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Abstract: Knowledge of the material in the ATLAS inner tracking detector is crucial in under-
standing the reconstruction of charged-particle tracks, the performance of algorithms that identify
jets containingy-hadrons and is also essential to reduce background in searches for exotic particles
that can decay within the inner detector volume. Interactions of primary hadrons prodyged in
collisions with the material in the inner detector are used to map the location and amount of this
material. The hadronic interactions of primary particles may result in secondary vertices, which in
this analysis are reconstructed by an inclusive vertex- nding algorithm. Data were collected using
minimume-bias triggers by the ATLAS detector operating at the LHC during 2010 at centre-of-mass
energy s = 7TeV, and correspond to an integrated luminosityl®hb . Kinematic properties

of these secondary vertices are used to study the validity of the modelling of hadronic interactions
in simulation. Secondary-vertex yields are compared between data and simulation over a volume
of about 0.7 M around the interaction point, and agreement is found within overall uncertainties.
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1 Introduction

An accurate description of the amount and location of the material in the ATLAS inner detector
(ID) is necessary for understanding the reconstruction e ciency of tracks, as well as other objects
such as electrons, photons, and jets contaibthgdrons. Moreover, uncertainties in the modelling

of hadronic interactions in simulation a ect the performance of algorithms that reconstruct jets
and missing transverse momentum. The amount of material in the as-builf] iB §enerally



known to an accuracy of about 4 5%, which was achieved by weighing the various components
before installation.

Traditionally, photon conversions, sensitive to the radiation lenggh have been used to map
the material in particle detectors. A complementary approach, based on hadronic interactions of
primary particles with material in the ID, has been develo@gdyhich is sensitive to the hadronic
interaction length (). Secondary hadronic interactions with material in the ID usually involve
low- to medium-energy primary hadrons with average momentum around 4 GeV, and with about
96% having momentum less than 10 GeV. Consequently, the outgoing particles have relatively
low energy and large opening angles between them. The trajectories of these particles can be
reconstructed by the tracking system, and in cases where two or more such tracks are reconstructed,
the precise location of the interaction can be found.

In ATLAS, an inclusive vertex- nding and tting algorithm is used to nd vertices associated
with hadronic interactions. Typical resolutions of vertex positibfs,r (2), are around 0.2 mm
(0.3mm) for this technigue, as compared to around 2mm (1 mm) for photon conversions. In
the latter, the opening angle between the outgoing electron-positron pair is close to zero, thereby
degrading the radial resolution. The good position resolution of hadronic-interaction vertices is
exploited to study the location and amount of material in the ID.

Knowledge of the exact location of this material is needed in searches for exotic particles
that can decay within the ID volume, as secondary interaction vertices are a background to these
searches. The results from a previous study were used in analyses searching for decays of exotic
particles that are postulated to exist in models ranging from R-parity-violating supersymmetry,
split supersymmetry, Generalized Gauge Mediati@lnt¢ Hidden Valley scenariosd]. In these
analyses, part of the search region was masked out using material maps based on the results of
ref. [2]. Additionally, since this technique directly probes the hadronic interaction length of any
material, it can also be used to study the modelling of low- to medium-energy hadronic interactions
in simulation.

The analysis presented here uses a modi ed tracking con guration and improved vertex selec-
tion criteria, which substantially increase the number and quality of reconstructed vertices over a
larger volume as compared to the previous study. The previous study was restricke@&Dmm
andjzj < 300mm, whereas this one expands this region t0 400mm andjzj < 700mm, which
represents an increase in the ducial volume from 0.£er0.70 n?. The dataset used now is the
same one as in ref2], although the track reconstruction algorithms use improved ID alignment
parameters. The data are compared to simulation, which has an improved description of the ID
geometry and other corrections to resolve some of the discrepancies found in the previous study.

This paper is structured as follows. A brief introduction to the ATLAS ID is given in se@ion
The event samples, track selection and vertex reconstruction and selection are described i, section
along with the yield of reconstructed secondary vertices (SV). Sedtioontains a qualitative
comparison of data with simulation, followed by an estimate of the systematic uncertainties in
section5. The results are presented in sectim@and conclusions are given in section

JATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of
the detector and the-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinat@s ) are used in the transverse plandyeing the azimuthal angle around
the beam pipe. The pseudorapidity is de ned in terms of the polar angge = Intan( =2).



2 ATLAS inner detector

The ATLAS detector consists of an inner tracking detector, electromagnetic and hadron calorimeters,
a muon spectrometer, and three magnet systéinsrhe inner tracking detector is crucial to this
analysis; its active volume extends from 45 mm to 1150 mmand 2710mm injzj. A quarter
section of the ID is shown in guré.

The ID is composed of three sub-systems: a silicon pixel detector, a silicon microstrip detector
(SCT) and a transition radiation tracker (TRT), all of which are immersed in a 2 T axial magnetic
eld. The tracking system consists of a cylindrical barrel regiprj ( 1:5) arranged around the
beam pipe, and two end-caps. Disks in the end-cap region are placed perpendicular to the beam
axis, coverindl:5. j j < 2:5. The pixel detector is located ak 150mm, and provides precision
measurements fror@0:4 million sensors. It consists of three barrel layers with < 400mm
and six disks in the end-cap region, which extend ouzio 660mm. The SCT detector has
four barrel layers extending from 250mm to 550 mm withjzj < 750mm, and 18 disks in the
end-cap region withizj < 2710mm; it consists of 6:3 million readout strips. The TRT consists
of 298,000 straw tubes with diameter 4 mm, and provides coverage put to2:0. In the barrel,
it stretches fronr  560mm to 1100 mm angizj < 780mm. The end-cap region extends the TRT
toz= 2710mm. The regions between the material layers are lled with di erent gases, such as
CO, or Np. In addition, there are various support structures, which, for the most part, are carbon
bre reinforced plastic honeycomb shells, and services such as cooling pipes.

3 Event samples, track and secondary-vertex reconstruction

Data were collected in 20J8p collisions at a centre-of-mass energy of&/ and correspond to an
integrated luminosity of 19 nB. Triggers used to collect data relied on the coincidence between the
beam pickup timing devicezE 175 m) and minimume-bias trigger scintillators€  3:56 m) [6].
The instantaneous luminosity in the early part of the run was approximatéfyl08° cm 2 s 1,
which implies, on average, a very low number of extra interactions per beam crossing (pile-up). This
data sample is the same as in ré, although the track reconstruction algorithms use improved
ID alignment parameters. The data are compared to simulation, which includes an improved
description of the ID geometry, e.g., the position of the beam pipe, the implementation of a slight
shift of the pixel barrel layers, and the amount of material in the end-region of the pixel barrel.
Monte Carlo (MC) simulation events were generated using PYTHIAB With the
MSTW2008LO set of parton distribution functior§ pnd A2MSTW2008LO set of tuned param-
eters P]. Particle propagation through the detector was simulated with GEANTY Hadronic
interactions in GEANT4 were simulated with the FTFP_BERT][model, which is an improve-
ment over the previous model. The simulated events were processed with the same reconstruction
software as data. The ATLAS simulation infrastructure is described inI&f. |
The triggers that were used to collect the data sample recorded single-, double- and non-
di ractive events, with a large fraction belonging to the last category. In order to reduce systematic
uncertainties from single- and double-di ractive events, their contributions were reduced by re-
quiring a large track multiplicity at the primary vertex (PV). Hence, an event was required to have
exactly one reconstructed PV with at least 11 associated tragksAfter this requirement there
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Figure 1. View of a quadrant of the ID] showing each of the major detector elements with their active
dimensions and envelopes. The lower part shows a zoomed-in view of the pixel detector region.

were 18 (6) million events in data (simulation). The simulated events were weighted such that the
mean and width of the-coordinate distribution of the PV position matched the data.

3.1 Track reconstruction

Since tracks originating from secondary hadronic interactions generally have large impact param-
eters with respect to the PV, the reconstruction e ciency of such tracks needs to be as high as
possible. In the standard track reconstruction algorithm, stringent upper limits are placed on the
impact parameters of the tracks with respect to the beam axis. Such requirements have little e ect
on the e ciency of reconstructing primary tracks and speed up event reconstruction time. However,
these requirements severely limit the reconstruction of secondary tracks, especially those originating
far from the PV.

To address the low e ciency of reconstructing secondary tracks, a second pass of track
reconstruction was executed that used hits in the ID left over after the standard track reconstruction
step had nished. This second pass also had looser selection criteria applied to track parameters.
The increase in the number of reconstructed tracks with large impact parameters can be seen in
gure 2, wheredp (2o) is the transverse (longitudinal) impact parameter with respect to the PV. In
both reconstruction steps, the transverse momenpgnof tracks was required to be 0:4 GeV,
and their pseudorapidity was required to be within the rgnge 2:5.
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Figure 2. Distributions of (a) transversald) and (b) longitudinal Zp) impact parameters of tracks in
simulated events. Open squares show tracks reconstructed with the standard algorithm, closed squares show
tracks reconstructed with either the standard or second-pass reconstruction algorithm.

3.2 Track selection

Secondary tracks typically have large values of transverse impact parameter. Therefore, in order
to select mostly secondary tracks and reduce the contamination of primary tracks, the tracks were
required to havgdpj > 5mm. This requirement removed99%of primary tracks as well as many
tracks originating froan and decays, and photon conversions.

No requirements were placed on the number of pixel hits on a track as this would have prevented
reconstruction of vertices outside the pixel detector. However, tracks were required to have at least
one SCT hit, to ensure that there was at least one hit per track in a silicon detector. In order to
improve the quality of reconstructed secondary vertices, well-measured tracks were required, i.e.,
track t 2=dof< 5 (where dof means degree of freedom).

Track reconstruction e ciency and track parameters are well reproduced in simulation. How-
ever, there are small di erences between data and simulaior] [n the number of reconstructed
primary tracks. The primary track multiplicity directly a ects the number of secondary interac-
tions; if there are more primary particles, then there are also more hadronic interactions. Since
data has more primary tracks, yields in simulation are corrected to account for this di erence. This
correction factor was determined by extrapolating primary tracks, separately in data and simulation,
to various material layers, counting how many of them intersected the layer within the ducial
volume, and taking their ratio. Particles that travel through a layer at angles di erent than normal
encounter more material and have a higher interaction probability than those at normal incidence;
this is taken into account. The correction factor ranged from 1.05 to 1.07.

3.3 Secondary-vertex reconstruction

A ppcollision event may contain decays of short-lived particles such as bottom and charm hadrons,
decays of long-lived particles such Ké and , photon conversions, and hadronic interaction
vertices witha priori unknown multiplicity. To cleanly detect these hadronic interactions, all other
secondary vertices must be reconstructed and eliminated.



A vertex nder designed to simultaneously nd all secondary vertices in the event was used
in this analysis. The algorithm begins by nding all possible intersections of pairs of selected
tracks, and assumes that the two secondary tracks originate from a single point. A tis performed,
during which track parameters are varied, and modi ed, if necessary, and the vertex position is
determined. A 2 describing the t quality of the vertex is determined using the di erences
between the measured and the recalculated track param&fgrsThe reconstructed two-track
vertices de ne the full set of vertices in the event, becauseNstiack vertex is simply a union of
corresponding two-track sub-vertices.

Requiring these two-track vertices to have an acceptabldof (< 4:5) removes 85% of
random pairings. Studies on simulated events indicate that more than 83% of hadronic interaction
vertices are retained. In the barrel region of the ID, the number of fake vertices from random
combinations is further reduced by requiring that tracks do not have hits in silicon layers at a radius
smaller than the radius of the reconstructed vertex, and have hits in some of the layers that are at
larger radii than the vertex; in the end-cap region, only the minimum number of hits in the SCT
is required. Vertices that fail to meet these criteria are removed from the list of selected two-track
vertices. This procedure removes, depending on radius, anywhere from one-half to two-thirds of
the initial set of two-track vertices, whereas the reduction in e ciency for reconstructing hadronic
interaction vertices is about 2 10%.

To nalize the vertex nding, two further steps were undertaken: rst, the total number
of vertices in the event was minimized by merging the two-track candidates that were nearby,
a decision that was based on the separation between vertices and on their covariance matrices;
second, since a track could have been used in several two-track vertices, such cases were identi ed
and resolved so that all track-vertex associations were unique. The algorithm worked iteratively
to clean the vertex set, based on an incompatibility-graph apprdagh [n each iteration it
either identi ed two close vertices and merged them, or found the worst track-vertex association
for multiply assigned tracks and broke it. Iterations continued until no further improvement was
possible. The CPU performance of the algorithm was acceptable for events with track multiplicity
up to 200, which was signi cantly larger than the average multiplicity in events used in this
analysis (about 50 tracks/event).

3.4 Secondary-vertex selection and resolution

The looser requirements on track reconstruction (se@i@nsigni cantly improve vertex recon-
struction e ciency for all values ofr andz. However, studies on simulated events show that this
increase is accompanied by a decrease in the purity of secondary-vertex reconstruction, which is
de ned as the fraction of reconstructed vertices that match true secondary interactions. The match-
ing is based on the distance between the true and reconstructed position of a secondary interaction.
Since the most important purpose of the analysis is to provide precise comparison of data and
simulation, purity needs to be as high as possible. To achieve this, stringent requirements were
placed on tracks associated with reconstructed secondary vertices: relative error on the transverse
momentum of tracks (pr)=pr < 0:05, transverse and longitudinal impact parameters relative to
the secondary verted3Vj < 1mm andjz3Vj < 2mm respectively.

These requirements were applied after track selection and vertex reconstruction since they were
on guantities measured relative to the reconstructed secondary vertex. If a track in a secondary



Table 1. Purity of reconstructed vertices in various regions of the ID. Errors are statistical only.

Pixel barrel regionjgj <400 mm)

Layer Purity %

Beam pipe(:28 36 mm) 825 01

1st pixel layer {:45 75 mm) 753 01

2nd pixel layer (:83 110 mm) 800 01

3rd pixel layer ¢:118 145 mm) 680 01
SCT barrel regionjgj <700 mm)

Layer Purity %

Pixel support framer(180 220mm) | 719 0:2
Pixel support tuber(226 240 mm) 87.0 04

1st SCT layer(:276 320 mm) 781 02
2nd SCT layer(:347 390 mm) 614 05
Pixel forward regiont(: 75 180 mm, jzj > 400 mm)
Layer Purity %
1st pixel disk {zj:490 500 mm) 577 04
2nd pixel disk {zj:575 585 mm) 619 05
3rd pixel disk {zj:645 655 mm) 56:7 07

vertex failed these requirements, the entire vertex was discarded. This procedure removed a small
fraction of real secondary vertices with more than two tracks, but since most of the reconstructed
vertices had only two tracks, the bene t from the signi cant increase in purity outweighed the small
loss in e ciency. In both data and simulation, abo80% of reconstructed secondary vertices

are two-track vertices and almost all of the othi€fs of vertices have three tracks. Purities are
consistently higher for al andz, especially at larger radii, as compared to the previous study. For
instance, the second SCT layer was not previously studied since the purity was only 15%l Table
lists the values at various material layers. This metric enters into the nal result as an additional
systematic uncertainty due to small di erences in the rate of fake vertices in data and simulation.
The total e ciency to nd secondary vertices, containing at least two tracks witAnd satisfying

the selection criteria, is about 9% at the beam pipe, and decreases with radius; itincludes e ciencies
for track and vertex reconstruction steps, and the selection requirements described above.

The spatial resolution of the position of the secondary vertex depends on the quality of the track
reconstruction. Vertices at smaller radius contain tracks with more silicon hits and are therefore
reconstructed with less uncertainty. Averaging over the full kinematic range of tracks, studies on
simulated events indicate that radial aavésolutions at the beam pipe and through to the rst SCT
layer are aboud:22mm and0:25mm respectively (see reR]for details). Atthe second SCT layer
(r > 320mm), they worsen to abo0t34mm and0:70mm respectively. These resolutions make it
possible to resolve structural details at the millimeter scale.



3.5 \Vertexyields

The invariant-mass spectrum of reconstructed secondary vertices is shown in3gubaring

track reconstruction, the pion mass is assigned by default to tracks. The broad “shoulder' around

1100 MeV is a kinematic e ect and re ects the minimum required traqgk The peak around

300 MeV corresponds to photon conversions, where the non-zero mass is due to the assignment

ofthe mass to the tracks, and the peak around 500 MeV correspondss%neson decays.
-baryon decays do not contribute to a peak because the pion mass was assigned to the proton track.

Vertices corresponding to photon conversiokigymeson and -baryon decays were vetoed

by restrictions on the invariant mass of the tracks belonging to the secondary vertex. In the case

of baryons, the mass was recalculated by assigning the proton mass to the track with the higher

momentum, which gave the correct assignment in over 97% of such decays. If the invariant mass lay.

within 35 MeV of thng mass (495 MeV) or 15 MeV of the mass (1116 MeV), the vertex

was vetoed. Track combinations with invariant masses below 310 MeV were removed to eliminate

photon conversions.
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Figure 3. Invariant-mass spectrum of the reconstructed secondary vertices, assuming the pion mass for all
tracks, in data (points) and MC simulation (solid histogram).

The vertex yields in data after these selection criteria are shown inZabligh-resolution images,
in data, of the secondary-vertex positions in the detector are shown in gusend6. In gure 4
the y-position is shown versus theposition for vertices in the pixel barrel regiopzj < 400 mm.
The regions with higher density than their surroundings are, going from the innermost to the
outermost: the beam pipe, the rst, second and third pixel layers, the pixel support frame (the
octagon), the pixel support tube, the SCT thermal shield, the rst SCT layer and at the very edge
with few vertices is the second SCT layer. Vertices further out than the second SCT layer are
expected to have worse resolution and purity due to fewer silicon hits on the associated tracks; these
layers are therefore disregarded.

In gure 5, clear details of the composition of the beam pipe are visible, e.g. the increase in
vertex density at 29 mm indicates the layer made out of beryllium. Moreover, the ne structure



Table 2. Yields of secondary vertices in data in various regions of the ID. The radiuz afrithese regions
are de ned in tablel.

Pixel barrel region

Layer Yield

Beam pipe 1327622
1st pixel layer 1614080
2nd pixel layer 548313
3rd pixel layer 316376

SCT barrel region

Layer Yield

Pixel support frame 170003
Pixel support tube 69682

1st SCT layer 134299
2nd SCT layer 28457
Pixel forward region
Layer Yield
1st pixel disk 53448
2nd pixel disk 30119
3rd pixel disk 13694

of the modules in the three pixel barrel layers is visible. The wave-like behaviour in the beam pipe
and the three pixel layers is due to the fact that the layers are not centred around [0,0]. The average
displacements i andy are listed in table3. The decrease in the number of vertices between the
pixel barrel and the pixel end-capsjat 400mmin gure 6, is due to di erences in the silicon-hit

based fake-removal criteria in these two regions. The dense cluster of vertizps4ft0 470 mm

and50 < r < 155mm represents services at the end of the pixel barrel. The pixel end-cap disks
are atz > 495mm, andr between 80 and 175 mm.

4 Qualitative comparison of data to simulation

Vertex yields as a function of radius are shown in gute Each material layer is clearly visible
as indicated by the increase in vertex density at speci ¢ valuas oAgreement between data
and simulation is good, especially for the detector layers. However, there are small disagreements
arising from simpli cations made in the geometry model for some of the structures, e.g., the pixel
support tube at  200mm, and others which appear as sharp peaks,reagound 70 and 105 mm.
There are also some disagreements in the air gaps between detector layers.

The distribution of secondary vertices for the falange is shown in guré(a), and the pixel
end-cap region is shown separately in gu@@). The peaks seen in simulation f@ < 300mm
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Figure 4. Number of selected secondary vertices in data inxtlgeplane of the ID. Only vertices with
jzj < 400mm are considered. For presentation purposes, the background inside the beam pipe is masked out.

are due to simpli cations of the support structures. The sudden drigp at300mm until around
400mm is due to di erences in the silicon-hit based fake-removal criteria when going from the
barrel to the end-cap region. The end of the pixel barrel and the three pixel end-cap disks correspond
to the four spikes gtzj > 400mm. To make the comparisons in the pixel end-cap region, vertices
with r < 50mm andr > 155mm are excluded to eliminate regions such as the beam pipe and
various support structures. The three pixel disks are clearly visilie a495, 580 and 650 mm.

Some discrepancies are observed in the dense cluster of vertices iB@mith jzj < 470mm.

This is a very complex region to simulate since it includes infrastructure for the cooling pipes and
services for the pixel detector. Furthermore, simpli cations in the geometry model lead to the sharp
spikes in the disks themselves. Generally the simulation agrees well with data.
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Figure 5. Number of selected secondary vertices in data inrthe plane of the ID. Only vertices with
jZj < 400mm are considered.
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Figure 6. Number of selected secondary vertices in data irr thegplane of the ID.
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Figure 7. Number of selected secondary vertices per event in data (points) and MC simulation (solid
histogram), as a function efwith jzj < 700mm.
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Figure 8. Number of selected secondary vertices per event in data (points) and MC simulation (solid
histogram), as a function ofz, (a) for jzj < 700mm, and (b) forjzj > 410mm, where vertices with
r < 50mm andr > 155mm are excluded to highlight the pixel end-cap region.

12



4.1 Displacement of material layers

As reported previouslyZ], the positions of the beam pipe and the three pixel layers are not centred
around k = 0, y = 0] in the detector, as concluded from the sinusoidal behaviour in urgine
functions were tto the dependence in each radial interval to estimate the displacement from the
origin in x andy. Their amplitudes are reported in tatdpuncertainties coming from the tting
procedure are 0:02mm. The shift in simulation agrees well with data for the beam pipe, and the
small discrepancy for the pixel layers has no impact on the quantitative results presented later in
this paper.

Figure9 shows the  distribution of selected secondary vertices for the radial region corre-
sponding to the rst SCT layerr( 276 320 mm). The SCT inner thermal shield israt 257mm.
Several deformations and shifts are visible in the thermal shield, e.g. most clearly the bumps" at
various positions ( 1:8, 0:2 and +1.0) with a size of 0.5mm; shifts are of order 0.5mm to
1 mm. In simulated events, these structures are at along theis.

Table 3. The displacements andy, in mm from the origin for the rst four material layers of the ID.
Displacements seen in simulated events are compared with data. The radiusfahd various layers are
de ned in tablel.

Data MC simulation
Layer Disp. x | Disp.y | Disp. x | Disp.y
Beam pipe 0.21 1.90 0.21 1.93

1st pixel layer | 0.32 0.50 0.23 0.32
2nd pixel layer| 0.34 0.46 0.25 0.35
3rd pixel layer | 0.15 0.16 0.31 0.18

4.2 Pixel and SCT detector modules in their local coordinate frames

The detector modules in the barrel overlaprin to give complete coverage, as can be seen in
gure 4. To study details of individual modules, the positions of the reconstructed vertices were
transformed from the global ATLAS reference frame to the module-speci c local coordinate f#ame.
These transformations were performed for vertices in the rst ve silicon layers of the ID barrel.
Due to the decreasing number of vertices with increasiting visible details of the pixel modules

are degraded when going from the rst to the third layer, and similarly for the SCT layers. Hence
for qualitative comparisons, only modules in the rst pixel and SCT layers are considered. These
are shown in gureslOandl11respectively.

Due to the excellent radial vertex resolution it is possible to speci cally select vertices origi-
nating in the silicon sensor element in the pixel and SCT modules; the thickness of this element in
these two kinds of modules B50 m and285 m respectively. These vertices are then used in
section4.3to explore kinematic details of the modelling of hadronic interactions in the silicon.

2 ocal-X is along the global direction, localY is along the stave (global), and localZ is along the global
radial direction.
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Figure 9. Number of selected secondary vertices in data inrthe plane of the ID. The radial range
corresponds to the SCT inner thermal shield and the rst SCT barrel layer.

4.2.1 Pixel modules

Components of the pixel module such as the active silicon sensor element{ladtlin  9mm
andlocalZ 0mm), the cooling- uid pipe (seen as the half-circle on top of the module), and cables
and supports (the rectangular area above the cooling pipe in simulation, and above and to the right
in data) are clearly visible in guréO0.
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Figure 10. Number of selected secondary vertices in the local coordinate frame of the pixel module,
for (a) data, and (b) MC simulation, in the rst barrel layer. The data sample has more events than the
simulated sample.
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4.2.2 SCT modules

Figure 11 shows a detailed view of a module in the rst SCT barrel layer in data and in simulation.
The horizontal section around localof 0 mm spanning locak within  30mm is the sensor
element, and the structure right above it (with lo&ain the range [10,30] mm) is the cooling- uid
pipe. The band with locat-in the range [ 30, 20l mm is a support structure, and the band at the
bottom of the plot is the SCT thermal shield.

(@) (b)

Figure 11. Number of selected secondary vertices in the local coordinate frame of the SCT module,
for (a) data and (b) MC simulation, in the rst barrel layer. The data sample has more events than the
simulated sample.

4.3 Kinematic characteristics of secondary vertices

In addition to comparing the location of secondary vertices in data and simulation, their kinematic
characteristics are compared. This allows a study of models of hadronic interactions of low- and
medium-energy hadrons used in GEANT4. Kinematic variables that are mainly dependent on
details of the hadronic interactions are compared, e.g., the total momentum of tracks emerging
from the secondary vertex, the fraction of the total momentum carried by the highest-momentum
secondary track, and the opening angle between the tracks.

These variables are explored by isolating structures within the ID that are composed of single
elements, thé800 m beryllium layer in the beam pipe and t280 m silicon sensor within
the pixel modules in the barrel. Two di erent models of hadronic interactions (FTFP_BERT and
QGSP_BERT)11] are compared with data. Figute shows the total (scalar) momentum sum of
the tracks emerging from a secondary vertex in data compared with the two interaction models in
(a) beryllium, and (b) silicon; the FTFP_BERT model agrees better with data, and is used in the
nominal MC simulation sample.
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Figure 12. The total (scalar) sum of the momentunjpj, of secondary particles from hadronic interactions
found in (a) the beryllium part of the beam pipe, and (b) the silicon element in the pixel modules. The
data (points) are compared to simulation using two models of hadronic interactions (solid histograms). The
number of selected secondary verticeblis.

5 Systematic uncertainties

5.1 Tracking e ciency

The main source of systematic uncertainty in the reconstruction e ciency of charged hadrons is
the uncertainty in the description of material in the ). [The overall scale of the reconstruction

e ciency of primary tracks in data is well modelled in simulation, implying that the total amount
of material in the ID is well understood. However, discrepancies in the location of the material can
impact the reconstruction e ciency of tracks arising from vertices far from the PV.

Decays ong—mesons are used to make a comparison of track reconstruction e ciency in
data and simulation as a function of vertex position. These decays are a source of charged pions
that are independent of the hadronic interaction rate, yet probe the material in a manner similar to
tracks from a secondary interaction vertex. Pions produced in these decays also have large impact
parameters relative to the PV. The momentum spectrungan‘andidates in simulation agrees with
data, hence a comparison of their yields (in data and simulation) as a function of decay distance
probes the e ciency of reconstructing secondary traclK':s0 yields are determined by tting the
invariant mass of two tracks of opposite charge with a signal and a background function, where the
signal is a sum of two Gaussian functions (with a common mean) and the background is represented
by a rst-order polynomial.

The hadronic-interaction analysis provides di erential measurements of the material budget,
layer by layer. Comparing the reconstrucﬂé@ yield in data to that in simulation in di erent
radial intervals corresponding to the material layers eliminates any direct dependency of the track
reconstruction e ciency on the material in that layer, since this e ciency is dependent only on
the amount of materiadutsidethe given material layer. Intervals were selected so that the tracks
from the Kg decays in the selected radial range passed through the same amount of material as
tracks from hadronic interactions: 0 48 mm, 48 86 mm, 86 120 mm, 120 276 mm, 276 347 mm,
and 347 500 mm.
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To account for di erent numbers d(g—mesons produced in data and simulation, yields in vari-
ous radial bins in data and simulation were normalized separately to the total yields in the respective
samples. A double ratio of these normalized yields in data and simulation was constructed, and is
shown in gurel3. A deviation from unity would imply a di erence between track reconstruction
e ciencies in data and simulation. The largest deviation is about 3.4%.

The uncertainty arising from the productionlog-mesons in secondary interactions or decays
of heavier hadrons was estimated to be 0.3%. This was added linearly to the uncertainty determined
above to give a total systematic uncertainty of 3.7% for a two-track vertex. This implies an
uncertainty of 1.85% per track. Since the maximum deviation from unity was taken as a measure
of the systematic uncertainty, it is likely to be conservative.

Since about 10% of secondary vertices from hadronic interactions have more than two asso-
ciated tracks, an overall systematic uncertainty was derived by randomly rento8&i of the
tracks during vertex reconstruction. In vertices with more than two tracks, removing one of the
tracks still allows the vertex to be reconstructed. The reduction in the number of secondary vertices
was3:4%, which was taken as the systematic uncertainty on the ratio of hadronic interaction vertex
yields in data and simulation.

Figure 13. A double ratio ong yields at di erent decay distances. The bands are statistical uncertainties
from the ts to obtain K; yields. Details are given in the text.

5.2 Modelling of hadronic interactions in simulation

A quantitative comparison of vertex yields in data and simulation is sensitive to the modelling of
low- and medium-energy hadronic interactions in GEANT4. If incorrect hadronic cross-sections
were to be used in simulation, that would lead to an incorrect prediction for the number of sec-
ondary vertices. To study this, hadronic interaction cross-sections used in the nominal simulation
sample (FTFP_BERT model) were compared with two of its variants, FTFP_BERT _chipsXS and
FTFP_BERT_gheishaXSl]]. These cross-sections were generated separately for charged pion,
kaon, and proton interactions with beryllium, carbon and silicon for a variety of incident energies.
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Using the di erences between these cross-sections, and the numbers of interactions in various
elements due to these hadrons, the following systematic uncertainties were asé@@ﬁgefdxr the

beam pipe (which is mainly beryllium),0:1% for the pixel support frame and tube (mainly made

of carbon), andggggjg for all other material layers (assumed to be silicon and carbon).

In addition, mismodelling of secondary hadronic interactions in GEANT4 can lead to dif-
ferences in the distributions of kinematic variables between data and simulation. Several vari-
ables were studied: invariant mass angbr) of the tracks emerging from the secondary vertex,
(pr(max)  pr(min))= (pr), where min (max) are the minimum (maximurmpy of secondary
tracks, and the polar angle of the momentum vector of the secondary vertex, which was determined
using the momenta of the secondary tracks. Ratios of yields in data to those in simulation were
determined for di erent intervals in these variables, and based on these studies, layer-by-layer
systematic uncertainties were estimated. These were combined in quadrature with previously de-
termined uncertainties in the interaction cross-sections used in GEANT4. The total uncertainties
are shown in tablel; they are applied to the ratios of secondary-vertex yields in data to those
in simulation.

Table 4. Systematic uncertainties due to mismodelling of hadronic interactions in GEANT4 in various
regions of the ID. These uncertainties are applied to the ratios of secondary-vertex yields in data to those in
simulation. The radius anzlof these regions are de ned in takle

Pixel barrel region

Layer Syst. Uncert.
Beam pipe +8§42122
1st pixel layer raene
2nd pixel layer e
3rd pixel layer e

SCT barrel region

Layer Syst. Uncert.
; +2:9%
Pixel support frame 9%
Pixel support tube -t
3:0%
1st SCT layer 30t
+3:6%
2nd SCT layer 2700

Pixel forward region

Layer Syst. Uncert.
. . 1:7%

1st pixel disk F a0t

2nd pixel disk v

3rd pixel disk o
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Table 5. Systematic uncertainties due to fake vertices in various regions of the ID. These are applied to the
ratios of secondary-vertex yields in data to those in simulation. The radius@frttlese regions are de ned
in tablel.

Pixel barrel region

Layer Syst. Uncert.
Beam pipe 1:4%
1st pixel layer 2:0%
2nd pixel layer 1:6%
3rd pixel layer 2:6%

SCT barrel region
Layer Syst. Uncert.
Pixel support frame 3:6%
Pixel support tube 1:7%

1st SCT layer 2:8%

2nd SCT layer 5:0%
Pixel forward region

Layer Syst. Uncert.

1st pixel disk 3:4%

2nd pixel disk 3:0%

3rd pixel disk 3:5%

5.3 \Vertex reconstruction

Systematic uncertainties arising during the vertex selection step could come from non-optimal mod-
elling ofthe ?requirementon the vertex t, and the merging of nearby vertices. Data and simulated
samples were re-analysed using di erent selection criteria for these variables, and the relative dif-
ferences in the behaviour of these samples were used to assign a systematic uncertainty of 1%.

Studies on simulated events showed that once restrictions were placed on the invariant mass
of tracks emerging from secondary vertices to remove contamination from photon convd{gons,
and decays, the remaining vertices were mainly due to true hadronic interactions or were fake,
i.e., composed of random tracks that do not originate from a common point, and consequently have
large values of ?/dof. Any residual contamination from conversions a(@land decays was
found to be less than 1%, and was ignored.

However, an additional systematic uncertainty can arise from mismodelling the rate of fake
secondary vertices. At the beam pipe, the purity is 82.5%, i.e., 16.5% of the reconstructed vertices
are expected to be fake. In some of the other material layers, the fraction of fake vertices is
higher (tablel). Vertices with10 < 2?=dof < 50 were chosen to study this e ect. The ratio of
reconstructed vertices in data and simulation, with these poor valueddiif, was studied in three
intervals of vertex radius, 0100 mm, 100 180 mm and 180 mm, and was found to di er from
unity by 8%, 8% and 13% respectively. Using these numbers in conjunction with the expected fake
rate at various material layers led to systematic uncertainties shown irbtabiheese uncertainties
are applied to the ratios of secondary-vertex yields in data to those in simulation.
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5.4 Other sources

In this analysis, only the number of primary tracks in simulation was corrected to match data,
and because hadronic interactions caused by secondary particles and neutral hadrons were not
explicitly accounted for, a systematic uncertainty due to this source was investigated. Correction
factors for primary and secondary tracks were studied separately, where the latter were selected by
requiringjdpj to be> 5mm, and an average was determined based on estimates from simulation
for the fraction of interactions that were due to secondary particles. An uncertainty of 1% was
assigned due to this source. Since the production rate of neutral hadrons is related to the rate
for charged hadrons via isospin symmetry, and corrections were made for charged particles, any
residual uncertainties were assumed to be negligible.

As discussed in sectioB, a requirement on the track multiplicity at the PV was made in
order to enhance non-di ractive events in data. If the distributions were to be di erent in data and
simulation, this could introduce an uncertainty. This was tested by increasing the requirement on
the number of tracks in the PV and noting the reduction in the number of vertices, separately in
data and simulation samples. A di erence of 0.3% was seen between the two samples, and this was
taken as a measure of the systematic uncertainty from this source.

Another uncertainty could arise if the primary-particle composition was incorrectly generated
in PYTHIAS [7]. This event generator was tuned using data collected by experiments at LEP and
SLAC, which had dedicated particle identi cation sub-detectors. Also, a comparison of PYTHIA8
and EPOS16] samples (for 13 Tepcollisions) showed good agreement in the generated fractions
of charged hadrons such as pions, kaons and protons. Hence, the systematic uncertainty from this
source was assumed to be small and was neglected.

5.5 Total systematic uncertainty

The systematic uncertainties on the ratios of yields in data to those in simulation are listed & table
They are assumed to be uncorrelated and combined in quadrature.

Table 6. Summary table of all systematic uncertainties in the vertex yield comparisons.

Source Syst. Uncert.
Track reconstruction e ciency 3.4%
Modelling of hadronic interactions 4:7% +3.6%
Vertex reconstruction 1.0%
Fake vertices 1.45.0%
Track multiplicity correction for MC simulation 1.0%
Primary track multiplicity cut 0.3%

6 Results

The ratios of yields of reconstructed vertices per event in data to those in simulation are used to
make a quantitative estimate of how well the detector material is modelled in the simulation. In
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this approach, various acceptances and reconstruction e ciencies largely cancel, and any residual
di erences between data and simulation are assigned as systematic uncertainties on the ratio of
yields; these uncertainties are listed in tafale

The ratios of yields for the beam pipe, the three pixel layers, the pixel support frame and tube,
the rst two SCT layers and the three pixel end-cap disks are shown in Tadohel gure 14. All
secondary-vertex quality cuts were applied before vertex yields were calculated. The yields in
the simulated sample were multiplied by the correction factors to account for di erent numbers
of primary tracks in data and simulation. Simulated events were also weighted to mateh the
coordinate of the primary-vertex spectrum in data. The total uncertainty is dominated by systematic
e ects, discussed in sectidh

The beam-pipe region shows good agreement between data and simulation; in addition, the
yields inthe 800 m beryllium layer in the beam pipe agree well, where the ratio of data to simulation
is1:010 0:002(stat.) 0:040(syst.)3 In the three pixel barrel layers the simulation overestimates
the material by about while in the two SCT barrel layers the material in the data is larger than
in the simulation by also abodt . The rst two pixel disks agree well within uncertainties, while
the third disk is low by about . An excess of material in the radial regions 180 220 mm (pixel
support frame) and 226 240 mm (pixel support tube) is observed in data as compared to the ATLAS
detector model; these two structures combined constitute less than 1% of the total mass of the ID;
These discrepancies are understood to be due to missing components in the description of these
support structures, which will be included in newer versions of the ATLAS detector geometry used
in simulation.

Figure 14. Ratios of yields of secondary vertices in data to those in MC simulation for the barrel and
end-cap regions. The total uncertainties (dotted lines) include both statistical (dark shading) and systematic
uncertainties (light shading) in the vertex yields.

Table8 lists the ratios of yields in the silicon element of the detector modules in the rst ve
silicon layers in the barrel using the local coordinate transformations discussed in ge&tibhe
agreement is within uncertainties. Since the thickness of the silicon element is well-known, these
results demonstrate that experimental uncertainties are well understood.

Material in the as-built beam pipé&][is known to 3%.
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Table 7. Ratios of yields of secondary vertices in data to those in MC simulation for various regions in the
ID. The rstuncertainty is statistical and the second systematic. The radius@fittese regions are de ned
in tablel.

Pixel barrel region

Layer Yield Data/MC
Beam pipe 1:002 0:002 0:040
1st pixel layer 0:967 0:001*9:583
2nd pixel layer 0:944 0:002*5:588
3rd pixel layer 0:976 0:003*5:532

SCT barrel region
Layer Yield Data/MC
Pixel support frame 1:121 0:006 0:067
Pixel support tube | 1:159 0:009 0:061

: : 0:058
1st SCT layer 1:042  0:0067 2%

: : 0:079
2nd SCT layer 1:100 0:013*9979

Pixel forward region

Layer Yield Data/MC
i i : : 0:054
1st pixel disk 1:023  0:009* 23
i i : : 0:049
2nd pixel disk 0:975 0:011*5585
: ; . : 0:049
3rd pixel disk 0:937 0:015%; 25

Table 8 The ratios of vertex yields in data to those in MC simulation for the silicon sensor element in
the pixel and SCT modules, measured using the local coordinate transformations. The rst uncertainty is
statistical and the second systematic. The radiuszarfdhe various regions are de ned in talde

Pixel barrel region
Module location|  Yield Data/MC
1st pixel layer | 0:999 0:003*%:94

0:054
; . . 0:0
2nd pixel layer | 0:945 0:004*9:0%>
: : : 0:050
3rd pixel layer | 0:957 0:0067 ;20

SCT barrel region
Module location| Yield Data/MC
. . 0:057
1st SCT layer | 1:029 0:011°7 27
. . 0:0
2nd SCT layer | 1:035 0:030"9:97¢
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7 Conclusions

This paper presents an updated study of the material in the ATLAS ID using secondary hadronic
interactions ifl9nb of ~ s=7 TeV LHCppcollision events collected with a minimum-bias trigger.

The technique described here exploits primary particle interactions with ID material to reconstruct
secondary vertices from the outgoing tracks. Since the incident primary particles have low to
medium energies, the outgoing tracks tend to have large opening angles between them, thereby
improving spatial resolutions. A major improvement is due to second-pass track reconstruction that
increases the e ciency of reconstructing secondary tracks, especially those arising from vertices
far from the primary vertex.

These secondary vertices are reconstructed using an inclusive vertex- nding and tting al-
gorithm, and they have good spatial resolution in both the longitudinal and transverse directions.
The resulting resolutions are signi cantly better than the resolution of vertices produced by photon
conversions, which are routinely used for material estimation. This leads to a precise ‘radiography"'
of the as-built ID and facilitates comparison with the implementation of the detector geometry
in simulation.

Many sources of systematic uncertainty have been investigated, viz., secondary track and vertex
reconstruction e cienciespr and distributions of primary particles that interact in the ID, and the
accuracy of hadronic interaction modelling in GEANT4. Experimental systematic uncertainties,
i.e., those arising from track and vertex reconstruction, are estimated from data in this analysis.
Di erences between data and simulation in theand distributions of the primary tracks are
accounted for via a reweighting procedure. Uncertainties in the modelling of hadronic interactions
in GEANT4 are studied by comparing various models.

Due to the increase in vertex reconstruction e ciency from second-pass track reconstruction,
this study explores a large ducial volume (0.2)nThe second barrel SCT layer and the pixel end-
cap disks have been investigated for the rst time with this technique. Moreover, this paper includes
‘radiography' images of the SCT modules, which had not been studied previously. Agreement
between data and simulation is good to within the experimental uncertainties, which are about 5%.

Acknowledgments

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

We acknowledge the support of ANPCyT, Argentina; YerPhl, Armenia; ARC, Australia;
BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil;
NSERC, NRC and CFIl, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and
DNSRC, Denmark; IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, and
MPG, Germany; GSRT, Greece; RGC, Hong Kong SAR, China; ISF, I-CORE and Benoziyo Center,
Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands;
RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal; MNE/IFA, Romania; MES of Russia and
NRC KI, Russian Federation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZ’, Slovenia;
DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF

23



and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United
Kingdom; DOE and NSF, United States of America. In addition, individual groups and members
have received support from BCKDF, the Canada Council, CANARIE, CRC, Compute Canada,
FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, FP7, Horizon 2020 and
Marie Sk®odowska-Curie Actions, European Union; Investissements dAvenir Labex and Idex, ANR,
Région Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation, Germany;
Herakleitos, Thales and Aristeia programmes co- nanced by EU-ESF and the Greek NSRF; BSF,
GIF and Minerva, Israel; BRF, Norway; Generalitat de Catalunya, Generalitat Valenciana, Spain;
the Royal Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in partic-
ular from CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway,
Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands),
PIC (Spain), ASGC (Taiwan), RAL (U.K.) and BNL (U.S.A.), the Tier-2 facilities worldwide
and large non-WLCG resource providers. Major contributors of computing resources are listed
in ref. [17].

References

[1] ATLAS collaboration, G. Aad et alThe ATLAS Experiment at the CERN Large Hadron Collider
2008JINST3 S08003

[2] ATLAS collaboration, G. Aad et alA study of the material in the ATLAS inner detector using
secondary hadronic interaction8012JINST7 P01013arXiv:1110.6191 1.

[3] ATLAS collaboration, G. Aad et alSearch for massive, Iong-lived particles using multitrack
displaced vertices or displaced lepton pairs in pp collisionS at= 8 TeV with the ATLAS detector
Phys. RewD 92 (2015) 072004arXiv:1504.05162 1.

[4] ATLAS collaboration, G. Aad et alSearch for long-lived, weakly interacting particles that decay to
displaced hadronic jets in proton-proton collisions as = 8 TeV with the ATLAS detectdrhys. Rev.
D 92(2015) 01201QarXiv:1504.03634 ].

[5] ATLAS collaboration, G. Aad et alExpected Performance of the ATLAS Experiment - Detector,
Trigger and PhysicsarXiv:0901.0512 .

[6] ATLAS collaboration, G. Aad et alCharged-particle multiplicities in pp interactions measured with
the ATLAS detector at the LHSlew J. Phys13(2011) 053033arXiv:1012.5104 ].

[7] T. Sjostrand et al. An introduction to PYTHIA 8, Zomput. Phys. Commuh91(2015) 159
[arXiv:1410.3012 ].

[8] A.D. Martin, W.J. Stirling, R.S. Thorne and G. Waarton distributions for the LHCEur. Phys. JC
63(2009) 189arXiv:0901.0002 ].

[9] ATLAS collaboration,Further ATLAS tunes of PYTHIA6 and PYTHIAASL-PHYS-PUB-2011-014
(2011).

[10] GEANT4collaboration, S. Agostinelli et alGEANT4: A simulation toolkifNucl. Instrum. MethA
506(2003) 250

[11] A. Ribon,Status of Geant4 hadronic physics for the simulation of LHC experiments at the start of
LHC physics prograimCERN-LCGAPP-2010-02 (2010)

24



[12] ATLAS collaboration, G. Aad et alThe ATLAS Simulation Infrastructyriéur. Phys. JC 70 (2010)
823[arXiv:1005.4568 ].

[13] G. Piacquadio, K. Proko ev, A. WildaueRrimary vertex reconstruction in the ATLAS experiment at
LHC, J. Phys. Conf. Sef.19(2008) 032033

[14] P. Billoir and S. QianFast vertex tting with a local parametrization of trackiducl. Instrum. Meth.
A 311(1992) 139

[15] S.R DasOn a New Approach for Finding All the Modi ed Cut-Sets in an Incompatibility Graph
IEEE Trans. CompC 22 (1973) 187

[16] T. Pierog, |. Karpenko, J.M. Katzy, E. Yatsenko and K. WerB&OS LHC: Test of collective
hadronization with data measured at the CERN Large Hadron Collidbys. RevC 92 (2015)
034906[arXiv:1306.0121 ].

[17] ATLAS collaboration ATLAS Computing Acknowledgements 2016 20411.-GEN-PUB-2016-002
(20186).

25



The ATLAS collaboration

M. Aaboud®®d G. Aad®®, B. Abbott13, J. Abdalla*, O. Abdinov?, B. Abelood!?, R. Abert??,

0.S. AbouZeid®’, N.L. Abraham*®, H. Abramowic2°3, H. Abreud®2, R. Abredt'6, Y. Abulaitj1463146b
B.S. Acharya83a163ba | Adamczyk2 D.L. Adamg’, J. AdelmadA®®, S. Adomeit®, T. Adye'3Z,

A.A. A older 75, T. Agatonovic-Jovitt, J. Agricol&®, J.A. Aguilar-Saavedfg®312¢f S p. AhleR?,

F. Ahmado§8P, G. Aielli133a133b H Akerstedt*62146b T p A, Akessof?, A.V. Akimov,

G.L. Albergh??322b 3. Albert68 S. Albran®’, M.J. Alconada Verzir?, M. Aleksa®?, I.N. Aleksandro§®,
C. Alex&®, G. Alexandet3, T. Alexopoulos®, M. Alhroob!3, B. Ali128 M. Aliev743740 G. Alimonti®%2
J. Alisor?3, S.P. Alkiré’, B.M.M. Allbrooke'#®, B.W. Allen'1é, P.P. Allport?, A. Aloisio!04a104b

A. Alonsc®®, F. Alonsd?, C. Alpigiani®8 M. Alstaty®®, B. Alvarez Gonzale®Z, D. Alvarez Piquera$®,
M.G. Alviggil943104 B T. Amadid®, K. Amakd®’, Y. Amaral Coutinhd® C. Amelung®, D. Amidef®,
S.P. Amor Dos Santd$53126c A Amorim!26a126b 5 Amorosd?, G. Amundsef?, C. Anastopoulos®,
L.S. AnctPl, N. Andart®, T. Andeert, C.F. Ander8®, G. Anders?, J.K. Anderg®, K.J. Andersof?,

A. Andreazz&392b /. AndreP9? S. Angelidakié, I. Angelozzt%’, P. Angef®, A. Angeram?’,

F. Anghinol 32, A.V. Anisenko%%¢, N. Anjos'3, A. Annovil2431240 C_AnteP%2 M. Antonelli*®,

A. Antonov®® | F. Anullit328 M. Aoki®’, L. Aperio Bella®, G. Arabidz&*, Y. Arai®’, J.P. Araqu&®3
A.T.H. Arce”’, F.A. Ardul'?, J-F. Arguir?®, S. Argyropoulo®*, M. Arik?%3 A.J. Armbrustet*3,

L.J. Armitagé’, O. Arnae?2, H. Arnold®®, M. Arratia®®, O. Arslarf3, A. Artamonov’, G. Artoni*2°,

S. Art4, S. Asat®®, N. Asbalt?, A. Ashkenazi®3, B. Asmart46al46b |  Asquitht4, K. AssamagafT,

R. Astalod**2 M. Atkinson'%5 N.B. Atlay'#%, K. Augstert?®, G. Avolio®?, B. Axenté, M.K. Ayoub*'’,

G. Azuelo$59, M.A. Baalé?, A.E. Baas®® M.J. Bacd®, H. Bachacotr®, K. Bachag*374®, M. Backed“8,
M. Backhau$?, P. BagiaccHif?3132b p_ Bagnai&®?3132b, Y. Bai*®? J.T. Baine$®!, O.K. Baket’®,

E.M. Baldint®%¢, P, BaleR"%, T. Balestr#*€, F. Ballil3¢, W.K. Balunas??, E. Bana$!, Sw. Banerje¥2¢,
A.A.E. Bannour&’, L. Baralé?, E.L. Barberid®, D. Barberi§?@522 M. Barberd®, T. Barillarit®2,

M-S Barisits2, T. Barklow!*3, N. Barlow??, S.L. Barne®, B.M. Barnett3l, R.M. Barnett®,

Z. Barnovska, A. Baroncellt®*2 G. Baroné®, A.J. Bart?°, L. Barranco Navarr$®, F. Barreir§®,

J. Barreiro Guimaraes da Co$t3 R. Bartoldu$*?, A.E. Bartorf3, P. Barto$**2 A. Basalae¥?,

A. Bassalat!’, R.L. Bates®, S.J. Batist®8, J.R. Batley®, M. Battaglid®’, M. Baucé?323132b F, Bauet3,
H.S. Bawa*3', J.B. Beachait!, M.D. Beatti€3, T. Beal!, P.H. Beauchemfi$!, P. Bechtlé3,

H.P. Beck®9, K. Becket?%, M. BeckeP*, M. Beckingham®®, C. Becot!?, A.J. Beddafi®, A. Beddalf°?,
V.A. Bednyako¥®, M. Bedognetti®’, C.P. Beé*8, L.J. Beemstéf’, T.A. Beerman#?, M. Begef’,

J.K. Behf4, C. Belanger-Champagffe A.S. Beli’®, G. Bella®3, L. Bellagamb&? A. Bellerive?,

M. Bellomd®’, K. Belotskiy?®, O. Beltramelld?, N.L. Belyaev®, O. Benary®3, D. Benchekrout?2

M. Bendel®, K. Bendt2462146b N Beneko&?, Y. BenhammotP3, E. Benhar Noccioli’3, J. Benite$4,
D.P. Benjamifi’, J.R. BensingéP, S. Bentvelself’, L. Beresford?®, M. Berett&®, D. Berge?”,

E. Bergeaas Kuutma#h®f, N. Berge?, J. Beringet®, S. Berlendi®’, N.R. Bernar8’, C. Berniud?,

F.U. Bernlochne®®, T. Berry’®, P. Bertd?®, C. Bertell&*, G. Bertolit4631460 F Bertoluccl24a124b,

ILA. Bertrant3, C. Bertsch&, D. Bertsché&!3, G.J. Besje®, O. Bessidskaia Bylurid®3146> M. Bessnet?,
N. Bessoh®®, C. Betancouff, A. Bethan?’, S. Bethké®., A.J. Bevari’, R.M. Biancht25, L. Bianchin?®,
M. Bianco®?, O. Biebel, D. Biedermanl, R. Bielskf®, N.V. Biesuz2431240 M. Biglietti1342

J. Bilbao De Mendizab&}, T.R.V. Billoud®®, H. Bilokor*?, M. Bindi®¢, S. Binet!?, A. Bingul?®,

C. Binil323132b g5 Bjond??322b, T. Bisan2®, D.M. Bjergaard’, C.W. Black®C, J.E. Black*3,

K.M. Black?*, D. Blackburrt®® R.E. Blaif, J.-B. Blanchartf®, T. Blazek**2 |. Bloch*, C. BlockeF®,
W. Blum®* , U. Blumenscheitf, S. Blunief*2 G.J. Bobbink?%’, \.S. Bobrovniko#%?¢, S.S. Bocchetf,
A. Bocci*, C. Bock®, M. Boehler?, D. Boernet’, J.A. Bogaert¥, D. Bogavaé?,

A.G. Bogdanchiko¥®®, C. Bohn1#%2 V. Boisvert®, P. Bokari*, T. Bold*?2 A.S. Boldyrey633163¢

M. Bomber¥!, M. Bond’, M. Boonekamp?®, A. Borisov'3°, G. Borissov?, J. Bortfeld£?,

26



D. Bortolettd??, V. Bortolottd?1361861¢ K Bos'%7 D. Boscherim?2 M. Bosmar3, J.D. Bossio Sof&,

J. Boudreat?®, J. Bou ard?, E.V. Bouhova-Thacké?, D. Boumedien#, C. Bourdario'’, S.K. Boutl€®,
A. Boveia®?, J. Boyd?, I.R. Boykd®, J. Bracinik®, A. Brand®, G. Brandt®, O. Brandt®2 U. Bratzlet>®,
B. Bral?’, J.E. Brad'6, H.M. Braunt’#4 , W.D. Breaden Maddén, K. Brendlinget??, A.J. Brennaf®,

L. Brennet%”, R. Brennet®, S. Bressler'L, T.M. Bristow*8, D. Brittor®®, D. Britzgef*4, F.M. Brochii°,

I. Brock?3, R. Brockl, G. Brooijmang’, T. Brooks®, W.K. Brooks#?, J. Brosaméf, E. Brost%8

J.H Broughto®, P.A. Bruckman de Renstrdth D. Brunckd*4°, R. Brunelieré®, A. Bruni??2 G. Brunf?3
L.S. Brunit®’, BH Brunt®, M. Brusch??® N. Bruscing?, P. Bryant?, L. Bryngemark?, T. Buane¥’,

Q. Buat*?, P. Buchholz*!, A.G. Buckley>®, |.A. Budago¥®, F. Buehret®, M.K. Bugget®, O. Bulekov?,
D. Bullock®, H. Burckhart?, S. Burdirf®, C.D. Burgard®, B. Burghgravé®, K. Burka, S. Burkés?,

I. Burmeistef®, J.T.P. Burt?®, E. Busatd®, D. Biischet?, V. Biische?*, P. BusseyP, J.M. Butlef?,

C.M. ButtaP®, J.M. Butterworti®, P. Buttit®’, W. Buttinge?’, A. Buzat?®, A.R. Buzykaew®3¢,

. Cabrera Urbdfi®, D. Caforic28, V.M. Cairc®?33% Q. Cakif? N. Calacé!, P. Cala urd®,

. Calandrf®, G. Calderinf?, P. Calfayat®, G. Called%3%, L.P. Calob3% S. Calvente Lopé?,

. Calve®t, S. Calvett, T.P. Calveft®, R. Camacho Tor®, S. Camard®, P. Camarri3331330

. Camerof®®, R. Caminal Armadant§®, C. CamincheY, S. Campan#, M. Campanelif®,

. Camplan??392°. A_ Campoverd¥'?, V. Canalé®3194b A Canep&®2 M. Cano Bret®¢, J. Canterd',

. Cantrilt?%2 T, Cad?, M.D.M. Capeans Garridd, |. Caprinf®®, M. Caprin?8®, M. Capud®a3°b,

. Caput8* R.M. Carbon&’, R. Cardarel332 F. Cardilla®, I. Carli*?®, T. Carl??, G. Carlind%43

L. CarminatP2392b S CaroA%, E. Carquii*?, G.D. Carrillo-Montoyd?, J.R. Cartet, J. Carvalh&?6a126¢
D. Casadé®, M.P. Casadb*", M. Casolind?, D.W. Caspe®?, E. Castaneda-Mirand®?2 R. Casteliji?’,
A. Castelll%7, V. Castillo Gimene¥®, N.F. Castré?®@  A. Catinaccid?, J.R. Catmort®, A. Cattar?,

J. Caudrof®, V. Cavalieré®®, E. Cavallaré?, D. Cavall??2 M. Cavalli-Sforza3, V. Cavasinnt243124b,

F. Ceradint34a134b | Cerda Alberich®6, B.C. Cerid’, A.S. Cerqueir#®, A. Cerri, L. Cerrito!332133b
F. Cerutti8, M. Cen2, A. Cervelli*8, S.A. Cetirf% A. Chafad?®>2 D. Chakraborty®® S.K. Chaf®,

Y.L. Charf'2 P. Chandf®, J.D. Chapmai?, D.G. Charltor®, A. Chatterjeé!, C.C. Chat®®,

C.A. Chavez Barajdé® S. Chél!, S. Cheathar?, A. Chegwidde®!, S. Chekand¥; S.V. Chekulaet?®?
G.A. Chelko$®i, M.A. Chelstowsk&, C. Chefi®, H. Cherf’, K. Cherl*8, S. CheR®¢, S. Chef®®,

X. Cher?™, Y. Cher?8, H.C. Chend® H.J Chend? Y. Cheng?, A. Cheplako$®, E. Cheremushkird’,
R. Cherkaoui El Moursl?®¢ V. Chernyatid” , E. Ched, L. Chevaliet3$, V. Chiarelld®,

G. Chiarell#243124b G Chiodinf42 A.S. Chisholm?®, A. Chitarf®, M.V. Chizhow, K. Choff?,

A.R. Chomont®, S. Chouridog, B.K.B. Chowt%, V. Christodoulod®, D. Chromek-Burckha?t,

J. Chudob®7, A.J. Chuinar88, J.J. Chwastowsh}, L. Chytkd!®, G. Ciapettt323132b A K. Ciftci*a,

D. Cincd®, V. Cindrd’®, I.A. Cioara?®, C. Cioccd?3%2b, A, Ciocio'®, F. Cirottg%431040 7 H. Citron'"%,

M. Citterio®22 M. Ciubancaf®®, A. Clark®?, B.L. Clark®®, M.R. Clarié’, P.J. Clark®, R.N. Clarké®,

C. Clement*63146b v Coadod®, M. Cobal®33163¢ A Coccard?, J. Cochraf?, L. Colasurdd®®, B. Col€*’,
A.P. Colijnt%7, J. Collof?, T. Colombd?, G. Compostel®?, P. Conde Muifi&?%31265 E_ Coniavitis?,
S.H. Connel*®, |.A. Connelly’®, V. Consort?®, S. ConstantinesétP, G. Cont?2, F. Convent{®43k,

M. Cooké'®, B.D. Coopef®, A.M. Cooper-Sarkdr®, K.J.R. Cormiet®®, T. Cornelisset’4,

M. Corradi323132b F Corriveal®', A. Corso-Radif? A. Cortes-Gonzal€?, G. Cortiand®?, G. Cost8?2,
M.J. Costa®®, D. Costanz&®, G. Cottirt%, G. Cowari®, B.E. Co¥®, K. Cranmet'®, S.J. Crawle$P,

G. Creél, S. Crépé-Renaudif, F. Crescioffl, W.A. Cribbg#6a146b M. Crispin Ortuzat?®,

M. Cristinzian?®, V. Croft!%, G. Crosetfi®®3%, A, Cuetd?, T. Cuhadar Donszelmahif, J. Cumming¥’,
M. Curatold”®, J. Catl#*, H. Czir**L, P. CzodrowskK, G. D'amerf?322° S DAuria®®, M. D'Onofrio’®,
M.J. Da Cunha Sargedas De Sot#6&'260 C. Da Vid®, W. Dabrowski® T. Dadd*2 T. Dai*°, O. Dalé?,
F. Dallairé®, C. Dallapiccol&’, M. Dan?8, J.R. Dando§?, N.P. Dang®, A.C. Daniell$®, N.S. Danfi®,

M. Danninget®’, M. Dano Ho mann'36, V. Dac®®, G. Darbd?2 S. Darmor§, J. Dassoul&s

A. Dattagupt&, W. Davey?, C. David8 T. Davidek?°, M. Davies®3, P. Davisor®, E. Dawé?®,

U X0V>P>»P002P>0

27



I. Dawsort®?, R.K. Daya-Ishmukhameto®§ K. De?, R. de Asmundi¥#2 A. De Benedetti?,

S. De Castr$?322b S De Cecct, N. De Groot®, P. de Jonf’, H. De la Torr&®, F. De LorenZ®,

A. De Maria®, D. De Pedi$*?2 A. De Salvd3?2 U. De Sancti¥*®, A. De Santd*°,

J.B. De Vivie De Regi¥'’, W.J. Dearnalef?, R. Debbé’, C. Debenedettt’, D.V. Dedovicit®,

N. Dehghaniaf, |. Deigaard®’, M. Del Gaudid®@3%, J. Del Pes®, T. Del Preté?43124b D Delgovél’,
Delio36, C.M. DelitzsciR?, A. DellAcqua’?, L. DellAsta?4, M. Dell'Orsol243124b \. Della Pietr&%4ak
. della Volpe?, M. Delmastr§, P.A. Delsart’, D.A. DeMarcd®8, S. Demer¥’®, M. Demiche¥®,

. Demilly®1, S.P. Denisot?®, D. Denysiuk3®, D. Derendar?, J.E. Derkaod?®d F. Derué?, P. Dervar®,
. Desctt?, C. Deterré?, K. Dette”®, P.O. Deviveiro®, A. Dewhurst®!, S. Dhaliwaf®,

. Di Ciaccio'333133b | Dj Ciacci®®, W.K. Di Clementé??, C. Di Donatd?®?3132 A Di Girolamo®?,

. Di Girolamc?®2, B. Di Micco!3481340 R Di Nardd?, A. Di Simoné?, R. Di Sipiot8, D. Di Valentinc'?,
. Diacon®, M. Diamond®8, F.A. Diag®, M.A. Diaz®*2 E.B. DiehP°, J. DietricH’, S. Diglic®®,

. Dimitrievska'4, J. Dingfeldef®, P. Dit&8, S. Dite?8®, F. Dittus’®?, F. Djam&®, T. Djobava3?,

J.I. Djuvsland@®® M.A.B. do Vale?®c, D. Dobos?, M. Dobreé?®®, C. Doglionf?, J. Dolejst?®, Z. Dolezal?®,
M. Donadell?®d, S. Donatt?43124b p_ Donderd?131210 3. Doninf®, J. Dopké3?, A. Dorial%42

M.T. Dova’?, A.T. Doyle®, E. Drechslet®, M. Dris'®, Y. Du3%¢ J. Duarte-Campderr&¥, E. Duchovnt’™,
G. Duckeck% O.A. Duc?®*™, D. Dudd%’, A. Dudarew?, A.Chr. Dudde?*, E.M. Du eld 6, L. Du ot 117,
M. DithrsseR?, M. Dumancié¢’%, M. DunforcP®® H. Duran YildiZ*2, M. Direr?*, A. Durglishvili®3®,

D. Duschingeft®, B. Duttef4, M. Dyndaf*4, C. Eckardt®, K.M. Eckef?l, R.C. Edgai®, N.C. Edward&,

T. Eifert®2, G. Eigent®, K. Einsweilet®, T. Ekelof®4, M. El Kacimi'®®S, V. Ellajosyul&®, M. Ellert'64,

S. Elle$, F. Ellinghaus$’, A.A. Elliot%8 N. Ellis®?, J. EImsheuséf, M. Elsing®?, D. Emeliyanov3?,

Y. Enarit®®, O.C. Endnét?, J.S. Enni¥®®, J. Erdmanf®, A. Ereditatd®, G. Ernid’#, J. Ernst, M. Ernst’,
S. Erredé®, E. Ertef4, M. Escaliet!’, H. Escl®, C. Escobar®, B. Esposit6®, A.l. Etienvre-6,

E. Etziort®3 H. Evan$?, A. Ezhilo'?3, F. Fabbri?322b, |, Fabbr?f?322b, G. Facint®,

R.M. Fakhrutdino¥®C, S. Falciand®22 R.J. Fall&®, J. Faltov&?, Y. Fang®2 M. Fant?23920 A Farbir?,

A. Farilla3*2 C. Farina?>, E.M. Farind?3121% T, Farooqué®, S. Farrelts, S.M. Farringtof®®,

P. Farthoua®, F. Fassi®®¢, P. FassnacP, D. Fassoulioti$, M. Faucci Giannelli®, A. Favaret§2352b,

W.J. Fawcet?®, L. Fayard?’, O.L. Fedir?3", W. Fedorkd®’, S. Feigt!®, L. Feligionf®, C. Feng®,

E.J. Fen&, H. Fend®, A.B. Fenyuk30, L. Feremend} P. Fernandez Martiné®, S. Fernandez Perez
J. Ferrand®, A. Ferrari®4 P. Ferrait®’, R. Ferrart?12 D.E. Ferreira de Lim&®, A. Ferref%6,

D. Ferrer&l, C. Ferrettf?, A. Ferretto Parod?3>2®, F. FiedleP4, A. Filip£i£’6, M. Filipuzzi*4, F. Filthaut©®,
M. Fincke-Keelet®®, K.D. Finelli®, M.C.N. Fiolhaig263126¢ | Fiorini®®, A. Firarf?, A. Fischef,

C. Fischet?, J. Fischel’4, W.C. Fishet!, N. Flaschel, I. Fleckl*!, P. Fleischmant?, G.T. Fletchel®®,
R.R.M. Fletchet??, T. Flick}"4, A. Floderu&?, L.R. Flores Castill&'® M.J. FlowerdeW’?, G.T. Forcolir¥®,
A. Formica?3®, A. Forti®>, A.G. Fostet®, D. Fourniet!’, H. Fox'3, S. Fracchi&, P. Francavil &',

M. Franchinf2322b D. Francis?, L. Francont!®, M. Franklir’®, M. Fraté®2 M. Fraternaft?1a121b

D. Freebori®, S.M. Fressard-BatraneattuF. Friedric®, D. Froidevau®?, J.A. Frost??, C. Fukunag&®,
E. Fullana Torregro$4, T. Fusayast??, J. Fustel®6, C. Gabaldo®’, O. GabizoA’, A. Gabriellp?3225

A. Gabriell'8, G.P. Gacf? S. GadatscH, S. GadomsRt, G. Gagliard??3520, L.G. Gagnof®®,

P. GagnoP?, C. Galed®, B. Galhardd?63126¢ E J. Galla¥, B.J. Gallog®!, P. Gallud?8, G. Galstet®,
K.K. Gant!l, J. Gad®88 y. Gad'®, V.S. Gad*3f, F.M. Garay Wallé8, C. Garcia®®,

J.E. Garcia Navarf, M. Garcia-Sciveré$, R.W. Gardnet®, N. Garellt*3, V. Garonné?®,

A. Gascon Brav, K. Gasnikov&?®, C. Gattf®, A. Gaudiell?35%°, G. Gaudid?!? L. Gauthief®,

I.L. Gavrilenkd®, C. Gay®’, G. GayckeR®, E.N. Gazid®, Z. Gecsé’’, C.N.P. Ge#L, Ch. Geich-GimbéF,
M. Geiseff*, M.P. Geislet®2 C. Gemmé&?2 M.H. Genest/, C. Gend®?°, S. Gentilé323132b

C. Gentso¥? S. Georg®, D. Gerbaud®, A. Gershof®3, S. Ghasemif, H. Ghazlan&®®,

M. Ghneimat®, B. Giacobbé&?? S. Giagd323132b p, Giannetfi?*3124> B, Gibbard’, S.M. Gibsor®,

M. Gignad®’, M. Gilchriesé®, T.P.S. Gillani®, D. Gillberg®?, G. Gillest”#, D.M. Gingrich¥9, N. Giokarig,

>O>» X>0m

28



M.P. Giordant33163¢ F .M. Giorgf?2 F.M. Giorgi'’, P.F. Giraud®6, P. Giromin?8, D. GiugnP??

F. Giuli'?, C. Giuliani®, M. Giulini®®, B.K. Gjelsted!®, S. Gkaitatzi’®*, |. Gkialas>*,

E.L. Gkougkousis'/, L.K. Gladilin®®, C. Glasmaf?, J. Glatzet?, P.C.F. Glayshé?, A. Glazov*,

M. Goblirsch-Koli#°, J. GodlewsKi!, S. Goldfarl§®, T. Golling®!, D. Golubko#3°, A. Gomed26a126h126d
R. Gongcald2%2 J. Goncalves Pinto Firmino Da Cot§ G. Gonell&°, L. Gonelld®, A. Gongadz8¥,

S. Gonzélez de la He%, G. Gonzalez Partd, S. Gonzalez-Sevilfd, L. Goossen®, P.A. Gorbouno¥,
H.A. Gordorf’, I. Gorelo®5, B. Gorinf2, E. Gorini43740, A. Gori2ek’®, E. Gornickf!, A.T. Goshaw’,
C. Gossling®, M.1. Gostkirf8, C.R. Goudét'’, D. Goujdamt3¢, A.G. Goussiol8, N. Govendef*>p,

E. Gozant®2 L. Grabef®, |. Grabowska-BoltP2 P.0.J. Gradi®f, P. Grafstror?322, J. Gramling?,

E. Gramstat!®, S. Grancagnold, V. Gratche¥?3, P.M. Gravil&®¢, H.M. Gray??, E. Graziant®*3

Z.D. Greenwootf 9, C. Grefé3, K. Gregersef?, .M. Gregof4, P. Greniel*3, K. Grevtsov, J. Gri ths &,
A.A. Grillo'37 K. Grimm’3, S. Grinsteid®", Ph. Gris®, J.-F. Grivaz'’, S. Gro#*, J.P. Groh¥’,

E. Gros$’%, J. Grosse-Knettef, G.C. Gros$, Z.J. Grout®, L. Guar?®, W. Guart’?, J. Guenthé?,

F. Guescini!, D. Guest®?, O. Guetd®s, E. Guidd?2°2, T. Guillemir?, S. GuindoR, U. GuP®,

C. Gumper¥?, J. Gud®® Y. Guc®™®°, R. Gupt4?, S. Guptd?®, G. Gustavind®23132b p_Gutierre#!s,
N.G. Gutierrez OrtiZ%, C. Gutschowf, C. Guyot36, C. GwenlaA?®, C.B. Gwilliam’®, A. Haas1?,

C. Habet®, H.K. Hadavan8, N. Haddad®®¢ A. Hadef®, S. Hageboc®, Z. Hajduk, H. Hakobyar’s |
M. Haleent?, J. Haley'4, G. Halladjia¥*, G.D. Hallewelf®, K. HamacheY’4, P. Hamat'®, K. Hamand®8,
A. Hamilton'*%8 G.N. Hamity3°, P.G. Hamneft, L. Harf®®, K. Hanagali”s, K. Hanaw&®®, M. Hancé?’,
B. Haney?2, S. HaniscP?, P. Hank&% R. Hanna3%, J.B. Hansetf, J.D. Hansetf, M.C. Hansef?,

P.H. Hanseff, K. Hara®, A.S. Hard"?, T. Harenberd4, F. Hariri''?, S. Harkush, R.D. Harringtor®,
P.F. Harrisok®®, F. Hartjes%’, N.M. Hartmanf®, M. Hasegaw2?, Y. Hasegaw#'°, A. Hasib3,

S. Hassarf®, S. Haug®, R. Hauset, L. Hauswald®, M. Havranek?’, C.M. Hawkes$®, R.J. Hawking¥,
D. Hayakaw&®’, D. HaydeR?, C.P. Hay$%®, J.M. Hayg’, H.S. Hayward®, S.J. Haywoo#?, S.J. Heatf,
T. Heck®?, V. Hedber§?, L. Heelaf, S. Heint?2, T. Heim'®, B. Heinemantf, J.J. Heinrich®,

L. Heinricht'®, C. Hein??, J. Hejbal?’, L. Helary??, S. Hellmart*6a146b C Helsen®, J. Hendersolto,
R.C.W. Hendersdf?, Y. Heng "%, S. Henkelmant?’, A.M. Henriques Corref, S. Henrot-Versillé'’,
G.H. Herbert’, V. Herget”3, Y. Hernandez Jiméné®, G. HerteR?, R. Hertenbergéf®, L. Hervas?,
G.G. Hesketf?, N.P. Hesse¥?, J.W. Hetherl§?, R. Hickling’’, E. Higon-Rodrigue¥8, E. Hill 168,

J.C. Hil%, K.H. Hiller, S.J. Hilliet®, . Hinchli e 16, E. Hined?2, R.R. Hinman®, M. Hirose®,

D. Hirschbueht’, J. Hobb$*8, N. Hod'®%2 M.C. Hodgkinsoh®®, P. Hodgso#°, A. Hoecke??,

M.R. Hoeferkamp®®, F. Hoenid®, D. Hohr?3, T.R. Holmes®, M. Homanrt®, T.M. Hong"?°,

B.H. Hoobermatf®, W.H. Hopking1®, Y. Horii'%3, A.J. Hortort*?, J-Y. Hostachy’, S. Hod®?,

A. Hoummada3>2 J. Howartfi*, M. Hrabovsky®, I. Hristova’, J. Hrivnadl’, T. Hryn'ove®,

A. HrynevictP4, C. Hsd45¢ P.J. HstP%t, S.-C. Hsd38, D. HU?’, Q. HUP, S. H#®€, Y. Huand,

Z. Hubacek?®, F. Hubaut®, F. Huegging®, T.B. Hu man!?®, E.W. Hughe¥’, G. Hughe&, M. Huhtinery?,
P. Hud*8 N. Huseynof5P, J. Hustod, J. Hutt?, G. lacobucd?, G. lakovidig”, I. Ibragimov*%,

L. Iconomidou-Fayartt’, E. Ideat’®, Z. Idrisst®°¢ P. lengd?, O. Igonkina®’!, T. lizawa’?, Y. Ikegamf?’,
M. Ikend®, Y. lichenkd:V, D. lliadis'®*, N. llic'*3, T. Ince®%, G. Introzzi?131210 P |oannott ,

M. lodice!342 K. lordanidod’, V. Ippolito®®, N. Ishijima!8 M. Ishino'>®, M. Ishitsukd®’,

R. Ishmukhametd, C. Issevel?®, S. Istirf%2 F. 1tol%%, J.M. Iturbe Ponc®, R. luppd33a133b

W. Iwanski, H. lwasakf’, J.M. Izert3, V. 1zzo'%%2 S. Jabbat, B. Jacksof??, P. Jacksoh V. Jair?,

K.B. Jakobf4, K. Jakob8?, S. JakobseR, T. Jakoubek’’, D.O. JamiA'4, D.K. Jand’, E. Jansef?,

R. Jansk§?, J. Jansse, M. Janus®, G. Jarlskof?, N. Javadof®P, T. Jav-rel®®, F. Jeannedd®,

L. Jeanty®, J. Jejelaved®¥, G.-Y. Jend®®, D. Jennerf®, P. Jenrii®¥, C. Jesk&®, S. Jézéque) H. Ji1"2
J. Jid*8, H. Jiang®, Y. Jiang®®, S. Jigging®, J. Jimenez PeA%¥, S. Jirt>8 A. Jinard®®, O. Jinnouchi®’,
H. Jivart*>¢, P. Johanssdf®, K.A. Johng, W.J. Johnsot$8, K. Jon-And#6al46b G Jonets?,

R.W.L. Jone&, S. Jone§ T.J. Jone®, J. Jongmanii8d P.M. Jorgé?6a126b 3 Jovicevié®®2 X. Jul’?

29



A. Juste Rozds$", M.K. Kéhler!L, A, Kaczmarsk&, M. Kado''’, H. Kagart!t, M. Kagart*3, S.J. Kahf®,
T. Kajit’, E. Kajomovit2, C.W. Kalderod?’, A. Kaluz&*, S. Kam4?, A. Kamenshchikot?°,

N. Kanaya®®, S. Kanett’, L. Kanjir’®, V.A. Kantserov®, J. Kanzaki’, B. Kaplart'?, L.S. Kaplart’?,

A. Kapliy®3, D. Kar**>¢, K. Karakosta¥’, A. Karamaou#, N. Karastathi¥’, M.J. Kareerr®,

E. Karentzo¥, M. Karnevskiy*, S.N. Karpo¥, Z.M. Karpova&8, K. Karthik!?, V. Kartvelishvili’3,

A.N. Karyukhint3®, K. Kasahar#?, L. Kashift’?, R.D. Kas$!, A. Kastana¥, Y. Kataoka®®, C. Kato"®°,
A. Katre’®, J. Katzy*, K. Kawagoé?!, T. Kawamota®®, G. Kawamur&®, V.F. Kazanin®¢, R. Keelet8,
R. Kehoé?, J.S. Kellef*, J.J. Kempstéf, K Kawade®3, H. KeoshkerialP®, O. Kepka?’, B.P. Ker2evar®,
S. Kersted’, R.A. Keye$8, M. Khadet®®, F. Khalil-zadd?, A. Khanow#'4 A.G. Kharlamoy%2¢,

T.J. Kho&?, V. Khovanskiy’, E. Khramo$§®, J. Khubu&®®Y, S. Kidd®8, C.R. Kilby’®, H.Y. Kim8,

S.H. Kim!®, Y.K. Kim33, N. Kimura®4, O.M. Kind'’, B.T. King’®, M. King%6, S.B. King'®”, J. Kirk!31,
A.E. Kiryunint®?, T. Kishimotd®, D. Kisielewsk4d%? F. Kiss°, K. Kiuchi®0, O. Kivernyk'36,

E. Kladivat**®, M.H. Klein®’, M. Klein?®, U. Klein’®, K. Kleinknech#?, P. Klimek%8 A. Klimentov??,

R. Klingenberd®, J.A. Klinger3?, T. Klioutchnikova?, E.-E. Kluge®® P. Kluit'®?, S. Klutht®%, J. Knapik?,
E. Kneringef3, E.B.F.G. Knoop®, A. Knue®®, A. Kobayashi®®, D. Kobayashi®?, T. Kobayashi®®,

M. Kobel*8, M. Kocian*3, P. Kody$2°, N.M. Koehlet%, T. Ko as®?, E. Ko emant?’, T. Koil43,

H. Kolanoski’, M. Kolb®®, |. Koletsol?, A.A. Komar®® | Y. Komorit®5, T. Kondd’, N. Kondrashov,
K. Koneke?, A.C. Konigt®, T. Kond®’?, R. KonoplicH1%33 N. Konstantinidig®, R. Kopeliansk§?,

S. Koperny®2 L. Kopke®*, A.K. Kopp®©, K. Korcyl*!, K. Kordas®4, A. Korn’®, A.A. Korol109¢,

. Korolkov!3, E.V. Korolkova?®, O. Kortnet%, S. Kortnet®l, T. Kosek?®, V.V. Kostyukhirf?,

A. Kotwal*’, A. Kourkoumeli-Charalampid?'3121b C. Kourkoumeli8, V. Kouskoura’,

A.B. Kowalewskd?!, R. Kowalewsk}®® T.Z. Kowalski*%2 C. Kozakal®5, W. Kozaneclki®®, A.S. Kozhin-39,
V.A. Kramarenkd®, G. Kramberge®, D. Krasnopevtsé¥?, M.W. Krasny?, A. Krasznahorkas?,

A. Kravchenkd’, M. Kretz>%¢, J. KretzschmdP, K. Kreutzfeldf?, P. Krieget®8, K. Krizka3?,

K. Kroeningef®, H. Kroha®%, J. Kroll?2, J. Krosebergf, J. Krsticd4, U. Kruchonak®, H. Kriiger3,

N. Krumnackd, A. Kruse’2, M.C. Krusé’, M. KruskaP4, T. Kubot&#?, H. Kucuk’®, S. Kuday?®,

J.T. Kuechlet’®, S. Kuehii®, A. KugeP®°®, F. Kuget’3, A. Kuhl*3’, T. Kuh*4, V. Kukhtin®®, R. Kuklat3®,
Y. Kulchitsky®3, S. Kulesho#*?, M. Kunat323132b T, Kunigd?®, A. Kupcot??, H. Kurashigé8,

Y.A. Kurochkin®, V. Kus'?’, E.S. Kuwert2%8, M. Kuze!®’, J. Kvitat'®, T. Kwant®® D. Kyriazopoulo$3®,
A. La Rosd%, J.L. La Rosa Navarf89, L. La Rotondd®?3%, C. Lacast¥®, F. Lacava32a132b j | acey?,
H. Lacket’, D. Lacouf?, V.R. Lacuest®, E. Ladygirf®, R. Lafaye, B. Laforgé!, T. Lagourt’®, S. LaP®,
S. Lammer®, W. Lampl’, E. Lancoi®®, U. Landgraf®, M.P.J. Landof’, M.C. Lanfermanp,

V.S. Lang®2 J.C. Langé&, A.J. Lankford®? F. Lann?’, K. LantzscR®, A. Lanza?'2 S. Laplacé,

C. Lapoiré?, J.F. Laport&®, T. Lari®? F. Lasagni MangR?f322, M. Lassnig?, P. Laurellf®,

W. Lavrijsert®, A.T. Law37, P. Laycock®, T. Lazoviclt8, M. Lazzaron??39%b B, Le®, O. Le Dort#1,

E. Le Guirrie®®, E.P. Le Quilleu¢®®, M. LeBland®8 T. LeCompté&, F. Ledroit-Guillor?’, C.A. Le€”,
S.C. Leé%, L. Lee!, B. Lefebvré®, G. Lefebvré!, M. Lefebvré®® F. Legget®, C. Leggett®, A. Lehar®,
G. Lehmann Miottd?, X. Lei’, W.A. Leight, A. Leisog%420 A G. Leistet’®, M.A.L. Leite?59,

R. Leitnet?°, D. LellouchH’%, B. Lemme?®, K.J.C. Leney®, T. LenZ3, B. Lenz??, R. Leoné,

S. Leoné?43124b C | eonidopoulo®, S. Leontsini&’, G. Lernet*?, C. Leroy?®, A.A.J. Lesag&®,

C.G. Lestet, M. Levchenka?3, J. Levéque, D. Levin®, L.J. LevinsoA’, M. Levy'®, D. Lewis'’,

A.M. Leyko?3, M. Leytorf'3, B. Li%%P0, C. Li%%, H. Li1*8 H.L. Li%, L. Li*’, L. Li%%¢ Q. Li%2 S. Li*7,

X. Li®, Y. Li'*, Z. Liang®™?2 B. Libertit332 A. Liblong*®8, P. Lichard?, K. Lie'®®, J. Liebaf®, W. Liebig*®,
A. Limosant®0, S.C. Lin"5%a¢ T.H. Lin®4, B.E. Lindquist*®, A.E. Lionti®}, E. Lipeles?? A. Lipniackal®,
M. Lisovyi®%, T.M. Liss®5, A. Lister!8”, A.M. Litke®®’, B. Liut®%2d D, Liu5%, H. Liu%, H. Liu?’,

J. Li®, J.B. Li*®®, K. Liu®®, L. Liu8® M. Liu*7, M. Liu3%, Y.L. Liu35®, Y. Liu3%b, M. Livan1?1a121b,

A. Lleres’, J. Llorente Merind®® S.L. Lloyd’’, F. Lo Sterzé®?, E. Lobodzinsk&', P. LocH,

W.S. Lockma#f®’, F.K. Loebinge?®, A.E. Loevschall-Jenséfy K.M. Loew?®, A. Logino’> | T. Lohsé’,

30



K. Lohwasset, M. Lokajiceld??, B.A. Long?*, J.D. Lond®5, R.E. Lond3, L. Longo’4374b,

K.A. Loopef!?, L. Lopes?%2 D. Lopez Matec®, B. Lopez Paredé?’, |. Lopez PaZ®, A. Lopez Soli§?,
J. Loren2%, N. Lorenzo Martine®, M. Losada?, P.J. Losel®, X. Lou®®8 A. Lounist'’, J. Lové,

P.A. Love’3, H. Lufta N, Lu®, H.J. Lubattt8, C. Lucit323132b A |ucotte’”?, C. Luedtk&®, F. Luehring?,
W. Luka$®, L. Luminarit32 O. Lundberd?*63146b B | und-Jenselt’, P.M. Luzf!, D. Lynr?’,

R. Lysak?’, E. Lytkerf2, V. Lyubushkirf®, H. Ma®’, L.L. Ma3%d Y. Ma%®d, G. Maccarron®®,

A. Macchioldt®, C.M. Macdonald®®, B. Ma£eK®, J. Machado Miguedg2126® D, Mada ari®®,

R. Madaf®, H.J. Maddock¥*, W.F. Madef®, A. Madsert*, J. Maed&®, S. Maelané®, T. Maend’,

A. Maevskiy®, E. Magradze®, J. Mahisted®’, C. Maiant'’, C. Maidantchik®2 A.A. Maier'%?,

T. Maier%, A. Maiol26a1260126d g Majewskit®, Y. Makide®’, N. Makoveé!’, B. Malaescé!,

Pa. Malecki?, V.P. Malee¥23, F. Malelé?, U. Mallik®4, D. Malorf, C. Maloné“3, S. Maltezo¥?,

S. Malyukov?, J. Mamuzié®8, G. Mancinf®, B. Mandellf?, L. Mandell??2 |. Mandid¢'®,

J. Maneir&?63126b | Manhaes de Andrade FilB®, J. Manjarres Raméd®®®, A. Mannt%, A. Manouso#,
B. Mansoulié36, J.D. Mansout® R. MantifeP®, M. Mantoant®, S. Manzori?392° . Mapelli®?,

G. Marcecd’, L. MarchP!, G. Marchiorf?, M. Marcisovsky?’, M. Marjanovid4, D.E. Marley°,

F. Marroquint®@ S.P. Marsdéf?, Z. Marshalt®, S. Marti-Garcia®®, B. Martin®, T.A. Martin'6®,

V.J. Martirf®, B. Martin dit Latout®, M. MartineZ3", V.1. Martinez Outschoort¥®, S. Martin-Haugh?,
V.S. Martoit?®, A.C. Martyniuk’®, M. Marx!38, A. Marzin®?, L. Masett?*, T. Mashimd>®,

R. Mashinistov®, J. Masik®, A.L. Maslenniko#%3¢, |. Mass&?322b, L. Mass&2322°, P, Mastrandrea

A. Mastroberarding®@3%, T. MasubucHi®®, P. Méttigt’4, J. Mattmanf®, J. Mauref®, S.J. Max eld’®,
D.A. Maximow'%%¢, R. Mazini®}, S.M. Mazz&2392b, N.C. Mc Faddetf®, G. Mc Goldrick>8,

S.P. Mc Ke&, A. McCarr?®, R.L. McCarthy*8 T.G. McCarthy°?, L.I. McClymont’®, E.F. McDonal8®,
J.A. Mcfayderf®, G. Mchedlidz&%, S.J. McMaho®*!, R.A. McPhersotf8!, M. Medinnig, S. Meehat®,
S. Mehlhas¥®, A. Mehtd®, K. Meier®2 C. MeinecR%, B. Meirosé?, D. Melini®,

B.R. Mellado Garci&*®¢, M. Melo!*42 F. Meloni®, A. Mengarellf?322b, S Menké®?, E. Meont5?,

S. Mergelmeyé¥, P. Mermod@?, L. Merolat®3104b C_Meronf22 F.S. Merritf3, A. Messin&323132b

J. Metcalfé, A.S. Mete®?, C. MeyeP?, C. Meyet??, J-P. Meyet®6, J. Meyet?’,

H. Meyer Zu Theenhauseé¥, F. Miand**°, R.P. Middletod®!, S. Miglioranz?2352®, L. Mijovi¢ 48,

G. Mikenberd™%, M. Mikestikova?’, M. Miku® 76, M. Milesi®®, A. Milic 63, D.W. Miller33, C. Mills*8,

A. Milov171, D.A. Milstead#63146b A A Minaenkd=°, Y. Minami'®3, |.A. Minashvili®é, A.l. Mincert1?,
B. Mindur®@ M. MineeV?8, Y. Ming!’2, L.M. Mir 13, K.P. Mistry*?2, T. Mitani'’®, J. Mitrevski®°,

V.A. Mitsou'®8, A. Miucci'®, P.S. Miyagaw#®, J.U. Mjornmark?, T. Moa'#63146b K. Mochizuki®®,

S. Mohapatr®, S. Molandet*63146> R Moles-Vallg3, R. Mondei°, M.C. Mondragofit, K. Ménig**,

J. Monlé8, E. Monnief®, A. Montalband*8, J. Montejo Berlinge??, F. Monticell2, S. Monzani?392b,
R.W. Mooré, N. Morangé'’, D. Morend?, M. Moreno Llace?®, P. MorettinP?2 D. Moril42, T. Morit%5,
M. Morii®8, M. Morinagd®®, V. Morisbak'®, S. MoritZ4, A.K. Morley?®®, G. Mornaccht?, J.D. Morris’”’,
S.S. Mortenset¥, L. Morvaj**8, M. Mosidze&4®, J. Mos$*3, K. Motohasht®?, R. Mount#3,

E. Mountrich&’, S.V. Mouraviev® , E.J.W. Moys&’, S. Muanz&, R.D. Mudd?®, F. Muellef%2,

J. Muellet?5, R.S.P. Muellef®, T. Mueller®, D. Muenstermant?, P. Muller?®, G.A. Mullier®®,

F.J. Munoz Sanché&%, J.A. Murillo Quijadd®, W.J. Murray®313%, H. Musheghya?f, M. Muzkinja’®,
A.G. Myagkow#3%2¢ M. Myskal?8, B.P. Nachmal®, O. Nackenhorst, K. Nagat?®, R. Nagaf”Z,

K. Nagan@’, Y. Nagasak®, K. Nagata®®, M. Nagef?, E. Nagy®, A.M. Nairz*?, Y. Nakaham&3,

K. Nakamur&’, T. Nakamur&®, |. Nakand?, H. Namasivayart?, R.F. Naranjo Garci#, R. Narayaf',
D.l. Narrias VillaP2 |. Naryshkirt?3, T. Naumanff, G. Navarrd!, R. Nayyaf, H.A. Neaf?,

P.Yu. NechaeV®, T.J. Neef®, A. Negrit218121b \1 Negrin?22 S. Nektarijevié®, C. Nellist’,

A. Nelsort®2 S. Nemecek’, P. Nemeth{% A.A. Nepomucen#? M. Nesst?>2, M.S. Neubauéf®,

M. Neumand’4 R.M. Neves'®, P. Nevski’, P.R. Newmat?, D.H. Nguyefy, T. Nguyen ManFf®,

R.B. Nickersof?%, R. Nicolaidod®8, J. NielseA®’, A. Nikiforov!’, V. Nikolaenkd3%2¢, |. Nikolic-Audit®?,

31



K. Nikolopoulog?®, J.K. Nilsert!®, P. Nilssor’, Y. Ninomiya®®, A. Nisati'3?2 R. Nisiug%, T. Nobé>®,
M. Nomach#8, I. Nomidis®?, T. Nooney’, S. Norberd!3, M. Nordberd?, N. Norjoharuddeett®,

O. Novgorodové®, S. NowaR%%, M. NozakP’, L. Nozka*®, K. Ntekag?, E. Nursé®, F. Nutf®, F. O'grady/,
D.C. O'Neil**?, A.A. O'Rourke™, V. O'Shea®, F.G. Oakharf-9, H. Oberlack®?, T. Obermant?,

J. Ocari?!, A. Och8, I. Ochod’, J.P. Ochoa-Ricod&? S. Odd?, S. Odak&’, H. Ogrei§?, A. Ohe®,

S.H. O, C.C. Ohnt®, H. Ohmant®4, H. Oide’?, H. Okawa*®®, Y. Okumura®®, T. Okuyam&’,

A. Olariu?®, L.F. Oleiro Seabr£t2 S.A. Olivares Pint?, D. Oliveira Damazid’, A. Olszewski?,

J. Olszowsk&, A. Onofret?63l26e K Onogit%, P.U.E. OnyisttV, M.J. Oreglid®, Y. Orent®s,

D. Orestan&®*#313% N, Orland$'®, R.S. Ort8, B. Osculaft?352®, R. Ospanot?, G. Otero y Garzof?,

H. Otond, M. Ouchrift3%d F. Ould-Saad4®, A. Ouraod36, K.P. Oussorel?’, Q. Ouyang®® M. Owerr®,
R.E. Ower®, V.E. OzcarR®® N. Ozturl, K. Pachat*, A. Pacheco Pagé L. Pacheco Rodrigué®,

C. Padilla Arand®, M. Pagafov®, S. Pagan Gris§, F. Paigé’, P. Pai§’, K. Pajchel'®, G. Palacin&®®,
S. Palazz#?3%, S, Palestir®?, M. Palkd®, D. Pallir®®, E.St. Panagiotopould® C.E. Pandiriil,

J.G. Panduro Vazqué?, P. Pant*63146b S panitkid’, D. Pante#®, L. Paolozzt!, Th.D. Papadopouldd,
K. Papageorgiot?®, A. Paramono¥, D. Paredes Hernand€z, A.J. Parkef®, M.A. Parkef®,

K.A. Parkef3%, F. Parodi?352b J A. Parson¥, U. Parzefafi®, V.R. Pascuz#P8, E. Pasqualucti?d

S. Passaggid? Fr. Pastor®, G. Pasztot-29, S. Pataraie4, J.R. PatéP, T. Pauly?, J. Pearc¥®,

B. Pearsott?, L.E. Pederseif, M. Pedersel®, S. Pedraza Lopé%®, R. Pedrd?6a126b

S.V. Peleganchdk®¢, O. Pené?’, C. Pend® H. Peng®®, J. Penwefi2, B.S. Peralv&®, M.M. Peregd®s,
D.V. Perepelits#, E. Perez Codin&% L. Perinf2392b H. perneggé?, S. Perrelld?431040 R, Peschiké,
V.D. Peshekhond¥, K. Peteré*, R.F.Y. Peter®, B.A. Petersef?, T.C. Petersell, E. Peti®’, A. Petridig,
C. Petridod®, P. Petro 117, E. Petrold322 M. Petrov2C, F. Petrucci®43134b N.E. Petterssdif,

A. Peyaud®®, R. Pezo#™®, P.W. Phillips3!, G. Piacquaditf3a", E. Pianori®, A. Picazid”, E. Piccard’,
M. Piccinin?23225 M. A. Pickerind?0, R. Piegai&’®, J.E. Pilchef®, A.D. Pilkingtorf®, A.W.J. Pir$®,

M. Pinamont}63a163cai j |  pinfold, A. PingeP8, S. Pire&l, H. Pirumov4, M. Pittl’%, L. Plazak442
M.-A. Pleie?’, V. Plesko®, E. Plotnikov&®, P. Plucinsid?, D. Plutt®, R. PoettgeH63146b | Poggiolitl?,
D. PohP3, G. Polesellé?'2 A. Poley**, A. Policicchic®33%, R, Polifka®8, A. Polini?23 C.S. Pollaré®,

V. Polychronako¥’, K. Pommeé#, L. Pontecorvé®?2 B.G. Popé!, G.A. Popenecitf®, A. Poppletor?,

S. Pospisit?8, K. Potamiano¥, I.N. Potraf¢, C.J. Potte®’, C.T. Pottet!®, G. Poulard?, J. Poved#,

V. Pozdnyako$®, M.E. Pozo Astigarragd, P. Pralavorig®, A. Prankd®, S. Prelf®, D. Pricé®, L.E. Pricé,
M. Primaverd® S. Princé®, K. Proko ev®1¢, F. Prokoshif®, S. Protopopeséd, J. Proudfodt,

M. Przybycier2 D. Puddd3431340 M. Purohif”a, P. Puzé!’, J. Qiaf®, G. Qirr®, Y. Qin®5, A. Quad®®,
W.B. Quaylé®33163b M. Queitsch-Maitlangf, D. Quilty®®, S. Raddurh'®, V. Radek&’, V. Radesct??,
S.K. Radhakrishndf8, P. Radlo 116, P. Rado®’, F. Ragus¥?3°2, G. Rahal’’, J.A. Rainé®,

S. Rajagopalaf, M. Rammense®, C. Rangel-Smitlf4, M.G. RattP23920 F. Rauschéf?, S. Ravé?,

T. Ravenscrof®, I. RavinovicH’, M. Raymond?, A.L. Read!®, N.P. Readio’®, M. Realg4374b,

D.M. Rebuzz?18121b A Redelbach’®, G. Redlinge?’, R. Reec&’, K. Reeve&, L. Rehnisch’,

J. Reicheft??, H. Reisirt®, C. Rembse¥, H. Rer?®2 M. Rescignd®?? S. Rescorff® O.L. Rezanovi®¢,
P. Reznicek?®, R. Rezvari®, R. Richtet!, S. Richtef®, E. Richter-Wa®®, O. Rickert3, M. Ridef?,

P. Rieck’, C.J. Riegéi’®, J. Rieget®, O. Rifkil13, M. Rijssenbeek® A. Rimoldit?13121b M. Rimoldi'8,
L. Rinald?a B. Risti®l, E. Ritsch?, I. Riu'3, F. Rizatdinov&!?, E. Rizvi’’, C. Rizz#*3, S.H. Robertsd#¥!,
A. Robichaud-Veronne&#, D. Robinsor?, J.E.M. Robinsoff, A. Robsof®, C. Rod&?431240 'y, Rodin&®,
A. Rodriguez PeréZ, D. Rodriguez Rodrigué?®, S. Roé?, C.S. Rogarf, O. Rghné!® A. Romaniouk®,
M. Romang?322b, 5 M. Romano Saé%, E. Romero Adartf® N. Rompotid38 M. Ronzant®, L. Roo$?,
E. Ro$%, S. Rosafi®?® K. RosbackC, P. Ros&®’, O. Rosenthaf'l, N.-A. RosieR®, V. Rossetf{463146b

E. Rosst?4310% | P Rossi?® J.H.N. Rostet, R. Rostef®®, M. Rotarf®, I. Rotht”%, J. Rothberf®,

D. Rousseatt’, C.R. Royod®6, A. Rozanof®, Y. Rozert®?, X. Ruart*®¢, F. Rubbd*3, M.S. Rudolph®g,

F. RihPY, A. Ruiz-Martine??, Z. Rurikova®, N.A. Rusakovich®, A. Ruschké®, H.L. Russeft3®

32



J.P. Ritherfoord, N. Ruthman#?, Y.F. Ryabow?3, M. Rybar®®, G. Rybkint'’, S. Ryf, A. Ryzhot3¢,
G.F. Rzehor?®®, A.F. Saavedr®?, G. Sabatt’’, S. Sacerdot?, H.F-W. Sadrozinsk?’, R. Sadyko®,

F. Safai Tehrarf?2 P. Sah#8, M. Sahinsoy®2 M. Saimpert®®, T. Saitd>°, H. Sakamot&™,

Y. Sakural’®, G. Salamanni&*31340 A, Salamon333133b J E. Salazar Loyof4®, D. SaleR?’,

P.H. Sales De Bruftt®, D. Salihagid®!, A. Salniko*3, J. Salt®®, D. Salvatoré®3°%, F, Salvator&*?,

A. Salvuccfl@ A, Salzburge®?, D. Sammel?, D. Sampsonidi$?, A. Sanche®431040 j Sanchée”#®,

V. Sanchez Martiné?%, H. Sandakéf®, R.L. Sandbactl, H.G. Sandé¥, M. Sandho 174, C. Sandovat,
R. Sandstroef?!, D.P.C. Sankéey?!, M. Sannind23°2®, A. Sansorfi®, C. Santori®, R. Santonic&?3a133b
H. Santo$?%2 |. Santoyo Castills*®, K. Sappg?®, A. Sapronof®, J.G. Saraivk%3126d B Sarrazir®,

O. Sasal’, Y. Sasalkd®® K. Satd®®, G. Sauvage , E. Sauvap, G. Savag®®, P. SavartP8d, N. Savid®?,
C. Sawyet3L, L. Sawyef%d, J. SaxoR®, C. Sbarrd?? A. Sbrizz#2322b T, Scanlor®, D.A. Scannicchié®?,
M. Scarcelld®, V. Scarfoné®3°, J. Schaarschmitftl, P. Schachf?, B.M. Schachtnéf®, D. Schaefe¥?,
L. Schaefef??, R. Schaeféf, J. Schae e?4, S. Schaep@, S. Schaetzéf®, U. Schafe?, A.C. Scha e’
D. Schailé®, R.D. Schambergt®, V. Scharf? V.A. Schegelski?3, D. Scheirich??, M. Schernatf?,
C. Schiaw$?3%?0, S, Schiel?’, C. Schill?®, M. Schioppd®@3°®, S. Schlenkeé¥,

K.R. Schmidt-Sommerfeld?, K. Schmiedef?, C. Schmitf4, S. Schmitt*, S. Schmit?*, B. Schneide®%
U. Schnoot?, L. Schoe el'36, A. Schoening®, B.D. Schoenrock, E. Schopf®, M. Schotf?,

J. Schovanco¥a S. Schramrt, M. Schreyet’3, N. Schul§4, A. Schulté*, M.J. Schulten®,

H.-C. Schultz-Coulo??? H. Schul2’, M. SchumachéP, B.A. Schumm?®’, Ph. Schun€®,

A. Schwartzmatf'3, T.A. Schwar2°, H. Schweigéet®, Ph. Schwemlind?®, R. Schwienhorét,

J. Schwindling38, T. Schwind?3, G. Scioll&®, F. Scurt?48124b F Scutt??, J. SearciP, P. Seem?,

S.C. Seiddl®, A. Seider®’, F. Seifert?8, J.M. Seixa$®? G. Sekhniaidz€42 K. Sekho°, S.J. Sekul¥,
D.M. Seliverstov?® | N. Semprini-Cesatf322®, C. SerfoA!?, L. Serint!’, L. Serkin633163b,

M. Sess&*3134 R, Seustdf® H. Severint'3 T. S ligoj 76, F. Sforza2, A. Sfyrla®!, E. Shabalin#f,
N.W. ShaikH46a146b | y Sharf52 R. Shandf®, J.T. Shank*, M. Shapird®, P.B. Shatalo¥/,

K. Shaw63a163b 5 . ShaW®, A. Shcherbakovt21460 C Y. Shehd*S, P. Sherwoot®, L. Shit5tak

S. Shimiz§8, C.0. Shimmid®2, M. Shimojima, M. Shiyakov&%2, A. Shmelev&, D. Shoaleh Saat,
M.J. Shoché®, S. Shojait?39%b, S, Shresthid?, E. Shulg&8, M.A. Shupé, P. Sichd?’, A.M. Sickleg55,
P.E. Sideb&", O. Sidiropouloti’3, D. Sidorov!#, A. Sidot?23220, F. Siegert®, Dj. Sijacki'4,

J. Silva26a126d 5 B Silversteiff*62 V. Simak'28, Lj. Simic!4, S. Simiort'’, E. Simionf4, B. Simmong®,
D. Simor?®, M. Simor4, P. Sinervd®8, N.B. Sine#16, M. Sioli?2322b, G, Siragus¥?3, S.Yu. Sivokloko¥®,
J. Sjolint46al46b \ B Skinnef3, H.P. Skottowe®, P. Skubié!3 M. Slatet®, T. Slavicek?8,

M. Slawinsk&®’, K. Sliwal®?, R. Slovak?®, V. Smakhtirt’, B.H. Smart, L. SmestatP, J. Smiesk&**2
S.Yu. Smirnov®, Y. Smirnov®, L.N. Smirnovd®2™ O. Smirnov&?, M.N.K. Smith*”, R.W. Smiti”,

M. Smizansk&, K. Smolek?8, A A. Snesaret, S. Snyde?’, R. Sobié®8! F. Sochet, A. So erl%3,
D.A. Soh®%, G. Sokhrannyf®, C.A. Solans Sanch&% M. Solaf?8, E.Yu. Soldato¥®, U. Soldevil&*®®,
A.A. Solodko30, A. Soloshenkgf, O.V. Solovyano¥®°, V. Solovyev?3, P. Sommet’, H. Sori®?,

H.Y. Song®?a" A, Sood®, A. Sopczak?®, V. Sopkd?8, V. Sorin'3, D. Sos&%, C.L. Sotiropoulod?43124,
R. Soualak?33163¢ A M. Soukhare¥??¢, D. Souti*, B.C. SowdefP, S. Spagnol&'3740, M. Spalld24a124b
M. Spangenbef§®, F. Spané®, D. Sperlich’, F. Spettel®l, R. Spight?2 G. Spigd?, L.A. Spiller®®,

M. Spousta?®, R.D. St. Deni& , A. Stabilé?2 R. Stamef’? S. Stamn¥’, E. Staneck#, R.W. Stanek,
C. Stanesct#*@ M. Stanescu-Belftf, M.M. Stanitzki*4, S. Stapnés®, E.A. Starchenkb’®, G.H. Starks,
J. StarR’, P. Starob&’, P. Starovoito¥® S. Star??, R. Staszewskt, P. Steinberfy/, B. Stelzet*?,

H.J. Stelzet?, O. Stelzer-Chiltot?%2 H. Stenzel*, G.A. Stewar?®, J.A. Stillings3, M.C. Stocktof?,

M. Stoebé&8, G. Stoiced®®, P. Stolt&%, S. Stonjek%:, A.R. Stradling, A. Straessnéf, M.E. Stramag|i&,
J. Strandberl’, S. Strandberf63146b A Strandlié!® M. Strauss!3, P. Strizenet**?, R. Strohmel’3,
D.M. Stromt'8, R. StroynowsKi?, A. Strubigt®, S.A. Stucct’, B. Stugd®, N.A. Style$?, D. Sut*3,

J. SU?°, S. Suche®®? Y. Sugaya'®, M. Suk'?8, V.V. Sulin®6, S. Sultansdif, T. Sumid&®, S. Sur®,

33



X. Surt®@ J.E. Sundermanif, K. SuruliZ*®, G. Susinné®@3%, M.R. Suttot*?, S. Suzuki’, M. Svatos?’,
M. Swiatlowsk?3, I. Sykord*42 T. Sykord?®, D. Te??, C. Taccint34a134b K Tackmanf?, J. Taenzef8
A. Ta ard%? R. Ta rout'®®2 N. Taiblumt®3 H. Takaf’, R. Takashim&, T. Takeshit&*°, Y. Takubd”’,

M. Talby®6, A.A. Talyshevt93¢, K.G. Tarf®, J. Tanak#®, M. Tanaka®’, R. Tanak&'’, S. Tanak¥,

B.B. Tannenwal¥!l, S. Tapia Aray#'®, S. Tapprogd¥, S. Tarem®2, G.F. Tartarelf?2 P. Tad?®,

M. Tasevsky?’, T. Tashird®, E. Tassi%¥3%, A, Tavares Delgadg®a1260 v, Tayalati3%¢ A.C. Taylof%,
G.N. Taylof®, P.T.E. Taylo?°, W. Taylor>%®, F.A. Teischinge®, P. Teixeira-Dia&, K.K. Temming?®,

D. Templé“#?, H. Ten Katé?, P.K. Tend®!, J.J. Teok'®, F. Tepel’, S. Terad®, K. Terasht®®, J. Terroff®,
S. Terzd®, M. Testd®, R.J. Teuschér®!, T. Theveneaux-PelZ&; J.P. Thomas, J. Thomas-WilskéeF,
E.N. Thompso#, P.D. Thompsot?, A.S. Thompso??, L.A. ThomseA’, E. Thomsof??, M. Thomsonr®,
M.J. Tibbettd8, R.E. Ticse Torre¥, V.O. Tikhomiro\?62 Yu.A. Tikhono%¢, S. Timoshenk®#,

P. Tiptort’®, S. Tisserar¥f, K. Todomé®’, T. Todorov , S. Todorova-Novi?, J. Tojo't, S. Tokat443

K. Tokushukd’, E. Tolley?®, L. Tomlinsorf®, M. Tomotd%3, L. Tompking#32P, K. Toms'%®, B. Tong®,
E. Torrencé!®, H. Torres*? E. Torr6 Pastdr®, J. Tot#%29, F. Toucharff, D.R. Tovey®®, T. Trefzget’3,
A. Tricoli??, I.M. Trigger>% S. Trincaz-Duvoi!, M.F. Tripiand?, W. Trischuk®>8, B. Trocmé&’,

A. Trofymov**, C. Troncofi?2 M. Trottier-McDonald®, M. Trovatelli*®8, L. Truong 63a163c

M. Trzebinskf!, A. TrzupeKk?, J.C-L. Tsend?’, P.V. Tsiareshk®, G. Tsipolitig®, N. Tsirintani§,

S. Tsiskaridz&, V. Tsiskaridz€&®, E.G. Tskhadad2é?® K.M. Tsuif!2 I.I. Tsukermaf’, V. Tsulaid?®,

S. Tsuné’, D. Tsybyche¥*8, Y. Tu1b, A. Tudoraché®®, V. Tudoraché®®, A.N. Tun&8, S.A. Tupputf2322b,
S. Turchikhirf®, D. Turecek?8 D. Turgemah’, R. Turrd2392b A J. Turvey?, P.M. Tut$’, M. Tyndefl3?,
G. Ucchiell?2322b | Uedd®5 M. Ughettd46al46b £ Ukegawd®®, G. Unaf?, A. Undrug’, G. Unel®2
F.C. Ungar8®, Y. Unnd®’, C. UnverdorbeH?, J. Urbad*4°, P. Urquijd®, P. Urrejol&*, G. Usaf,

A. Usanov&3, L. Vacavant®, V. Vacek?8, B. Vachor{®, C. Valderani&®, E. Valdes Santur§63146b

N. Valencid®, S. Valentinetfi2322b, A Valerot®S, L. Valery'3, S. Valkar?®, J.A. Valls Ferref®s,

W. Van Den Wollenberf”, P.C. Van Der Deifi®”, H. van der Graaf”, N. van Eldik>2, P. van Gemmerén
J. Van Nieuwkoo}*2, I. van Vulpert®’, M.C. van Woerde#?, M. Vanadid322132b v, vandellF?,

R. Vangurt??, A. Vaniachiné®, P. Vankov#%, G. Vardanyat’®, R. Vari'®? E.W. Varne$, T. Varol*?,

D. Varoucha®, A. Vartapetiafi, K.E. Varvell®0, J.G. Vasque?®, F. Vazeille®, T. Vazquez Schroed&;
J. Veatchb, V. Veeraraghavah L.M. Veloce'®8, F. Velosd263126¢ S Venezianb®22 A. Venturd 4374,

M. Venturil®, N. Venturit®8, A. Venturin?®, V. Vercest?12 M. Verduccit32a132b . Verkerké?”,

J.C. Vermeulel? A. Vestt6a' M.C. Vetterl429, O. ViazId®?, 1. Vichoul®® | T. Vickey'3°,

O.E. Vickey Boerid®, G.H.A. Viehhausér®, S. Viel'§, L. Vigani?°, M. Villa?2322b,

M. Villaplana Pere%392° E. Vilucchi®®, M.G. Vincte!, V.B. Vinogrado¥®, C. Vittori?2322b,

. Vivarelli*9, S. Vlacho&®, M. Vlasak?8, M. Vogel’4, P. Vokaé?8, G. Volpit2431240 M. Volpi®®,

H. von der Schmit®?, E. von Toerné, V. Vorobel?, K. Vorobe®, M. Vos'®6, R. Voss?,

J.H. Vossebelt?, N. Vranjes?* M. Vranjes Milosavljevié?, V. Vrbal?’, M. Vreeswijk%’, R. Vuillermeg?,
. Vukotic®3, Z. Vykydal?8, P. Wagnet®, W. Wagnet’#, H. Wahlberd?, S. Wahrmuntf,

J. WakabayasHi®, J. Waldef®, R. Walket%°, W. Walkowiak*, V. Wallangei*63146b C_ Wang>c,

C. Wang®48 F. wand’?, H. Wand®, H. Wand?, J. Wang*, J. Wang®’, K. Wand®, R. Wan{,

S.M. Wangd®%, T. Wandg®, T. Wang’, W. Wang®®, X. Wand'’®, C. Wanotayard{'6, A. Warburtor§8,

C.P. Ward®, D.R. Wardropé&, A. Washbrook®, P.M. Watkins®, A.T. Watsort®, M.F. Watson?,

G. Wattg® S, Watt§°, B.M. WaugH?®, S. Web*, M.S. Webet®, S.W. Webet’3, J.S. Webstér

A.R. Weidberg?®, B. Weinerf?, J. Weingarte?f, C. Weiset®, H. Weits'9’, P.S. Wells?, T. Wenau$’,

T. Wengle??, S. Wenig?, N. Werme$®, M. Wernef®, M.D. Wernef®, P. Werne#?, M. Wessel3%2

J. Wettet®!, K. Whalert*6, N.L. Whallort38, A.M. Whartor/3, A. White?, M.J. Whité", R. White**,

D. Whitesort®?, F.J. Wicken$®%, W. Wiedenmanh'?, M. Wielers3, P. Wienemant¥, C. Wiglesworti?,
L.A.M. Wiik-Fuchs3, A. Wildauef®L, F. Wilk®, H.G. Wilkens?, H.H. Williams'?2, S. Williamst?”,

C. Willis®%, S. Willocdf’, J.A. Wilsort®, I. Wingerter-Seexz F. Winklmeiet16, O.J. Winsto®®,

34



B.T. Winter®3, M. Wittgent43, J. Wittkowski®, T.M.H. Wolf1%7, M.W. Wolte*!, H. Wolterg263126¢

S.D. Wornt31, B.K. Wosiek, J. Wotschack, M.J. Woudstr&®, K.W. Wozniakt, M. Wu®’, M. Wu33,
S.L. Wut2, X Wt Y. Wu®©, T.R. Wyatt®, B.M. Wynne®®, S. Xella8, D. Xu®%2 L. Xu?’, B. Yabsley°,
S. Yacoob?® D. Yamaguchi®’, Y. Yamagucht'®, A. Yamamot8’, S. Yamamot&®, T. Yamanak&”®,

K. Yamaucht®, Y. Yamazal§®, Z. Yar?®, H. Yang?®¢, H. Yand’?, Y. Yang'®%, Z. Yand®, W-M. Yao',
Y.C. Yap, V. Yaslf’, E. Yatsenkd, K.H. Yau Wond?3, J. Y&, S. Y&, I. Yeletskiktf®, A.L. Yen®?,

E. Yildirim®4, K. Yorital’%, R. Yoshid4, K. Yoshihard??, C. Yound*3, C.J.S. Youn#, S. Yousset,
D.R. YUu!8, J. Y8, J.M. YU, J. YUF®, L. Yuarf8, S.P.Y. YueRS, I. Yusu 3%2s B. Zabinski!, R. Zaidaf®,
A.M. Zaitse}3%2€ N. Zakharchuf?, J. Zaliecka®, A. Zamart*®, S. Zambit88, L. Zanellg323132b

D. Zanzf®, C. ZeitnitZ274, M. Zemart?8, A. Zemld? J.C. Zend®, Q. Zend*3, K. Zengef®, O. Zenirt3C,
T. 8eni2!44a D, Zerwad'’, D. Zhand®, F. Zhand’?, G. Zhang®*a" H. Zhang®C, J. Zhan§, L. Zhang®,
R. Zhang®, R. Zhang®®®, X. Zhang®%, Z. Zhand'’, X. Zhad?, Y. Zhac®*%, Z. Zhad*®,

A. Zhemchugof®, J. Zhond?®, B. Zho?®, C. Zhod”, L. Zhou?’, L. Zhou*2, M. Zhou'*8, N. Zhot?",
C.G. Zh#®d H. Zhi?%2 J. Zhd0, Y. Zhu®™P, X. Zhuand®® K. Zhukov?8, A. Zibell'’3, D. Zieminsk&?,
N.I. Zimine®®, C. Zimmerman®, S. Zimmermant?, Z. Zinonos$®, M. Zinsef*, M. Ziolkowski*,

L. Sivkovi¢14, G. Zobernig? A. Zoccol?23225 M. zur Nedde#, L. Zwalinski*2.

Department of Physics, University of Adelaide, Adelaide, Australia

Physics Department, SUNY Albany, Albany NY, United States of America

Department of Physics, University of Alberta, Edmonton AB, Canada

() pepartment of Physics, Ankara University, Ankalf; Istanbul Aydin University, Istanbuf€) Division of
Physics, TOBB University of Economics and Technology, Ankara, Turkey

LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France

High Energy Physics Division, Argonne National Laboratory, Argonne IL, United States of America
Department of Physics, University of Arizona, Tucson AZ, United States of America

Department of Physics, The University of Texas at Arlington, Arlington TX, United States of America
Physics Department, University of Athens, Athens, Greece

Physics Department, National Technical University of Athens, Zografou, Greece

Department of Physics, The University of Texas at Austin, Austin TX, United States of America

Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

Institut de Fisica d'Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Barcelona, Spain,
Spain

Institute of Physics, University of Belgrade, Belgrade, Serbia

Department for Physics and Technology, University of Bergen, Bergen, Norway

Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley CA, United
States of America

Department of Physics, Humboldt University, Berlin, Germany

Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University of Bern,
Bern, Switzerland

School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom

(a) pepartment of Physics, Bogazici University, IstaniBl; Department of Physics Engineering, Gaziantep
University, Gaziantep(;d) Istanbul Bilgi University, Faculty of Engineering and Natural Sciences,
IstanbuI,Turkey,(e) Bahcesehir University, Faculty of Engineering and Natural Sciences, Istanbul, Turkey,
Turkey

Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia

(3) INFN Sezione di BologndP) Dipartimento di Fisica e Astronomia, Universita di Bologna, Bologna, Italy
Physikalisches Institut, University of Bonn, Bonn, Germany

Department of Physics, Boston University, Boston MA, United States of America

Department of Physics, Brandeis University, Waltham MA, United States of America

26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Jané’i’ﬁoElectricaI Circuits Department,
Federal University of Juiz de Fora (UFJF), Juiz de Fof&) Federal University of Sao Joao del Rei (UFSJ), Sao
Joao del Rei{d) Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil

A W N P

14
15
16

17
18

19
20

21
22
23
24
25

35



27
28

29
30
31
32
33
34

35

36

37
38
39

40

a1
42
43
44
45
46
47
48
49
50
51
52
53

54
55
56
57

58

59

60
61

Physics Department, Brookhaven National Laboratory, Upton NY, United States of America

(8) Transilvania University of Brasov, Brasov, Romarfi2* National Institute of Physics and Nuclear
Engineering, Bucharesf®) National Institute for Research and Development of Isotopic and Molecular
Technologies, Physics Department, Cluj Napdé’é;University Politehnica Bucharest, Buchare$t West
University in Timisoara, Timisoara, Romania

Departamento de Fisica, Universidad de Buenos Aires, Buenos Aires, Argentina

Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

Department of Physics, Carleton University, Ottawa ON, Canada

CERN, Geneva, Switzerland

Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America

(8) pepartamento de Fisica, Ponti cia Universidad Catdlica de Chile, SantidBbDepartamento de Fisica,
Universidad Técnica Federico Santa Maria, Valparaiso, Chile

(@) |nstitute of High Energy Physics, Chinese Academy of Sciences, B&fimgepartment of Modern Physics,
University of Science and Technology of China, AnFliDepartment of Physics, Nanjing University, Jiangsu;
(d) school of Physics, Shandong University, Shandéfgdepartment of Physics and Astronomy, Shanghai
Key Laboratory for Particle Physics and Cosmology, Shanghai Jiao Tong University, Shanghai; (also a liated
with PKU-CHEP); (") Physics Department, Tsinghua University, Beijing 100084, China

Laboratoire de Physique Corpusculaire, Clermont Université and Université Blaise Pascal and CNRS/IN2P3,
Clermont-Ferrand, France

Nevis Laboratory, Columbia University, Irvington NY, United States of America

Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark

() INFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frasc&t; Dipartimento di Fisica,

Universita della Calabria, Rende, Italy

(8 AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Ktakow;
Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland

Physics Department, Southern Methodist University, Dallas TX, United States of America

Physics Department, University of Texas at Dallas, Richardson TX, United States of America

DESY, Hamburg and Zeuthen, Germany

Lehrstuhl fur Experimentelle Physik IV, Technische Universitat Dortmund, Dortmund, Germany

Institut fir Kern- und Teilchenphysik, Technische Universitat Dresden, Dresden, Germany

Department of Physics, Duke University, Durham NC, United States of America

SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom

INFN Laboratori Nazionali di Frascati, Frascati, Italy

Fakultat fur Mathematik und Physik, Albert-Ludwigs-Universitat, Freiburg, Germany

Section de Physique, Université de Genéve, Geneva, Switzerland

(3) INFN Sezione di Genov&) Dipartimento di Fisica, Universita di Genova, Genova, Italy

(3) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Thilisi State University, ThiisiHigh Energy
Physics Institute, Thilisi State University, Thilisi, Georgia

Il Physikalisches Institut, Justus-Liebig-Universitat Giessen, Giessen, Germany

SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

Il Physikalisches Institut, Georg-August-Universitat, Gottingen, Germany

Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble,
France

Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States of America
(8) Kirchho -Institut firr Physik, Ruprecht-Karls-Universitat Heidelberg, Heidelbef®); Physikalisches

Institut, Ruprecht-Karls-Universitat Heidelberg, Heidelbef‘g), ZITI Institut fur technische Informatik,
Ruprecht-Karls-Universitat Heidelberg, Mannheim, Germany

Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan

(8) Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Rbimgpartment of
Physics, The University of Hong Kong, Hong Koﬁ“d; Department of Physics, The Hong Kong University of
Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China

36



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

107
108
109
110
111

Department of Physics, Indiana University, Bloomington IN, United States of America

Institut fur Astro- und Teilchenphysik, Leopold-Franzens-Universitét, Innsbruck, Austria

University of lowa, lowa City IA, United States of America

Department of Physics and Astronomy, lowa State University, Ames IA, United States of America

Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia

KEK, High Energy Accelerator Research Organization, Tsukuba, Japan

Graduate School of Science, Kobe University, Kobe, Japan

Faculty of Science, Kyoto University, Kyoto, Japan

Kyoto University of Education, Kyoto, Japan

Department of Physics, Kyushu University, Fukuoka, Japan

Instituto de Fisica La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
Physics Department, Lancaster University, Lancaster, United Kingdom

(3) INFN Sezione di Leccé®) Dipartimento di Matematica e Fisica, Universita del Salento, Lecce, Italy
Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom

Department of Physics, JoCef Stefan Institute and University of Ljubljana, Ljubljana, Slovenia

School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
Department of Physics, Royal Holloway University of London, Surrey, United Kingdom

Department of Physics and Astronomy, University College London, London, United Kingdom

Louisiana Tech University, Ruston LA, United States of America

Laboratoire de Physique Nucléaire et de Hautes Energies, UPMC and Université Paris-Diderot and
CNRS/IN2P3, Paris, France

Fysiska institutionen, Lunds universitet, Lund, Sweden

Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain

Institut fur Physik, Universitat Mainz, Mainz, Germany

School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France

Department of Physics, University of Massachusetts, Amherst MA, United States of America
Department of Physics, McGill University, Montreal QC, Canada

School of Physics, University of Melbourne, Victoria, Australia

Department of Physics, The University of Michigan, Ann Arbor MI, United States of America

Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States of America
(8) INFN Sezione di Milano$®) Dipartimento di Fisica, Universita di Milano, Milano, Italy

B.l. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of Belarus
National Scienti ¢ and Educational Centre for Particle and High Energy Physics, Minsk, Republic of Belarus
Group of Particle Physics, University of Montreal, Montreal QC, Canada

P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia

Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia

National Research Nuclear University MEPhI, Moscow, Russia

D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow, Russia
Fakultat fir Physik, Ludwig-Maximilians-Universitat Miinchen, Miinchen, Germany

Max-Planck-Institut fir Physik (Werner-Heisenberg-Institut), Minchen, Germany

Nagasaki Institute of Applied Science, Nagasaki, Japan

Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan

(8) INFN Sezione di Napoli?) Dipartimento di Fisica, Universita di Napoli, Napoli, Italy

Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States of America
Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen,
Netherlands

Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands
Department of Physics, Northern lllinois University, DeKalb IL, United States of America

Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia

Department of Physics, New York University, New York NY, United States of America

Ohio State University, Columbus OH, United States of America

37



112
113

Faculty of Science, Okayama University, Okayama, Japan

Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK, United States of
America

114 Dpepartment of Physics, Oklahoma State University, Stillwater OK, United States of America

115 palacky University, RCPTM, Olomouc, Czech Republic

116 center for High Energy Physics, University of Oregon, Eugene OR, United States of America

117 L AL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France

118 Graduate School of Science, Osaka University, Osaka, Japan

119 pepartment of Physics, University of Oslo, Oslo, Norway
120 pepartment of Physics, Oxford University, Oxford, United Kingdom
121

(3) INFN Sezione di Pavid®) Dipartimento di Fisica, Universita di Pavia, Pavia, Italy

122 pepartment of Physics, University of Pennsylvania, Philadelphia PA, United States of America

123 National Research Centre Kurchatov Institute” B.P.Konstantinov Petersburg Nuclear Physics Institute, St.
Petersburg, Russia

124 (a) INFN Sezione di Pisad?®) Dipartimento di Fisica E. Fermi, Universita di Pisa, Pisa, Italy

125 pepartment of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA, United States of America

126 () Laboratdrio de Instrumentacao e Fisica Experimental de Particulas - LIP, List9d&aculdade de
Ciéncias, Universidade de Lisboa, Lishbd& Department of Physics, University of Coimbra, Coimbf&;
Centro de Fisica Nuclear da Universidade de Lisboa, Lisi8apepartamento de Fisica, Universidade do
Minho, Braga;(f) Departamento de Fisica Teorica y del Cosmos and CAFPE, Universidad de Granada,
Granada (Spain),(g) Dep Fisica and CEFITEC of Faculdade de Ciencias e Tecnologia, Universidade Nova de
Lisboa, Caparica, Portugal

127 |nstitute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic

128 Czech Technical University in Prague, Praha, Czech Republic

129 Faculty of Mathematics and Physics, Charles University in Prague, Praha, Czech Republic

130 state Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia

131 particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom

132 (a) |INFN Sezione di Romd®) Dipartimento di Fisica, Sapienza Universita di Roma, Roma, Italy

133 (a) INFN Sezione di Roma Tor Vergat&®) Dipartimento di Fisica, Universita di Roma Tor Vergata, Roma, Italy

134 (a) INFN Sezione di Roma Tré®) Dipartimento di Matematica e Fisica, Universita Roma Tre, Roma, Italy

135 (a) Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies - Université Hassan
11, Casablanca;P) Centre National de I'Energie des Sciences Techniques Nucleaires, R&bBgculté des
Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marraké‘&wFaculté des Sciences, Université Mohamed
Premier and LPTPM, Oujda(je) Faculté des sciences, Université Mohammed V, Rabat, Morocco

136 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de I'Univers), CEA Saclay (Commissariat &

I'Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France

Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA, United States of

America

138 Department of Physics, University of Washington, Seattle WA, United States of America

139 pepartment of Physics and Astronomy, University of She eld, She eld, United Kingdom

140 pepartment of Physics, Shinshu University, Nagano, Japan

141 Fachbereich Physik, Universitat Siegen, Siegen, Germany

142 pepartment of Physics, Simon Fraser University, Burnaby BC, Canada

143 5L AC National Accelerator Laboratory, Stanford CA, United States of America

144 (a) Faculty of Mathematics, Physics & Informatics, Comenius University, Bratisi@&aDepartment of
Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice,
Slovak Republic

145 (a) pepartment of Physics, University of Cape Town, Cape TérDepartment of Physics, University of
Johannesburg, Johannesbuf§) School of Physics, University of the Witwatersrand, Johannesburg,
South Africa

146 (a) pepartment of Physics, Stockholm Universi); The Oskar Klein Centre, Stockholm, Sweden

147 physics Department, Royal Institute of Technology, Stockholm, Sweden

137

38



148 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY, United States of
America

149 pepartment of Physics and Astronomy, University of Sussex, Brighton, United Kingdom

150 school of Physics, University of Sydney, Sydney, Australia

151 |nstitute of Physics, Academia Sinica, Taipei, Taiwan

152 pepartment of Physics, Technion: Israel Institute of Technology, Haifa, Israel

153 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel

154 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece

155 |nternational Center for Elementary Particle Physics and Department of Physics, The University of Tokyo,
Tokyo, Japan

156 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan

157 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan

158 pepartment of Physics, University of Toronto, Toronto ON, Canada

159 (a) TRIUMF, Vancouver BC{P) Department of Physics and Astronomy, York University, Toronto ON, Canada

160 Faculty of Pure and Applied Sciences, and Center for Integrated Research in Fundamental Science and
Engineering, University of Tsukuba, Tsukuba, Japan

161 pepartment of Physics and Astronomy, Tufts University, Medford MA, United States of America

162 pepartment of Physics and Astronomy, University of California Irvine, Irvine CA, United States of America

163 (a) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udithé;ICTP, Trieste;(¢) Dipartimento di Chimica,
Fisica e Ambiente, Universita di Udine, Udine, Italy

164 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden

165 pepartment of Physics, University of Illinois, Urbana IL, United States of America

166 |nstituto de Fisica Corpuscular (IFIC) and Departamento de Fisica Atomica, Molecular y Nuclear and
Departamento de Ingenieria Electronica and Instituto de Microelectrénica de Barcelona (IMB-CNM),
University of Valencia and CSIC, Valencia, Spain

167 Department of Physics, University of British Columbia, Vancouver BC, Canada

168 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada

169 pepartment of Physics, University of Warwick, Coventry, United Kingdom

170 Wwaseda University, Tokyo, Japan

171 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel

172 pepartment of Physics, University of Wisconsin, Madison WI, United States of America

173 Fakultat firr Physik und Astronomie, Julius-Maximilians-Universitat, Wiirzburg, Germany

174 Fakultat fir Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universitat Wuppertal,
Wuppertal, Germany

175 Department of Physics, Yale University, New Haven CT, United States of America

176 Yerevan Physics Institute, Yerevan, Armenia

177 Centre de Calcul de I'Institut National de Physique Nucléaire et de Physique des Particules (IN2P3),
Villeurbanne, France

Also at Department of Physics, King's College London, London, United Kingdom

Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

Also at Novosibirsk State University, Novosibirsk, Russia

Also at TRIUMF, Vancouver BC, Canada

Also at Department of Physics & Astronomy, University of Louisville, Louisville, KY, United States of America
Also at Department of Physics, California State University, Fresno CA, United States of America

Also at Department of Physics, University of Fribourg, Fribourg, Switzerland

Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain

I Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Portugal
Also at Tomsk State University, Tomsk, Russia

Also at Universita di Napoli Parthenope, Napoli, Italy

Also at Institute of Particle Physics (IPP), Canada

M Also at National Institute of Physics and Nuclear Engineering, Bucharest, Romania

-~ 0 Q O T o

= (o}

39



Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia

Also at Department of Physics, The University of Michigan, Ann Arbor Ml, United States of America

Also at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South Africa
Also at Louisiana Tech University, Ruston LA, United States of America

Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain

Also at Graduate School of Science, Osaka University, Osaka, Japan

Also at Department of Physics, National Tsing Hua University, Taiwan
Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef,
Nijmegen, Netherlands
Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of America
Also at Institute of Theoretical Physics, llia State University, Thilisi, Georgia
Also at CERN, Geneva, Switzerland
Also at Georgian Technical University (GTU), Thilisi, Georgia
Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan
a2 Also at Manhattan College, New York NY, United States of America
ab  Also at Hellenic Open University, Patras, Greece

ac  Also at Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan
ad Also at School of Physics, Shandong University, Shandong, China

a8 Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia

af  Also at section de Physique, Université de Geneve, Geneva, Switzerland

a9 Also at Eotvos Lorand University, Budapest, Hungary

ah  Also at Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY, United

States of America

ai Also at International School for Advanced Studies (SISSA), Trieste, Italy

aj Also at Department of Physics and Astronomy, University of South Carolina, Columbia SC, United States of
America
Also at School of Physics and Engineering, Sun Yat-sen University, Guangzhou, China

al Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences,

So a, Bulgaria

am  Also at Faculty of Physics, M.V.Lomonosov Moscow State University, Moscow, Russia

an  Also at Institute of Physics, Academia Sinica, Taipei, Taiwan

a0 Also at National Research Nuclear University MEPhI, Moscow, Russia

ap  Also at Department of Physics, Stanford University, Stanford CA, United States of America

a4 Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary
ar  Also at Flensburg University of Applied Sciences, Flensburg, Germany

as Also at University of Malaya, Department of Physics, Kuala Lumpur, Malaysia

at  Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
Deceased

~ n - 9 © o S

c

N < X £ <

ak

40



	Introduction
	ATLAS inner detector
	Event samples, track and secondary-vertex reconstruction
	Track reconstruction
	Track selection
	Secondary-vertex reconstruction
	Secondary-vertex selection and resolution
	Vertex yields

	Qualitative comparison of data to simulation
	Displacement of material layers
	Pixel and SCT detector modules in their local coordinate frames
	Pixel modules
	SCT modules

	Kinematic characteristics of secondary vertices

	Systematic uncertainties
	Tracking efficiency
	Modelling of hadronic interactions in simulation
	Vertex reconstruction
	Other sources
	Total systematic uncertainty

	Results
	Conclusions

