Tabarelli de Fatis,®**%% S, Buontempo,@al N. Cavallo,®*%* S. Di Guida,®****™ M. Esposito,693’69b
F. Fabozzi,”*®° F. Fienga,”**" A. 0. M. Iorio,”**" W. A. Khan,*** G. Lanza,** L. Lista,”* S. Meola,**®%™
P. Paolucci,”*™ C. Sciacca,”*®® E. Thyssen,”* P. Azzi,**™ N. Bacchetta,”” L. Benato,”*’® D. Bisello, *

A. Boletti,”®’® R. Carlin,”®*"® A. Carvalho Antunes De Oliveira,”**’® P. Checchia,’® P. De Castro Manzano,
T. Dorigo,”™ U. Dosselli,’™ F. Gasparini, "™ U. Gasparini,"™’® A. Gozzelino,”™ S. Lacaprara,™® M. Margoni, *'®
A.T. Meneguzzo, ™™ N. Pozzobon,”™"® P. Ronchese,”’® R. Rossin,’™’*® F. Simonetto, *" E. Torassa,”®
M. Zanetti,”*"® P. Zotto,""® G. Zumerle,”*"® A. Braghieri,”"* F. Fallavollita,”"*”'® A. Magnani,”"*”'"* P. Montagna,”"*""®
S.P. Ratti,">""* V. Re,”" M. Ressegotti,”"* C. Riccardi,”"*"" P. Salvini,”"* I. Vai,”"*”'® P. Vitulo,”"*"'®
L. Alunni Solestizi,”**"* M. Biasini,”**’** G. M. Bilei,”* C. Cecchi,”® D. Ciangottini,”"* L. Fand,”**’* P. Lariccia,”**"*
R. Leonardi,””*"® E. Manoni,”™ G. Mantovani,”**’*® V. Mariani,”**’*® M. Menichelli,”® A. Rossi,””* A. Saha,’*

A. Santocchia,”**"** D. Spiga,”** K. Androsov,” P. Azzurri,”*™ G. Bagliesi,””* J. Bernardini,”** T. Boccali, **

L. Borrello,”* R. Castaldi,”** M. A. Ciocci,”*”* R. Dell’Orso,”** G. Fedi,” L. Giannini,”**”* A. Giassi,”

M. T. Grippo,””** F. Ligabue,”*”** T. Lomtadze,** E. Manca, **"** G. Mandorli,”**"** L. Martini,”**”*® A. Messineo, **"*"
E. Palla,” A. Rizzi,”™"" A. Savoy-Navarro, ™ P. Spagnolo,”** R. Tenchini,””* G. Tonelli,””*”*® A. Venturi,”*
P.G. Verdini,”* L. Barone,”*’*® E. Cavallari,”* M. Cipriani,’**’** D. Del Re,”**”**™ M. Diemoz,”* S. Gelli,*"*
E. Longo,” ™™ E. Margaroli,”*"* B. Marzocchi,”*’*® P. Meridiani,”** G. Organtini,”*’** R. Paramatti,”*"*"

F. Preiato,”**’** S. Rahatlou,”**’* C. Rovelli,”** F. Santanastasio,”**"** N. Amapane,75a’75b R. Arcidiacono, >*7%¢™
S. Argir0,7sa’75b M. Arneodo,””*” N. Bartosik,”* R. Bellan,”*">* C. Biino,”* N. Calrtiglia,75a F. Cenna,” 7"

M. Costa,”*"® R. Covarelli,”*"" A. Degano,m"75b N. Demaria,”* B. Kiani,”*"*® C. Mariotti,”* S. Maselli,>*

E. Migliore,”*”** V. Monaco,”*”** E. Monteil,”*”** M. Monteno,** M. M. Obertino, ”*"** L. Pacher,””*"*" N. Pastrone, **
M. Pelliccioni,””® G. L. Pinna Angioni,”*”*® E. Ravera,”*”*® A. Romero, ”*">® M. Ruspa, " R. Sacchi,”*""

K. Shchelina,”*”" V. Sola,”* A. Solano,”™"" A. Staiano, ™ P. Traczyk,”*"" S. Belforte,’** M. Casarsa,”® F. Cossutti,”*
G. Della Ricca,” ™’ A. Zanetti,”™ D.H. Kim,” G.N. Kim,”” M. S. Kim,” J. Lee,”” S. Lee,” S.W. Lee,”” Y.D. Oh,”’
S. Sekmen,77 D.C. Son,77 Y. C. Yang,77 A. Lee,78 H. Kim,79 D.H. Moon,79 G. Oh,79 J. A. Brochero Cifuentes,go J. Goh,80
T.J. Kim,80 S. Cho,81 S. Choi,81 Y. Go,81 D. Gyun,81 S. Ha,81 B. Hong,81 Y. Jo,81 Y. Kim,81 K. Lee,81 K. S. Lee,81 S. Lee,81
J. Lim* S.K. Park,*" Y. Roh,*" J. Almond,* J. Kim,** J. S. Kim,** H. Lee,*” K. Lee,*” K. Nam,** S. B. Oh,*

B. C. Radburn-Smith,** S. h. Seo,*” U. K. Yang,** H. D. Y00,*” G. B. Yu,** M. Choi,** H. Kim,*’ J. H. Kim,** J. S. H. Lee,”
I.C. Park,83 G. Ryu,83 Y. Choi,84 C. Hwang,84 1. Lee,84 I. Yu,84 V. Dudenas,85 A. Juodagalvis,85 1. Vaitkus,85 I. Ahmed,86
Z. A. Tbrahim,*® M. A. B. Md Ali,*** F. Mohamad Idris,*** W. A. T. Wan Abdullah,*® M. N. Yusli,*® Z. Zolkapli,*®
H. Castilla-Valdez,87 E. De La Cruz-Burelo,87 I. Heredia-De La Cruz,87’ff R. Lopez—Femandez,87 J. Mejia Guisao,87
A. Sanchez—Hemandez,87 S. Carrillo Moreno,88 C. Oropeza Barrera,88 F. Vazquez Valencia,88 I. Pedraza,89
H. A. Salazar Ibarguen,89 C. Uribe Estrada,89 A. Morelos Pineda,go D. Krofcheck,91 P. H. Butler,92 A. Ahmad,93
M. Ahmad,93 Q. Hassan,93 H.R. Hoorani,93 A. Saddique,93 M. A. Shzalh,93 M. Shoaib,93 M. Waqas,93 H. Bialkowska,94
M. Bluj,94 B. Boimska,94 T. Frueboes,94 M. G(’)rski,94 M. Kazana,94 K. Nawrocki,94 K. Romanowska—Rybinskal,94
M. Szleper,94 P. Zalewski,94 K. Bunkowski,95 A. Byszul<,95’gg K. Doroba,95 A. Kalinowski,95 M. Konecki,95
J. Krolikowski,95 M. Misiura,95 M. Olszewski,95 A. Pyskir,95 M. Walczak,95 P. Bargassa,g6 C. Beirdao Da Cruz E Silva,96
B. Calpas,96 A. Di Francesco,96 P. Faccioli,g6 M. Gallinaro,96 J. Hollar,96 N. Leonardo,96 L. Lloret Iglesias,96
M. V. Nemallapudi,”® J. Seixas,”® O. Toldaiev,”® D. Vadruccio,”® J. Varela,” S. Afanasiev,”’” P. Bunin,”” M. Gavrilenko,”’
I Golutvin,97 I. Gorbunov,97 A. Kamenev,97 V. Karjavin,97 A. Lanev,97 A. Malakhov,97 V. Maltvc:e\/,97’m”ii V. Palichik,97
V. Perelygin,97 S. Shmatov,97 S. Shulha,97 N. Skatchkov,97 V. Smirnov,97 N. Voytishin,97 A. Zarubin,97 Y. Ivanov,98
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V. Kim,%’jj E. Kuznetsova,%‘kk P. Levchenko,98 V. Murzin,98 V. Oreshkin,98 1. Smirnov,98 V. Sulimov,98 L. Uvarov,98
S. Vavilov,98 A. Vorobyev,98 Yu. Andreev,99 A. Dermenev,99 S. Gninenko,99 N. Golubev,99 A. Karneyeu,99 M. Kirsanov,99
N. Krasnikov,99 A. Pashenkov,99 D. Tlisov,99 A. Toropin,99 V. Epshteyn,loo V. Galvrilov,100 N. Ly(:hkovskalya,]o0 V. Popov,loo
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A. Bylinkin,lm’ii R. Chistov,loz’11 M. Danilov,loz’11 P. Parygin,102 D. Philippov,lo2 S. Polikarpov,102 E. Tarkovskii,102
V. Andreev,103 M. Azarkin,m’ii I Dremin,m’ii M. Kirakosyan,m’ii A. Terkulov,103 A. Baskakov,104 A. Belyaev,104
E. Boos,'™ M. Dubinin,'*™ L. Dudko,'™ A. Ershov,'"™ A. Gribushin,'™ V. Klyukhin,'® O. Kodolova,'™ I. Lokhtin,'**
I. Miagkov,'™ S. Obraztsov,'"™ S. Petrushanko,'® V. Savrin,'"™ A. Snigirev,'™ V. Blinov,'”"™ Y. Skovpen,'®>™
D. Shtol,'”™ I. Azhgirey,'” 1. Bayshev,'” S. Bitioukov,'”® D. Elumakhov,'® V. Kachanov,'® A. Kalinin,'"

D. Konstantinov,lo6 V. Krychkine,106 V. Petrov,106 R. Ryutin,106 A. Sobol,]O6 S. T1roshin,106 N. Tyurin,106 A. Uzunian,106
A. Volkov,]o6 P. Adzic,lm’oo P. Cirkovic,]o7 D. Devetak,lo7 M. Dordevic,107 J. Milosevic,107 V. Rekovic,107
J. Alcaraz Maestre,108 M. Barrio Luna,108 M. Cerrada,lo8 N. Colino,108 B. De La Cruz,lo8 A. Delgado Peris,108
A. Escalante Del Valle,108 C. Fernandez Bedoya,108 J. P. Fernandez Ramos,108 J. Flix,108 M. C. Fouz,108 P. Garcia-Abia,108
O. Gonzalez Lopez,108 S. Goy Lopez,108 J.M. Hernandez,108 M. L Josa,108 A. Pérez-Calero Yzquierdo,108
J. Puerta Pelayo,108 A. Quintario Olmeda,108 I. Redondo,108 L. Romero,108 M. S. Soares,108 A. Alvarez Fema’lndez,108

J.F. de Troc()niz,109 M. Missiroli,109 D. Moran,109 J. Cuevas,110 C. Erice,llO J. Fernandez Menendez,110
I. Gonzalez Caballero,110 J.R. Gonzilez Fernzindez,110 E. Palencia Cortezon,110 S. Sanchez Cruz,llO I. Sudrez Andrés,
P. Vischia,]10 J. M. Vizan Garcia,”o I.7J. Cabn'llo,”1 A. Calderon,]11 B. Chazin Quero,”] E. Curras,”1 M. Fernandez,'”
J. Garcia—Ferrero,111 G. Gomez,]11 A. Lopez Vilrto,]11 J. Marco,m C. Martinez Rivero,111 P. Martinez Ruiz del Arbol,”]
F. Matorras,111 J. Piedra Gomez,111 T. Rodrigo,111 A. Ruiz-Jimeno,111 L. Scodellaro,111 N. Trevisani,111 I Vila,111
R. Vilar Cortabitane,111 D. Abbaneo,112 E. Auffray,112 P. Baillon,112 A.H. Ball,112 D. Barney,112 M. Bianco,112 P. Bloch,112

A. Bocci,112 C. Botta,112 T. Camporesi,112 R. Castello,112 M. Cepeda,112 G. Cer’minara,112 E. Chapon,112 Y. Chen,112

D. d’Enterria,112 A. Dabrowski,112 V. Daponte,112 A. David,112 M. De Gruttola,112 A. De Roeck,112 E. Di Marco,“z’pp
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J. Fulcher,112 W. Funk,112 D. Gigi,112 K. Gill,112 F. Glege,112 D. Gulhan,112 S. Gunda(:ker,112 M. Gu'[ho’ff,112 P. H.alrlris.,112

J. Hegeman,112 V. Innocente,]12 P. Janot,112 0. Karacheban,”z’p J. Kieseler,112 H. Kirschenmann,112 V. Knﬁnz,”2

A. Kornmayer,”z’m M.J. Kortelainen,112 C. Lange,]12 P. Lecoq,112 C. Lourengo,112 M. T. Lucchini,”2 L. Malgeri,112
M. Mannelli,112 A. Ma:(‘telli,112 F. Meijers,112 JLA. Merlin,112 S. Mersi,112 E. Mf:schi,112 P. Milenovic,m’qq F. Moortgat,112

M. Mulders,"'? H. Neugebauer,''* S. Orfanelli,'"* L. Orsini,'"* L. Pape,''? E. Perez,''> M. Peruzzi,''* A. Petrilli,'"?

G. Petrucciani,''? A. Pfeiffer,''” M. Pierini,''> A. Racz,'"> T. Reis,'"> G. Rolandi,''>™ M. Rovere,''? H. Sakulin,''?
C. Schifer,"'? C. Schwick,''? M. Seidel,'"* M. Selvaggi,''* A. Sharma,''? P. Silva,'"* P. Sphicas,'** J. Steggemann,'"
M. Stoye,''> M. Tosi,''? D. Treille,''* A. Triossi,''* A. Tsirou,''> V. Veckalns,'*" G.I. Veres,''*" M. Verweij,'"?
N. Wardle,112 W.D. Zeuner,112 W. Bertl,l Bag, Deitelrs,113 W. Elrdmann,113 R. Horisberger,113 Q. Ingram,113 H.C. Kaesﬂi,l 13
D. Kotlinski,113 U. Langenegger,113 T. Rohe,113 S.A. Wiederkehr,113 F. Bachmair,114 L. Béni,“4 P. Berger,114
L. Bianchini,114 B. Casal,114 G. Dissertori,114 M. Dittmar,114 M. Donegz‘i,114 C. Grab,114 C. Heidegger,114 D. Hits,114
J. Hoss,114 G. Kasieczka,”4 T. Klijnsma,114 W. Lustermann,114 B. Mangano,114 M. Marionneau,114 M.T. Meinhard,114
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