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Search for Scalar Bottom Quark Pair Production with the ATLAS Detector

in pp Collisions at
√
s = 7 TeV

The ATLAS Collaboration

The results of a search for pair production of the scalar partners of bottom quarks in 2.05 fb−1 of
pp collisions at

√
s = 7 TeV using the ATLAS experiment are reported. Scalar bottom quarks

are searched for in events with large missing transverse momentum and two jets in the final state,
where both jets are identified as originating from a bottom quark. In an R-parity conserving minimal
supersymmetric scenario, assuming that the scalar bottom quark decays exclusively into a bottom
quark and a neutralino, 95% confidence-level upper limits are obtained in the b̃1 − χ̃0

1 mass plane
such that for neutralino masses below 60 GeV scalar bottom masses up to 390 GeV are excluded.

PACS numbers: 11.30.Pb,12.60.Jv,14.80.Ly

Supersymmetry (SUSY) [1–9] is a theory that provides
an extension of the Standard Model (SM) and naturally
resolves the hierarchy problem by introducing supersym-
metric partners of the known bosons and fermions. In
the framework of a generic R-parity conserving minimal
supersymmetric extension of the SM, the MSSM, SUSY
particles are produced in pairs and the lightest super-
symmetric particle (LSP) is stable, providing a possi-
ble candidate for dark matter. The scalar partners of
right-handed and left-handed quarks (squarks) can mix
to form two mass eigenstates. In a large variety of mod-
els, the LSP is the lightest neutralino (χ̃0

1) and the mass of
the lightest scalar bottom quark eigenstate (sbottom, b̃1)
can be significantly lower than the other squark masses.
Consequently, b̃1 could be produced with large cross sec-
tions at the Large Hadron Collider (LHC). In this Let-
ter, a search for direct sbottom pair production is pre-
sented, assuming a SUSY particle mass hierarchy such
that the sbottom decays exclusively into a b-quark and a
χ̃0
1 (b̃1 → bχ̃0

1). The expected signal is characterized by
the presence of two jets originating from the hadroniza-
tion of the b-quarks and missing transverse momentum
— its magnitude is referred to as Emiss

T in the following
— resulting from the undetected neutralinos. Results of
searches for direct sbottom production have been pre-
viously reported by the Tevatron [10, 11] and LEP [12]
experiments. The search described here extends these re-
sults using 2.05 fb−1of 7 TeV pp collision data recorded
by the ATLAS experiment at the LHC.

The ATLAS detector [13] consists of inner tracking de-
vices surrounded by a superconducting solenoid, electro-
magnetic and hadronic calorimeters, and a muon spec-
trometer with a toroidal magnetic field. The inner detec-
tor, in combination with the 2 T field from the solenoid,
provides precision tracking of charged particles for |η| <
2.5 [14]. It consists of a silicon pixel detector, a silicon
strip detector, and a straw tube tracker that also provides
transition radiation measurements for electron identifica-
tion. The calorimeter system covers the pseudorapidity

range |η| < 4.9. It is composed of sampling calorimeters
with either liquid argon (LAr) or scintillating tiles as the
active media. The muon spectrometer has separate trig-
ger and high-precision tracking chambers which provide
muon identification and measurement for |η| < 2.7.

This search uses data recorded between March and
August 2011 at the LHC. After the application of
beam, detector, and data quality requirements, the
data set corresponds to a total integrated luminosity
of 2.05±0.08 fb−1 [15, 16]. The data are selected with
a three-level trigger system that requires a high trans-
verse momentum (pT) jet and missing transverse momen-
tum [17]. Events are required to have a reconstructed
primary vertex associated with five or more tracks, con-
sistent with the beam spot position.

Jets are reconstructed offline from three-dimensional
topological calorimeter energy clusters by using the anti-
kt jet algorithm [18, 19] with a radius parameter of 0.4.
The measured jet energy is corrected for inhomogeneities
and for the non-compensating nature of the calorime-
ter by using pT- and η-dependent correction factors ([20]
and references therein). Only jet candidates with pT >
20 GeV within |η| < 2.8 are retained. During the data-
taking period, a localized electronics failure in the LAr
barrel calorimeter created an inactive region in the sec-
ond and third calorimeter layers (∆η ×∆φ ≃ 1.4× 0.2)
in which on average 30% of the incident jet energy is not
measured. If either of the two selected leading jets fall
in this region the event is rejected. The loss in signal ac-
ceptance is smaller than 10% for the models considered.

Electron candidates are required to have pT > 20 GeV,
|η| < 2.47, and satisfy the ‘medium’ selection criteria re-
ported in [21]. Muon candidates are required to have
pT > 10 GeV, |η| < 2.4 and are identified as a match
between an extrapolated inner detector track and one
or more track segments in the muon spectrometer. Ad-
ditional requirements are applied to electron and muon
candidates when defining lepton (ℓ=e, µ) control regions.
In this case, electrons must have pT > 25 GeV, pass
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the ‘tight’ selection criteria in [21] and be isolated —
the pT sum of tracks within a cone in the (η, φ) plane
of radius ∆R = 0.2 around the candidate, ΣpT, must
be less than 10% of the electron pT. Muons must have
pT > 25 GeV, longitudinal and transverse impact pa-
rameter within 1 mm and 0.2 mm of the primary vertex,
respectively, and ΣpT < 1.8 GeV. Following the object
reconstruction described above, overlaps between jet can-
didates and electrons or muons are resolved. Any jet
within a distance ∆R = 0.2 of a ‘medium’ electron can-
didate is discarded. Any remaining lepton within ∆R =
0.4 of a jet is discarded.
The calculation of Emiss

T is based on the magnitude
of the vectorial sum of the pT of the reconstructed jets
(with pT > 20 GeV and |η| < 4.5), leptons — including
non-isolated muons — and the calorimeter clusters not
belonging to reconstructed objects [22].
Events must pass basic quality criteria against detector

noise and non-collision backgrounds and are selected with
at least one jet with pT > 130 GeV and Emiss

T > 130 GeV
to ensure full trigger efficiency, and one additional jet
with pT > 50 GeV. Both jets are required to be associ-
ated to the primary interaction and to originate from a
b-quark using a tagging algorithm that exploits both im-
pact parameter and secondary vertex information. Jets
are tagged for |η| < 2.5 and the parameters of the algo-
rithm are chosen such that a tagging efficiency of 60%,
10% and <1% is achieved for b-jets, c-jets, and light fla-
vor or gluon jets, respectively, in tt̄ events in Monte Carlo
(MC) simulation [23]. Events with identified electron or
muon candidates or additional jets with pT > 50 GeV
are vetoed to exploit the topology of the addressed sig-
nal. The multijet background contribution with large
Emiss

T , due to the mismeasurement of the jet energies
in the calorimeters or to neutrino production in heavy
quark decays, is suppressed by requiring the smallest az-
imuthal separation between the Emiss

T direction and any
of the two leading jets, ∆φmin, to be above 0.4. If a
third jet with 30 < pT < 50 GeV is found in the event,
its azimuthal separation with the Emiss

T must be above
0.2, where jets with pT below 30 GeV are not used due
to the large expected contribution from multiple interac-
tions. In addition, the ratio of Emiss

T to the scalar sum
of Emiss

T and the transverse momenta of the two leading
jets is required to be above 0.25.
A selection based on the boost-corrected contransverse

mass [24], mCT, is employed to further discriminate sbot-
tom pair production from SM background processes. For
two identical decays of heavy particles into two visible
particles v1 and v2, and into invisible particles, the con-
transverse mass [25] is defined as ([ET(v1) + ET(v2)]

2 −
[pT(v1)− pT(v2)]

2
)1/2. The boost-corrected contrans-

verse mass conservatively corrects to account for boosts
in the transverse plane due to initial state radiation
and hence protects the expected endpoint in the distri-
bution. In the case of sbottom pair production with

b̃1 → bχ̃0
1, mCT is expected to have an endpoint at

(m(b̃1)
2 − m(χ̃0

1)
2)/m(b̃1). To maximize the sensitiv-

ity across the b̃1 − χ̃0
1 mass plane, three signal regions

(SR) are defined as a function of the mCT threshold,
with mCT > 100, 150 and 200 GeV.

Simulated event samples are used to aid in the de-
scription of the background and to model the SUSY sig-
nal. Top quark pair and single top production are sim-
ulated with MC@NLO [26], fixing the top quark mass at
172.5 GeV, and the next-to-leading-order (NLO) par-
ton density function (PDF) set CTEQ6.6 [27]. Sam-
ples of W+jets, Z+jets with light and heavy flavor jets,
and tt̄ with additional b-jets, tt̄bb̄, are generated with
ALPGEN [28] and PDF set CTEQ6L1 [29]. The fragmenta-
tion and hadronization for the ALPGEN and MC@NLO sam-
ples are performed with HERWIG [30], using JIMMY [31]
for the underlying event. Samples of Ztt̄ and Wtt̄ are
generated with MADGRAPH [32] interfaced to PYTHIA [33].
Diboson (WW , WZ, ZZ) samples are generated with
HERWIG. All background cross sections are normalised to
the results of higher order calculations [34]. The signal
samples are generated in the MSSM framework at fixed
b̃1 and χ̃0

1 masses, with BR(b̃1 → bχ̃0
1)=100%, using the

HERWIG++ [30] v2.4.2 Monte Carlo program. The SUSY
sample yields are normalized to the results of NLO cal-
culations, as obtained using the PROSPINO [35] v2.1 pro-
gram. The CTEQ6.6M [36] parameterization of the PDFs
is used and the renormalization and factorization scales,
µR,F = µ, are set to the sbottom mass. NLO cross sec-
tions vary between 12 pb and 0.05 pb for sbottom masses
in the range 200-500 GeV. The MC samples are produced
using parameters tuned as described in [37, 38] and are
processed through a detector simulation [39] based on
GEANT4 [40]. Effects of multiple proton-proton interac-
tions per bunch crossing are included in the simulation.

The signal efficiencies vary across the b̃1-χ̃
0
1 mass plane.

As an example, for the SR with mCT > 150 GeV the ef-
ficiencies are found to be between 1% and 6% as the
sbottom mass increases from 200 GeV to 500 GeV, and
between 6% and 2% as ∆m = m

b̃
1

−m
χ̃0

1

decreases. The

sensitivity for ∆m below 130 GeV is limited by the selec-
tion in mCT and the trigger-driven requirements on the
leading jet pT and Emiss

T .

The main SM processes contributing to the back-
ground are top quark pair and single top production as
well as associated production of W/Z bosons with heavy
flavor jets — referred to as Z+hf andW+hf, respectively.
In particular, the signal region with mCT> 100 GeV is
dominated by semi-leptonic tt̄ events as a consequence
of the mCT endpoint at 135 GeV in top pair produc-
tion, whilst the signal regions with mCT> 150, 200 GeV
are dominated by the irreducible Z+hf production with
Z → νν decay, followed by W+hf production with
W → τν. Contributions from multijet, diboson and as-
sociated production of tt̄ with W, Z or additional b-jets



3

are sub-dominant. Non-collision backgrounds were found
to be negligible.

The estimation of the main background processes is
carried out by defining data control regions where each
background component is dominant. The background
estimate in each SR is derived through ‘transfer factors’
equivalent to the ratio of expected event yields in the sig-
nal and control regions estimated using the MC. The con-
tributions from top and W+hf production are estimated
using a transfer factor from a control region where events
have exactly one electron or muon, Emiss

T > 80 GeV, and
at least two b-jets with pT > 130 GeV and 50 GeV. The
transverse mass of the (ℓ, Emiss

T ) system is required to be
between 40 GeV and 100 GeV to select events containing
W → ℓν. The contribution to this control region from
other SM processes accounts for less than 10% of the total
and is estimated from simulation. The Z+hf contribu-
tion is estimated using a transfer factor from a control
region where events have two opposite-sign same-flavor
leptons (ℓ+ℓ−), at least two b-jets with pT > 80 GeV
and 50 GeV, and invariant mass of the two leptons mℓℓ

between 81 GeV and 101 GeV (Z-mass interval). In ad-
dition, the transverse momentum of the (ℓ+, ℓ−, Emiss

T )
system is required to be greater than 50 GeV. The contri-
bution from top quark production in this control region
accounts for about 50% of the total and is subtracted
using a side-band estimate in two 40 GeV mass windows
above and below the Z-mass interval.

The sub-dominant background contribution from di-
bosons, Ztt̄, Wtt̄ and tt̄bb̄ is estimated using MC simula-
tion and increases from 1% to 10% of the total SM predic-
tion as the selection cut on mCT increases from 100 GeV
to 200 GeV. Finally, the residual multijet background is
estimated using data. A sample of multijet events with
large Emiss

T is constructed starting from multijet events
with low Emiss

T and smearing the momenta of jets with
response functions. This prediction is tuned in a multi-
jet dominated control region where the requirement on
∆φmin is inverted [41]. The contribution is found to be
less than 5% across the SRs.

The total systematic uncertainty on the background
expectations varies from 21% to 44%, increasing with the
mCT selection applied, and is dominated by the uncer-
tainty due to finite data statistics in the control regions.
The next dominant uncertainty on the SM estimates de-
rives from the residual uncertainties on the theoretical
modeling of the top background. It varies between 10%
and 15% depending on the SR and is evaluated using ad-
ditional MC samples: ACERMC [42], [43] for the impact of
initial and final state radiation, PYTHIA and POWHEG [44]
for choice of fragmentation model and generator. The
residual uncertainties on the W+hf and Z+hf theoreti-
cal modeling account for less than 5% of the total un-
certainty. Finally, the experimental uncertainties on the
b-tagging efficiency and jet energy scale and resolution
are also considered; across the SRs they vary between

5% and 8% and between 6% and 9%, respectively.
For the SUSY signal processes, uncertainties on renor-

malization and factorization scales and on the PDF affect
the theoretical cross section. PDF uncertainties are es-
timated using the CTEQ6.6M PDF error eigenvector set
and are between 7% and 16% depending on the sbottom
mass. The variation of renormalization and factorization
scales by a factor of two changes the nominal signal cross
section, σnom, by±15%, independently ofm

b̃
1

. In the fol-

lowing, the cross sections calculated with scale settings
2×µ and µ/2 are referred to as σmin and σmax, respec-
tively. The impact of detector-related uncertainties, such
as the jet energy scale and b-tagging, on the signal event
yields varies between 35% and 45% and is dominated by
the uncertainties on the b-tagging efficiency.
Table I reports the observed number of events and the

SM predictions before the mCT selection and for each
SR. Both transfer factor and MC estimates are given.
The data are in good agreement with the SM background
expectations within uncertainties in all cases. Figure 1
shows the measured mCT and Emiss

T distributions before
mCT selection compared to the SM predictions. MC esti-
mates are used, rescaled to match the total integral and
systematic uncertainties predicted by the transfer fac-
tor estimates for Z+hf and the sum of top and W+hf,
respectively. For illustrative purposes, the distributions
expected for the MSSM scenario with sbottom and neu-
tralino masses of 300 GeV and 100 GeV, respectively,
are added to the SM predictions. The results are trans-

mCT top, W+hf Z+hf Others Total SM Data

GeV TF TF MC+JS

(MC) (MC)

0 67 ± 10 23 ± 8
3.6 ± 1.5

94 ± 16 96

(60 ± 25) (16 ± 9) (80 ± 35)

100 36 ± 10 23 ± 9
3.1 ± 1.6

62 ± 13 56

(34 ± 16) (12 ± 7) (49 ± 25)

150 12 ± 5 12 ± 6
2.7 ± 0.9

27 ± 8 28

(13 ± 8) (8.3 ± 4.7) (24 ± 13)

200 3.2 ± 1.6 3.9 ± 3.2
1.0 ± 0.9

8.1 ± 3.5 10

(4.1 ± 3.4) (2.8 ± 1.5) (8.0 ± 4.9)

TABLE I: Expected and measured number of events for an
integrated luminosity of 2.05 fb−1. Z+hf and the sum of
top and W+hf are estimated using a transfer factor esti-
mate (TF). The column labelled as ‘Others’ reports multijet
background predictions as estimated with a jet smearing (JS)
method, and sub-dominant SM backgrounds estimated from
MC. For comparison the numbers obtained using MC samples
are shown in parenthesis. The total systematic uncertainties
are also reported.

lated into 95% confidence-level (C.L.) upper limits on
contributions from new physics using the CLs prescrip-
tion [45]. The SR with the best expected sensitivity at
each point in parameter space is adopted as the nominal
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FIG. 2: Expected and observed exclusion limits, as well as
±1σ variation on the expected limit, in the b̃1 − χ̃0

1 mass
plane. The band around the observed limit delimited by the
two dashed lines shows the effect of renormalization and fac-
torization scale variation. The reference point indicated on
the plane corresponds to the MSSM scenario with sbottom
and neutralino masses of 300 GeV and 100 GeV, respectively.
Results are compared to previous exclusion limits from Teva-
tron experiments. Results from LEP cover the region with
sbottom mass below 100 GeV.

result. Figure 2 shows the observed and expected exclu-
sion limits at 95% C.L. in the b̃1 − χ̃0

1 mass plane, as-
suming BR(b̃1 → bχ̃0

1)=100%. Systematic uncertainties
are treated as nuisance parameters and their correlations
are taken into account. For the MSSM scenarios consid-
ered, the upper limit at 95% C.L. on the sbottom masses
obtained in the most conservative hypothesis, σmin, is
390 GeV for m

χ̃0

1

= 0. The limit becomes 405 GeV for

σnom and 420 GeV for σmax. Neutralino masses of 120
GeV are excluded for 275 < mb̃

1

< 350 GeV. The three

signal regions are used to set limits on the effective cross
section of new physics models, σeff , including the effects

of experimental acceptance and efficiency. The observed
(expected) excluded values of σeff at 95% C.L. are 13.4 fb,
9.6 fb and 5.6 fb (15.2 fb, 9.2 fb and 4.7 fb), respectively
for mCT>100, 150, 200 GeV.

In summary, we report results of a search for sbottom
pair production in pp collisions at

√
s = 7 TeV, based

on 2.05 fb−1 of ATLAS data. The events are selected
with large Emiss

T and two jets consistent with originating
from b-quarks in the final state. The results are in agree-
ment with SM predictions for backgrounds and translate
into 95% C.L. upper limits on sbottom and neutralino
masses in a given MSSM scenario for which the exclusive
decay b̃1 → bχ̃0

1 is assumed. For neutralino masses below
60 GeV, sbottom masses up to 390 GeV are excluded,
significantly extending previous results.

ACKNOWLEDGEMENTS

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

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF, Austria;
ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP,
Brazil; NSERC, NRC and CFI, Canada; CERN; CON-
ICYT, Chile; CAS, MOST and NSFC, China; COL-
CIENCIAS, Colombia; MSMT CR, MPO CR and VSC
CR, Czech Republic; DNRF, DNSRC and Lundbeck
Foundation, Denmark; ARTEMIS, European Union;
IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Geor-
gia; BMBF, DFG, HGF, MPG and AvH Foundation,
Germany; GSRT, Greece; ISF, MINERVA, GIF, DIP and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; FOM and NWO, Netherlands;
RCN, Norway; MNiSW, Poland; GRICES and FCT,
Portugal; MERYS (MECTS), Romania; MES of Rus-
sia and ROSATOM, Russian Federation; JINR; MSTD,
Serbia; MSSR, Slovakia; ARRS and MVZT, Slovenia;
DST/NRF, South Africa; MICINN, Spain; SRC and
Wallenberg Foundation, Sweden; SER, SNSF and Can-
tons of Bern and Geneva, Switzerland; NSC, Taiwan;
TAEK, Turkey; STFC, the Royal Society and Lever-
hulme Trust, United Kingdom; DOE and NSF, United
States of America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from
CERN and 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 (Tai-
wan), RAL (UK) and BNL (USA) and in the Tier-2 fa-
cilities worldwide.



5

[1] Y. Golfand and E. Likhtman, JETP Lett. 13, 323 (1971).
[2] A. Neveu and J. Schwarz, Nucl. Phys. B31, 86 (1971).
[3] A. Neveu and J. Schwarz, Phys. Rev. D4, 1109 (1971).
[4] P. Ramond, Phys. Rev. D3, 2415 (1971).
[5] D. Volkov and V. Akulov, Phys. Lett. B46, 109 (1973).
[6] J. Wess and B. Zumino, Phys. Lett. B49, 52 (1974).
[7] J. Wess and B. Zumino, Nucl. Phys. B70, 39 (1974).
[8] P. Fayet, Phys. Lett. B69, 489 (1977).
[9] G. R. Farrar and P. Fayet, Phys. Lett. B76, 575 (1978).

[10] CDF Collaboration, Phys. Rev. Lett. 105, 081802 (2010).
[11] D0 Collaboration, Phys. Lett. B693, 95 (2010).
[12] LEP SUSY Working Group (ALEPH, DELPHI, L3,

OPAL), Notes LEPSUSYWG/01-03.1 and 04-02.1,
http://lepsusy.web.cern.ch/lepsusy/Welcome.html.

[13] ATLAS Collaboration, JINST 3, S08003 (2008).
[14] ATLAS uses a right-handed coordinate system with its

origin at the nominal interaction point (IP) in the center
of the detector and the z-axis coinciding with the axis
of the beam pipe. The x-axis points from the IP to the
center of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, φ) are used in the transverse
plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle
θ as η = − ln tan(θ/2).

[15] ATLAS Collaboration, Eur. Phys. J. C71, 1630 (2011).
[16] ATLAS Collaboration, ATLAS-CONF-2011-116.

http://cdsweb.cern.ch/record/1376384 (2011).
[17] ATLAS Collaboration, Eur. Phys. J. C72, 1849 (2012).
[18] M. Cacciari, G. Salam, and G. Soyez, JHEP 04, 063

(2008).
[19] M. Cacciari and G. Salam,

Phys. Lett. B 641, 57 (2006).
[20] ATLAS Collaboration, arXiv:1112.6426 [hep-ex] (2011).

Submitted to Eur. Phys. J. C.
[21] ATLAS Collaboration, arXiv:1110.3174 [hep-ex] (2011).

Submitted to Eur. Phys. J. C.
[22] ATLAS Collaboration, Eur. Phys. J. C72, 1844 (2012).
[23] ATLAS Collaboration, ATLAS-CONF-2011-102.

http://cdsweb.cern.ch/record/1369219 (2011).
[24] G. Polesello and D. Tovey, JHEP 03, 030 (2010).
[25] D. Tovey, JHEP 04, 034 (2008).
[26] S. Frixione and B. Webber, hep-ph/0601192 (2006).
[27] P. Nadolsky et al., Phys. Rev. D78, 013004 (2008).
[28] M. Mangano et al., JHEP 07, 001 (2003).
[29] J. Pumplin et al., JHEP 07, 012 (2002).
[30] G. Corcella et al., JHEP 01, 010 (2001).
[31] J. Butterworth, J. R. Forshaw, and M. Seymour,

Z. Phys. C72, 637 (1996).
[32] J. Alwall et al., JHEP 06, 128 (2011).
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M. Boehler41, J. Boek173, N. Boelaert35, S. Böser76, J.A. Bogaerts29, A. Bogdanchikov106, A. Bogouch89,∗,
C. Bohm145a, V. Boisvert75, T. Bold37, V. Boldea25a, N.M. Bolnet135, M. Bona74, V.G. Bondarenko95,
M. Bondioli162, M. Boonekamp135, G. Boorman75, C.N. Booth138, S. Bordoni77, C. Borer16, A. Borisov127,
G. Borissov70, I. Borjanovic12a, S. Borroni86, K. Bos104, D. Boscherini19a, M. Bosman11, H. Boterenbrood104,
D. Botterill128, J. Bouchami92, J. Boudreau122, E.V. Bouhova-Thacker70, D. Boumediene33, C. Bourdarios114,
N. Bousson82, A. Boveia30, J. Boyd29, I.R. Boyko64, N.I. Bozhko127, I. Bozovic-Jelisavcic12b, J. Bracinik17,
A. Braem29, P. Branchini133a, G.W. Brandenburg57, A. Brandt7, G. Brandt117, O. Brandt54, U. Bratzler155,
B. Brau83, J.E. Brau113, H.M. Braun173, B. Brelier157, J. Bremer29, R. Brenner165, S. Bressler170, D. Breton114,
D. Britton53, F.M. Brochu27, I. Brock20, R. Brock87, T.J. Brodbeck70, E. Brodet152, F. Broggi88a, C. Bromberg87,
J. Bronner98, G. Brooijmans34, W.K. Brooks31b, G. Brown81, H. Brown7, P.A. Bruckman de Renstrom38,
D. Bruncko143b, R. Bruneliere48, S. Brunet60, A. Bruni19a, G. Bruni19a, M. Bruschi19a, T. Buanes13, Q. Buat55,
F. Bucci49, J. Buchanan117, N.J. Buchanan2, P. Buchholz140, R.M. Buckingham117, A.G. Buckley45, S.I. Buda25a,
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G. Morello36a,36b, D. Moreno80, M. Moreno Llácer166, P. Morettini50a, M. Morii57, J. Morin74, A.K. Morley29,
G. Mornacchi29, S.V. Morozov95, J.D. Morris74, L. Morvaj100, H.G. Moser98, M. Mosidze51b, J. Moss108,
R. Mount142, E. Mountricha9,w, S.V. Mouraviev93, E.J.W. Moyse83, M. Mudrinic12b, F. Mueller58a, J. Mueller122,
K. Mueller20, T.A. Müller97, T. Mueller80, D. Muenstermann29, A. Muir167, Y. Munwes152, W.J. Murray128,
I. Mussche104, E. Musto101a,101b, A.G. Myagkov127, M. Myska124, J. Nadal11, K. Nagai159, K. Nagano65,
Y. Nagasaka59, M. Nagel98, A.M. Nairz29, Y. Nakahama29, K. Nakamura154, T. Nakamura154, I. Nakano109,
G. Nanava20, A. Napier160, R. Narayan58b, M. Nash76,c, N.R. Nation21, T. Nattermann20, T. Naumann41,
G. Navarro161, H.A. Neal86, E. Nebot79, P.Yu. Nechaeva93, A. Negri118a,118b, G. Negri29, S. Nektarijevic49,
A. Nelson162, S. Nelson142, T.K. Nelson142, S. Nemecek124, P. Nemethy107, A.A. Nepomuceno23a, M. Nessi29,x,
M.S. Neubauer164, A. Neusiedl80, R.M. Neves107, P. Nevski24, P.R. Newman17, V. Nguyen Thi Hong135,
R.B. Nickerson117, R. Nicolaidou135, L. Nicolas138, B. Nicquevert29, F. Niedercorn114, J. Nielsen136, T. Niinikoski29,
N. Nikiforou34, A. Nikiforov15, V. Nikolaenko127, K. Nikolaev64, I. Nikolic-Audit77, K. Nikolics49, K. Nikolopoulos24,



11

H. Nilsen48, P. Nilsson7, Y. Ninomiya 154, A. Nisati131a, T. Nishiyama66, R. Nisius98, L. Nodulman5,
M. Nomachi115, I. Nomidis153, M. Nordberg29, B. Nordkvist145a,145b, P.R. Norton128, J. Novakova125, M. Nozaki65,
L. Nozka112, I.M. Nugent158a, A.-E. Nuncio-Quiroz20, G. Nunes Hanninger85, T. Nunnemann97, E. Nurse76,
T. Nyman29, B.J. O’Brien45, S.W. O’Neale17,∗, D.C. O’Neil141, V. O’Shea53, L.B. Oakes97, F.G. Oakham28,d,
H. Oberlack98, J. Ocariz77, A. Ochi66, S. Oda154, S. Odaka65, J. Odier82, H. Ogren60, A. Oh81, S.H. Oh44,
C.C. Ohm145a,145b, T. Ohshima100, H. Ohshita139, S. Okada66, H. Okawa162, Y. Okumura100, T. Okuyama154,
A. Olariu25a, M. Olcese50a, A.G. Olchevski64, M. Oliveira123a,h, D. Oliveira Damazio24, E. Oliver Garcia166,
D. Olivito119, A. Olszewski38, J. Olszowska38, C. Omachi66, A. Onofre123a,y, P.U.E. Onyisi30, C.J. Oram158a,
M.J. Oreglia30, Y. Oren152, D. Orestano133a,133b, I. Orlov106, C. Oropeza Barrera53, R.S. Orr157, B. Osculati50a,50b,
R. Ospanov119, C. Osuna11, G. Otero y Garzon26, J.P. Ottersbach104, M. Ouchrif134d, E.A. Ouellette168,
F. Ould-Saada116, A. Ouraou135, Q. Ouyang32a, A. Ovcharova14, M. Owen81, S. Owen138, V.E. Ozcan18a,
N. Ozturk7, A. Pacheco Pages11, C. Padilla Aranda11, S. Pagan Griso14, E. Paganis138, F. Paige24, P. Pais83,
K. Pajchel116, G. Palacino158b, C.P. Paleari6, S. Palestini29, D. Pallin33, A. Palma123a, J.D. Palmer17, Y.B. Pan171,
E. Panagiotopoulou9, B. Panes31a, N. Panikashvili86, S. Panitkin24, D. Pantea25a, M. Panuskova124, V. Paolone122,
A. Papadelis145a, Th.D. Papadopoulou9, A. Paramonov5, W. Park24,z, M.A. Parker27, F. Parodi50a,50b,
J.A. Parsons34, U. Parzefall48, E. Pasqualucci131a, S. Passaggio50a, A. Passeri133a, F. Pastore133a,133b, Fr. Pastore75,
G. Pásztor 49,aa, S. Pataraia173, N. Patel149, J.R. Pater81, S. Patricelli101a,101b, T. Pauly29, M. Pecsy143a,
M.I. Pedraza Morales171, S.V. Peleganchuk106, H. Peng32b, R. Pengo29, A. Penson34, J. Penwell60, M. Perantoni23a,
K. Perez34,ab, T. Perez Cavalcanti41, E. Perez Codina11, M.T. Pérez Garćıa-Estañ166, V. Perez Reale34,
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112 Palacký University, RCPTM, Olomouc, Czech Republic
113 Center for High Energy Physics, University of Oregon, Eugene OR, United States of America
114 LAL, Univ. Paris-Sud and CNRS/IN2P3, Orsay, France
115 Graduate School of Science, Osaka University, Osaka, Japan
116 Department of Physics, University of Oslo, Oslo, Norway
117 Department of Physics, Oxford University, Oxford, United Kingdom
118 (a)INFN Sezione di Pavia; (b)Dipartimento di Fisica, Università di Pavia, Pavia, Italy
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