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Abstract

A search is reported for the pair production of a new quark, b′, with at least one b′ decaying to a Z boson and

a bottom quark. The data, corresponding to 2.0 fb−1 of integrated luminosity, were collected from pp collisions at√
s = 7 TeV with the ATLAS detector at the CERN Large Hadron Collider. Using events with a b-tagged jet and

a Z boson reconstructed from opposite-charge electrons, the mass distribution of large transverse momentum

b′ candidates is tested for an enhancement. No evidence for a b′ signal is detected in the observed mass

distribution, resulting in the exclusion at 95% confidence level of b′ quarks with masses mb′ < 400GeV that

decay entirely via b′ → Z +b. In the case of a vector-like singlet b′ mixing solely with the third Standard Model

generation, masses mb′ < 358GeV are excluded.
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Search for pair production of a new quark that decays to a Z boson and a bottom quark
with the ATLAS detector

The ATLAS Collaboration

A search is reported for the pair production of a new quark,b′, with at least oneb′ decaying to aZ boson and a
bottom quark. The data, corresponding to 2.0 fb−1 of integrated luminosity, were collected frompp collisions at√

s= 7 TeV with the ATLAS detector at the CERN Large Hadron Collider. Using events with ab-tagged jet and
aZ boson reconstructed from opposite-charge electrons, the mass distribution of large transverse momentumb′

candidates is tested for an enhancement. No evidence for ab′ signal is detected in the observed mass distribution,
resulting in the exclusion at 95% confidence level ofb′ quarks with massesmb′ < 400 GeV that decay entirely
via b′ → Z +b. In the case of a vector-like singletb′ mixing solely with the third Standard Model generation,
massesmb′ < 358 GeV are excluded.

PACS numbers: 14.65.Fy, 14.65.Jk, 12.60.-i

The matter sector of the Standard Model (SM) consists
of three generations of chiral fermions, with each generation
containing a quark doublet and a lepton doublet. A natural
question is whether quarks and leptons exist beyond the third
generation [1]. In this Letter we present a search for the pair
production of a new quark with electric charge−1/3, denoted
b′, using data collected by the ATLAS experiment at the Large
Hadron Collider. New quarks appear in a variety of models
that address shortcomings of the SM [1–5]. In addition to sig-
naling a richer matter content at high energy, their existence
would impact lower-scale physics, such as altering Higgs bo-
son (H) phenomenology [6], and providing new sources of CP
violation potentially sufficient to generate the baryon asym-
metry in the universe [7].

Several collaborations have previously searched for a chi-
ral b′. A search by D0 [8] for the decayb′ → γ+ b excludes
b′ quarks with masses belowmZ + mb = 96 GeV. CDF [9]
searches for the decayb′ → Z + b exclude masses below
mW +mt = 256 GeV. These limits apply to promptb′ decays.
CDF and D0 have also searched for non-promptb′→ Z+b de-
cays [10], excluding, for example,b′ masses below 180 GeV
for cτ = 20 cm [11]. More recently, CDF [12], CMS [13], and
ATLAS [14] have searched for the prompt charged-currentde-
cayb′ → W + t. This decay mode is dominant for a chiralb′

with mass in excess ofmW +mt , as the neutral-current modes
only occur through loop diagrams [1]. The ATLAS result ex-
cludes chiralb′ quarks with masses below 480 GeV.

Extensions to the SM often propose new quarks transform-
ing as vector-like representations of the electroweak gauge
groups [2–5]. The decay of a vector-likeb′ to aZ boson and
a bottom quark is a tree-level process with a branching ratio
comparable to that of the decayb′ →W + t. In particular, the
branching ratiosWt : Zb : Hb approach the proportion 2 : 1 : 1
in the limit of largeb′ mass as a consequence of the Goldstone
boson equivalence theorem [2, 5]. Furthermore, if a signal
were observed in theWtWt final state, a search for a resonant
Z + b signal would aid in establishing the charge of the new
quark. In light of these observations, this search exploresthe
Z + b-jet final state for the presence of ab′ quark.

The ATLAS detector [15] consists of particle-tracking de-

tectors, electromagnetic and hadronic calorimeters, and a
muon spectrometer. At small radii transverse to the beam-
line, the inner tracking system utilizes fine-granularity pixel
and microstrip detectors designed to provide precision track
impact parameter and secondary vertex measurements. These
silicon-based detectors cover the pseudorapidity [16] range
|η| < 2.5. A gas-filled straw tube tracker complements the
silicon tracker at larger radii. The tracking detectors areim-
mersed in a 2 T magnetic field produced by a thin super-
conducting solenoid located in the same cryostat as the bar-
rel electromagnetic (EM) calorimeter. The EM calorimeters
employ lead absorbers and utilize liquid argon as the active
medium. The barrel EM calorimeter covers|η|< 1.5, and the
end-cap EM calorimeters 1.4< |η|< 3.2. Hadronic calorime-
try in the region|η| < 1.7 is achieved using steel absorbers
and scintillating tiles as the active medium. Liquid argon
calorimetry with copper absorbers is employed in the hadronic
end-cap calorimeters, which cover the region 1.5< |η|< 3.2.

The search for the decayb′ → Z + b is performed in the
final state with theZ boson decaying to an electron-positron
pair (e+e−) using a dataset collected in 2011 corresponding
to an integrated luminosity of 1.98± 0.07 fb−1 [17]. The
selected events were recorded with a single-electron trigger
that is over 95% efficient for reconstructed electrons [18] with
momentum transverse to the beam direction,pT, exceeding
25 GeV. At least two opposite-charge electron candidates are
required, each satisfyingpT > 25 GeV and reconstructed in
the pseudorapidity region|η| < 2.47, excluding the barrel to
end-cap calorimeter transition region, 1.37< |η|< 1.52. In
addition, the electron candidates satisfymedium quality re-
quirements [18] on the reconstructed track and properties of
the electromagnetic shower. The two opposite-charge elec-
tron candidates yielding an invariant mass,mee, that satisfies
|mee −mZ| < 15 GeV and is closest to theZ boson mass de-
fine theZ candidate. Approximately 475,000 events pass the
Z → e+e− selection criteria.

Jets are reconstructed using the anti-kt clustering algo-
rithm [19] with a distance parameter of 0.4. The in-
puts to the algorithm are three-dimensional clusters formed
from calorimeter energy deposits. Jets are calibrated us-
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ing pT- and η-dependent factors determined from simu-
lation and validated with data [20]. Jets are rejected if
they do not satisfy quality criteria to suppress noise and
non-collision backgrounds, as are jets whose axis is within
∆R =

√

(∆η)2+(∆φ)2 = 0.5 of a reconstructed electron as-
sociated with theZ candidate. A requirement is made to
ensure at least 75% of the totalpT of all tracks associated
with the jet be attributed to tracks also associated with these-
lected pp collision vertex [21]. Lastly, jets in this analysis
are restricted to the region covered by the tracking detectors,
|η| < 2.5, and satisfypT > 25 GeV. Approximately 81,000
events pass theZ → e+e− candidate selection and contain at
least one selected jet.

The SM production ofZ bosons in association with jets ac-
counts for most events passing theZ+ ≥ 1 jet selection. Two
leading-order Monte Carlo (MC) generators,ALPGEN [22]
andSHERPA [23], are used to assess the background arising
from this process, withALPGEN providing the baseline pre-
diction. A description of the generation of these samples,
in particular in regard to differences betweenALPGEN and
SHERPA in the modeling ofZ boson production in associa-
tion with b-jets, is detailed in Ref. [24]. The predictions of
both are normalized such that the inclusiveZ boson cross sec-
tion is equal to a next-to-next-to-leading-order (NNLO) cal-
culation [25]. All MC samples fully simulate the ATLAS de-
tector [26] and are reconstructed with the same algorithms as
those applied to data. TheZ+bottom background category
comprises simulatedZ + jet(s) events in which a generated
pT > 5 GeV bottom quark is matched to a selected recon-
structed jet. Similarly, events with a jet matched to a charm
quark, but not a bottom quark, constitute theZ+charm cate-
gory. In theZ+light category, none of the selected jets are
matched to a bottom or charm quark.

Additional SM backgrounds modeled with MC events
include top quark pair production (tt̄), single top pro-
duction, heavy vector boson pair (diboson) production,
Z(→ ττ)+ jet(s) events, andW (→ eν)+ jet(s) events. Pro-
cesses with a top quark are simulated withMC@NLO [27, 28].
The tt̄ cross section used is theHATHOR [29] approximate
NNLO value, whileMC@NLO [28] values are used for the
single top processes.HERWIG [30] models the contribution of
diboson events, with the cross sections set by theMCFM [31]
NLO predictions. The remainingW/Z+ jet(s) backgrounds
are simulated withALPGEN, and normalized using single vec-
tor boson production NNLO cross sections [25]. The multi-
jet background is estimated using a data sample with both
electron candidates passingloose criteria [18] but failing the
slightly tighter medium criteria. This sample is normalized
to the difference in the inclusiveZ sample between the data
and all other backgrounds in the region 50< mee < 65 GeV.
The small single top, diboson,Z → ττ, W → eν, and multi-jet
contributions are combined and denoted Other SM.

Figure 1 presents thee+e− invariant mass distribution for
events passing theZ+ ≥ 1 jet selection, before imposing the
|mee −mZ|< 15 GeV requirement, together with the SM pre-
diction. The observed and predicted number of events are
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FIG. 1: e+e− invariant mass distribution for events passing the
Z+ ≥ 1 jet selection, before imposing the|mee − mZ | < 15 GeV
requirement. The predicted contributions of the SM background
sources are shown stacked. The lower panel shows the ratio ofthe
data to the SM prediction, and the solid yellow band denotes the sys-
tematic uncertainty on the SM prediction.
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FIG. 2: e+e− invariant mass distribution for events passing the
Z+ ≥ 1 b-jet selection, before imposing the|mee −mZ | < 15 GeV
requirement.

listed in Table I for this and two other stages of the event selec-
tion. Most events passing theZ+ ≥ 1 jet selection arise from
theZ+light category. The appreciable lifetime of theb-hadron
originating from the bottom quark in the decayb′ → Z + b
provides a means to reduce this background source. Ab-jet
tagging algorithm referred to as IP3D+SV1 [32] is utilized
to select events with at least oneb-jet from theZ+ ≥ 1 jet
sample. The discriminant combines two likelihood variables
based on the tracks associated with a jet. The first employs the
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Source Z+≥ 1 jet Z+≥ 1 b-jet pT(Zb)> 150 GeV
Z+light 74400±7300 590±140 19±7

Z+charm 5340±520 870±210 18±7
Z+bottom 2540±250 1710±270 52±17

tt̄ 320±40 220±40 20±4
Other SM 1010±280 70±20 1.6±0.4
Total SM 83600±8100 3460±580 110±30

Data 80519 3466 100
mb′ = 350 GeV 110±12 93±11 55±7
mb′ = 450 GeV 27±3 20±2 14±2

TABLE I: Number of predicted and observed events at three stages in the event selection. The contributions from SM backgrounds are shown
individually, as well as combined into the total SM prediction. The uncertainties on the predicted number of events combine all sources of
uncertainty. The number of expected signal events is also listed for two representativeb′ masses in the case whereBR(b′ → Zb) = 1.

longitudinal and transverse track impact parameters, while the
second utilizes properties of a reconstructed secondary vertex.
In a simulatedtt̄ sample, the requirement on the discriminant
defining ab-jet is 60% efficient for jets with ab-hadron, and
yields a light flavor jet rejection rate of 300 [32].

A total of 3,466 events satisfy theZ+ ≥ 1 b-jet selec-
tion. Figure 2 presents thee+e− invariant mass distribu-
tion in this sample and the SM prediction, before imposing
the |mee −mZ| < 15 GeV requirement. The accurate model-
ing of the mass distribution for values beyond theZ boson
mass supports the prediction oftt̄ and Other SM background
events. Within the window around theZ boson mass,ALPGEN

and SHERPA agree to within 1% and 7% in the prediction
of the number ofZ+light andZ+charm events, respectively.
However, ALPGEN and SHERPA disagree in the prediction
of the Z+bottom contribution, a fact previously reported in
an ATLAS cross section measurement ofZ bosons produced
in association withb-jets using a smaller dataset [24]. The
ALPGEN andSHERPAZ+bottom predictions are scaled to ac-
count for the difference between data and all other predicted
backgrounds in a subsample of theZ+ ≥ 1 b-jet sample that
contains events failing the requirement discussed below onthe
transverse momentum of theb′ candidate. The scale factors
are consistent with those measured in Ref. [24], and the in-
variant mass distribution of secondary vertex tracks is used to
confirm the validity of the resulting prediction for the flavor
composition in theZ+≥ 1 b-jet sample [24].

Simulatedb′b̄′ events are generated for a range ofb′ masses
using MADGRAPH [33] with the G4LHC extension [6].
PYTHIA [34] performs fragmentation and hadronization of
the parton-level events. The signal cross sections are ob-
tained withHATHOR [29], and vary from 80 pb to 30 fb over
the rangemb′ = 200− 700 GeV. In each sample, oneb′ de-
cays in the modeb′ → Z + b, with theZ boson decaying via
Z → e+e−. Two separate samples are produced for each mass
value, with the otherb′ decaying either viab′ → Z + b or
b′ →W + t, and with all decay modes of theZ andW bosons
allowed. The factorβ = 2×BR(b′ → Zb)−BR(b′ → Zb)2

characterizes the fraction of signal events with at least one
b′ → Z + b decay as a function of the branching ratio. The
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FIG. 3: Transverse momentum distribution of theb′ candidate in
events passing theZ+ ≥ 1 b-jet selection. The predicted contribu-
tions of the SM background sources are stacked, while the distribu-
tions for the two signal scenarios described in the text are overlaid.

caseβ = 1 is equivalent to previous measurements [9] which
assumedBR(b′ → Zb) = 1. The case of a vector-like singlet
(VLS) mixing solely with the third SM generation is also con-
sidered by computingβ as a function ofb′ mass [5]. Over
the rangemb′ = 200−700 GeV,β varies from 0.9 to 0.5. A
SM Higgs of mass 125 GeV is assumed.

Theb′ candidate is formed from thee+e− pair and the high-
est pT b-jet. The mass of theb′ candidate,m(Zb), is the
discriminant distinguishing the background-only and signal-
plus-background hypotheses. Inb′ pair production, the new
quarks are typically produced with large transverse momen-
tum, pT(Zb). Therefore, apT(Zb) > 150 GeV requirement
is applied to increase the signal sensitivity. Figure 3 presents
the pT(Zb) distribution for data and the predicted SM back-
grounds. Additionally, the signal distribution is overlaid for
a b′ mass of 350 GeV, assuming the VLS scenario value
β = 0.63, and for a mass of 450 GeV, assumingβ = 1.



4

E
ve

nt
s 

/ 5
0 

G
eV

0

5

10

15

20

25
=7 TeV )sData 2011 ( 

Z+light

Z+charm

Z+bottom

tt
Other SM

 = 350 GeV (VLS)b’m

=1)β = 450 GeV (b’m

ATLAS

-1 L dt = 2.0 fb∫

m(Zb) [GeV]
100 200 300 400 500 600 700 800 900 1000

D
at

a 
/ P

re
di

ct
io

n

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

FIG. 4: Mass distribution of theb′ candidate in events passing the
Z+≥ 1 b-jet selection and satisfyingpT(Zb)> 150 GeV. The highest
mass bin also includes the data and prediction form(Zb)> 1 TeV.

The fraction of signal events passing all requirements varies
from 7% to 43% betweenmb′ = 200− 700 GeV, assuming
β = 1, with the efficiency to pass the minimumpT(Zb) re-
quirement contributing most to the degree of variation. The
requirementpT(Zb)> 150 GeV was determined by assess-
ing the signal sensitivity for different minimumpT(Zb) val-
ues, as quantified by the expected cross section exclusion
limit. The limit is computed using a binned Poisson likeli-
hood ratio test [35] of them(Zb) distribution for differentmb′

hypotheses. Pseudo-experiments are generated according to
the background-only and signal-plus-background hypotheses,
and incorporate the impact of systematic uncertainties. The
cross section limit is evaluated using the CLs modified fre-
quentist approach [35].

The impact of each systematic uncertainty on the nor-
malization and shape of them(Zb) distribution is assessed
for each SM background source and the expectedb′ sig-
nal. The fractional uncertainty on the total number of back-
ground events passing thepT(Zb) > 150 GeV requirement is
27%. Significant contributions arise from uncertainties inthe
pT(Zb) distribution shape inZ + jet(s) events. Such sources
of uncertainty include the renormalization and factorization
scale choice (14%, evaluated usingMCFM [36]), shape dif-
ferences observed betweenALPGEN andSHERPA(12%), and
variations in the degree of initial and final state QCD radia-
tion (9%). The uncertainty in the efficiency of theb-tagging
requirement contributes an additional 12%. Other sources of
uncertainty contributing at the level of 6% or less include the
jet energy scale [20] , parton distribution functions (PDF), MC
sample sizes, electron identification efficiency,Z boson cross
section, luminosity,b-jet mis-tag rate,tt̄ cross section, jet en-
ergy resolution, trigger efficiency, and the Other SM event
yield. Most of the above uncertainties, with the notable excep-
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FIG. 5: The expected and observed 95% C.L. cross section limits as
a function ofb′ mass. The signal cross section is shown with un-
certainties arising from PDFs and renormalization and factorization
scale choice. The prediction is also multiplied by theβ factors de-
scribed in the text.

tion of thepT(Zb) modeling uncertainties inZ+ jet(s) events,
contribute to the total uncertainty on the signal normalization,
which varies between 11% and 14% depending on theb′ mass.

Figure 4 presents theb′ candidate mass distribution after re-
quiring pT(Zb)> 150 GeV and the predicted SM background.
The distributions for the signal scenarios depicted in Fig.3 are
shown overlaid. The data are in agreement with the SM pre-
diction over the full range ofm(Zb) values. In the absence
of evidence of an enhancement, 95% confidence level (C.L.)
cross section exclusion limits are derived. Figure 5 presents
the expected and observed cross section limits as a function
of mb′ , computed under the assumptionβ = 1. The expected
cross section limit was checked to be stable to within 15%
over the full mass range considered using the signal samples
in which oneb′ quark decays viab′ → Z + b and the other
decays viab′ → W + t. The approximate NNLOb′b̄′ cross
section prediction is shown multiplied byβ = 1, as well as by
the VLSβ value, with the shaded region representing the total
uncertainty arising from PDF uncertainties and the factoriza-
tion and renormalization scale choice. From the intersection
of the observed cross section limit and the theoretical predic-
tion, b′ quarks with massesmb′ < 400 GeV decaying entirely
via b′ → Z + b are excluded at 95% C.L., representing a sig-
nificant improvement with respect to the previous best limit
of 268 GeV [9]. In the case of a vector-like singletb′ mixing
solely with the third SM generation, massesmb′ < 358 GeV
are excluded.

In conclusion, a search with 2.0 fb−1 of ATLAS data is pre-
sented forb′ quark pair production, with at least oneb′ de-
caying to aZ boson and a bottom quark. This decay mode is
particularly relevant in the context of vector-like quarksand
is an essential complement to searches in the mode with both
b′ decaying to aW boson and a top quark. No evidence for a
b′ is observed in theZ + b-jet final state, and new limits are
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derived on the mass of ab′ quark decaying viab′ → Z + b.
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J. Keung159, F. Khalil-zada10, H. Khandanyan166, A. Khanov113, D. Kharchenko65, A. Khodinov97, A.G. Kholodenko129,
A. Khomich58a, T.J. Khoo27, G. Khoriauli20, A. Khoroshilov176, N. Khovanskiy65, V. Khovanskiy96, E. Khramov65,
J. Khubua51b, H. Kim147a,147b, M.S. Kim2, S.H. Kim161, N. Kimura172, O. Kind15, B.T. King74, M. King67, R.S.B. King119,
J. Kirk130, L.E. Kirsch22, A.E. Kiryunin100, T. Kishimoto67, D. Kisielewska37, T. Kittelmann124, A.M. Kiver129, E. Kladiva145b,
M. Klein74, U. Klein74, K. Kleinknecht82, M. Klemetti86, A. Klier173, P. Klimek147a,147b, A. Klimentov24, R. Klingenberg42,
J.A. Klinger83, E.B. Klinkby35, T. Klioutchnikova29, P.F. Klok105, S. Klous106, E.-E. Kluge58a, T. Kluge74, P. Kluit106,
S. Kluth100, N.S. Knecht159, E. Kneringer62, J. Knobloch29, E.B.F.G. Knoops84, A. Knue54, B.R. Ko44, T. Kobayashi156,
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M. Trzebinski38, A. Trzupek38, C. Tsarouchas29, J.C-L. Tseng119, M. Tsiakiris106, P.V. Tsiareshka91, D. Tsionou4,ae,
G. Tsipolitis9, V. Tsiskaridze48, E.G. Tskhadadze51a, I.I. Tsukerman96, V. Tsulaia14, J.-W. Tsung20, S. Tsuno66,
D. Tsybychev149, A. Tua140, A. Tudorache25a, V. Tudorache25a, J.M. Tuggle30, M. Turala38, D. Turecek128, I. Turk Cakir3e,
E. Turlay106, R. Turra90a,90b, P.M. Tuts34, A. Tykhonov75, M. Tylmad147a,147b, M. Tyndel130, G. Tzanakos8, K. Uchida20,
I. Ueda156, R. Ueno28, M. Ugland13, M. Uhlenbrock20, M. Uhrmacher54, F. Ukegawa161, G. Unal29, D.G. Underwood5,
A. Undrus24, G. Unel164, Y. Unno66, D. Urbaniec34, G. Usai7, M. Uslenghi120a,120b, L. Vacavant84, V. Vacek128, B. Vachon86,
S. Vahsen14, J. Valenta126, P. Valente133a, S. Valentinetti19a,19b, S. Valkar127, E. Valladolid Gallego168, S. Vallecorsa153,
J.A. Valls Ferrer168, H. van der Graaf106, E. van der Kraaij106, R. Van Der Leeuw106, E. van der Poel106, D. van der Ster29,
N. van Eldik85, P. van Gemmeren5, Z. van Kesteren106, I. van Vulpen106, M. Vanadia100, W. Vandelli29, G. Vandoni29,
A. Vaniachine5, P. Vankov41, F. Vannucci79, F. Varela Rodriguez29, R. Vari133a, T. Varol85, D. Varouchas14, A. Vartapetian7,
K.E. Varvell151, V.I. Vassilakopoulos56, F. Vazeille33, T. Vazquez Schroeder54, G. Vegni90a,90b, J.J. Veillet116, C. Vellidis8,
F. Veloso125a, R. Veness29, S. Veneziano133a, A. Ventura73a,73b, D. Ventura139, M. Venturi48, N. Venturi159, V. Vercesi120a,
M. Verducci139, W. Verkerke106, J.C. Vermeulen106, A. Vest43, M.C. Vetterli143,d , I. Vichou166, T. Vickey146b,a f ,
O.E. Vickey Boeriu146b, G.H.A. Viehhauser119, S. Viel169, M. Villa19a,19b, M. Villaplana Perez168, E. Vilucchi47,
M.G. Vincter28, E. Vinek29, V.B. Vinogradov65, M. Virchaux137,∗, J. Virzi14, O. Vitells173, M. Viti 41, I. Vivarelli48,
F. Vives Vaque2, S. Vlachos9, D. Vladoiu99, M. Vlasak128, N. Vlasov20, A. Vogel20, P. Vokac128, G. Volpi47, M. Volpi87,
G. Volpini90a, H. von der Schmitt100, J. von Loeben100, H. von Radziewski48, E. von Toerne20, V. Vorobel127, A.P. Vorobiev129,
V. Vorwerk11, M. Vos168, R. Voss29, T.T. Voss176, J.H. Vossebeld74, N. Vranjes137, M. Vranjes Milosavljevic106, V. Vrba126,
M. Vreeswijk106, T. Vu Anh48, R. Vuillermet29, I. Vukotic116, W. Wagner176, P. Wagner121, H. Wahlen176, J. Wakabayashi102,
S. Walch88, J. Walder72, R. Walker99, W. Walkowiak142, R. Wall177, P. Waller74, C. Wang44, H. Wang174, H. Wang32b,ag,
J. Wang152, J. Wang55, J.C. Wang139, R. Wang104, S.M. Wang152, T. Wang20, A. Warburton86, C.P. Ward27, M. Warsinsky48,
A. Washbrook45, C. Wasicki41, P.M. Watkins17, A.T. Watson17, I.J. Watson151, M.F. Watson17, G. Watts139, S. Watts83,
A.T. Waugh151, B.M. Waugh78, M. Weber130, M.S. Weber16, P. Weber54, A.R. Weidberg119, P. Weigell100, J. Weingarten54,
C. Weiser48, H. Wellenstein22, P.S. Wells29, T. Wenaus24, D. Wendland15, S. Wendler124, Z. Weng152,u, T. Wengler29,
S. Wenig29, N. Wermes20, M. Werner48, P. Werner29, M. Werth164, M. Wessels58a, J. Wetter162, C. Weydert55, K. Whalen28,
S.J. Wheeler-Ellis164, S.P. Whitaker21, A. White7, M.J. White87, S. White123a,123b, S.R. Whitehead119, D. Whiteson164,
D. Whittington61, F. Wicek116, D. Wicke176, F.J. Wickens130, W. Wiedenmann174, M. Wielers130, P. Wienemann20,
C. Wiglesworth76, L.A.M. Wiik-Fuchs48, P.A. Wijeratne78, A. Wildauer168, M.A. Wildt41,q, I. Wilhelm127, H.G. Wilkens29,
J.Z. Will99, E. Williams34, H.H. Williams121, W. Willis34, S. Willocq85, J.A. Wilson17, M.G. Wilson144, A. Wilson88,
I. Wingerter-Seez4, S. Winkelmann48, F. Winklmeier29, M. Wittgen144, M.W. Wolter38, H. Wolters125a,h, W.C. Wong40,
G. Wooden88, B.K. Wosiek38, J. Wotschack29, M.J. Woudstra85, K.W. Wozniak38, K. Wraight53, C. Wright53, M. Wright53,
B. Wrona74, S.L. Wu174, X. Wu49, Y. Wu32b,ah, E. Wulf34, R. Wunstorf42, B.M. Wynne45, S. Xella35, M. Xiao137, S. Xie48,
Y. Xie32a, C. Xu32b,w, D. Xu140, G. Xu32a, B. Yabsley151, S. Yacoob146b, M. Yamada66, H. Yamaguchi156, A. Yamamoto66,
K. Yamamoto64, S. Yamamoto156, T. Yamamura156, T. Yamanaka156, J. Yamaoka44, T. Yamazaki156, Y. Yamazaki67, Z. Yan21,
H. Yang88, U.K. Yang83, Y. Yang61, Y. Yang32a, Z. Yang147a,147b, S. Yanush92, Y. Yao14, Y. Yasu66, G.V. Ybeles Smit131,
J. Ye39, S. Ye24, M. Yilmaz3c, R. Yoosoofmiya124, K. Yorita172, R. Yoshida5, C. Young144, C.J. Young119, S. Youssef21,
D. Yu24, J. Yu7, J. Yu113, L. Yuan67, A. Yurkewicz107, B. Zabinski38, V.G. Zaets129, R. Zaidan63, A.M. Zaitsev129,



13

Z. Zajacova29, L. Zanello133a,133b, A. Zaytsev108, C. Zeitnitz176, M. Zeller177, M. Zeman126, A. Zemla38, C. Zendler20,
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51 (a)E.Andronikashvili Institute of Physics, Tbilisi State University, Tbilisi; (b)High Energy Physics Institute, Tbilisi State
University, Tbilisi, Georgia
52 II Physikalisches Institut, Justus-Liebig-UniversitätGiessen, Giessen, Germany
53 SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
54 II Physikalisches Institut, Georg-August-Universität,Göttingen, Germany
55 Laboratoire de Physique Subatomique et de Cosmologie, Université Joseph Fourier and CNRS/IN2P3 and Institut National
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y Also at Departamento de Fisica, Universidade de Minho, Braga, Portugal
z Also at Department of Physics and Astronomy, University of South Carolina, Columbia SC, United States of America
aa Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary
ab Also at California Institute of Technology, Pasadena CA, United States of America
ac Also at Institute of Physics, Jagiellonian University, Krakow, Poland
ad Also at LAL, Univ. Paris-Sud and CNRS/IN2P3, Orsay, France
ae Also at Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
a f Also at Department of Physics, Oxford University, Oxford, United Kingdom
ag Also at Institute of Physics, Academia Sinica, Taipei, Taiwan
ah Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
∗ Deceased


