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0.002 ± 0.006(stat) ± 0.004(syst) for Λ̄. It is also measured as a function of xF and pT, but no significant
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target experiments with center-of-mass energies up to about 40 GeV. The ATLAS results are compatible with
the extrapolation of a fit from previous measurements to the xF range covered by this measurement.
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Measurement of the transverse polarization of Λ and Λ̄ hyperons produced in
proton–proton collisions at

√
s = 7 TeV using the ATLAS detector

The ATLAS Collaboration
(Dated: February 24, 2015)

The transverse polarization of Λ and Λ̄ hyperons produced in proton–proton collisions at a center-
of-mass energy of 7 TeV is measured. The analysis uses 760 µb−1 of minimum bias data collected by
the ATLAS detector at the LHC in the year 2010. The measured transverse polarization averaged
over Feynman xF from 5 × 10−5 to 0.01 and transverse momentum pT from 0.8 to 15 GeV is
−0.010 ± 0.005(stat) ± 0.004(syst) for Λ and 0.002 ± 0.006(stat) ± 0.004(syst) for Λ̄. It is also
measured as a function of xF and pT, but no significant dependence on these variables is observed.
Prior to this measurement, the polarization was measured at fixed-target experiments with center-
of-mass energies up to about 40 GeV. The ATLAS results are compatible with the extrapolation of
a fit from previous measurements to the xF range covered by this measurement.

PACS numbers: 13.85.Ni, 13.88.+e, 14.20.Jn

I. INTRODUCTION

The transverse polarization of Λ and Λ̄ hyperons is
measured using proton–proton collisions at a center-of-
mass energy of 7 TeV, using the data collected by the
ATLAS experiment at the Large Hadron Collider (LHC).
The Λ hyperons are spin-1/2 particles and their polariza-

tion is characterized by a polarization vector ~P . Its com-
ponent, P , transverse to the Λ momentum is of interest
since for hyperons produced via the strong interaction
parity conservation requires that the parallel component
is zero. Following the definition used by previous proton–
proton and proton–nucleon fixed-target experiments [1–
5] and an experiment at the CERN Intersecting Storage
Rings (ISR) [6], the polarization is measured in the di-
rection normal to the production plane of the Λ hyperon:

~n = p̂beam × ~p,

where p̂beam is aligned with the direction of the proton
beam and ~p is the Λ momentum.

The polarization is measured as a function of the Λ
transverse momentum with respect to the beam axis,
pT, and the Feynman-x variable xF defined as xF =
pz/pbeam, where pz is the z-component of the Λ momen-
tum and pbeam = 3.5 TeV is the proton beam momentum.
ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the cen-
ter of the detector and the z-axis along the beam pipe.
The x-axis points from the IP to the center of the LHC
ring, and the y-axis points upward. Cylindrical coor-
dinates (r, φ) are used in the transverse plane, φ being
the azimuthal angle around the beam pipe. The pseu-
dorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2). Since the LHC collides proton–proton
beams, the orientation of the p̂beam direction is arbitrary,
which implies the following symmetry of the transverse
polarization:

P (−xF) = −P (xF). (1)

In this analysis, the unit vector p̂beam is chosen to point in

the direction of the z-axis of the ATLAS coordinate sys-
tem for the Λ and Λ̄ hyperons with positive rapidity and
in the opposite direction otherwise. For consistency, xF

is treated as positive in both hemispheres. Equation (1)
implies that the polarization for xF = 0 is zero.

The decays Λ → pπ− and Λ̄ → p̄π+ are used to mea-
sure the polarization of Λ and Λ̄. In the rest frame of the
mother particle, the angle θ∗ between the decay proton
(anti-proton) and the direction ~n follows the probability
distribution:

g(t;P ) =
1

2
(1 + αPt) , (2)

where t ≡ cos θ∗, α = 0.642± 0.013 is the world average
value of the parity-violating decay asymmetry for the Λ
[7, 8]. Assuming CP conservation, the value of α for the
Λ̄ decay is of the same magnitude as for the Λ with an
opposite sign.

Large polarization of Λ hyperons (up to 30%) was ob-
served in inclusive proton–proton and proton–nucleon
collisions by previous experiments [1–6]. These results
are inconsistent with perturbative QCD (pQCD) calcu-
lations [9] that predict much smaller polarization values.
On the other hand, the Λ̄ polarization was measured to
be consistent with zero by all previous experiments [1–6].
Many models [10] have been proposed to explain the ori-
gin of hyperon polarization; however, while some models
have been successful in explaining the behavior of one
member of the hyperon family, no model has been suc-
cessful in explaining the behavior of all.

The ATLAS measurement covers a different range in
xF and is for a different center-of-mass energy than the
previous results. The center-of-mass energy for this mea-
surement is 7 TeV compared to about 40 GeV of the
fixed-target experiments [1–5] and 62 GeV at the ISR
collider [6]. The xF coverage of the experiments is differ-
ent due to the different geometrical acceptances: while
the fixed-target experiments covered an |xF| region of
roughly 0.01–0.6, in this analysis Λ hyperons are recon-
structed with xF ranging from zero to about 0.01. Fur-
thermore, since most of hyperons are produced at low
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|xF|, in the current data sample enough events are col-
lected only up to |xF| ≈ 0.002.

The previous experiments have observed some common
features of the Λ polarization:

• the magnitude of the Λ polarization increases with
pT until it saturates at about 1 GeV;

• the magnitude of the Λ polarization decreases with
decreasing |xF|;

• the Λ polarization does not depend strongly on the
center-of-mass energy, tested up to

√
s ≈ 40 GeV.

Although no successful model of Λ polarization exists
to date, one can extrapolate the results of the previous
experiments into the xF range covered by this analysis
assuming no dependence on collision energy (using e.g.
the fit to data in Ref. [2]). Such an extrapolation suggests
that a vanishingly small polarization should be seen for
small xF at the LHC.

II. THE ATLAS EXPERIMENT

ATLAS [11] is a general-purpose detector that covers a
large fraction of the solid angle around the IP with layers
of tracking detectors, calorimeters, and muon chambers.
This measurement makes use of the innermost subsystem
called the inner detector (ID). The ID, which serves as a
tracking detector, is situated in a magnetic field of about
2 T generated by a superconducting solenoid. Charged-
particle tracks are reconstructed with pT > 50 MeV and
in the pseudorapidity range of |η| < 2.5. The ID consists
of two types of silicon detectors (pixel and microstrip)
and a gas-filled detector with a transition radiation de-
tection capability, called the transition radiation tracker
(TRT). The ID forms a cylinder 7 m long with a diame-
ter of 2.3 m. Pixel detectors form three cylindrical layers
surrounding the IP and three disks on each side of the
detector. Microstrip detectors are arranged in four cylin-
drical layers (with each module consisting of two silicon
wafers) and nine disks in each of the forward regions.
The silicon detectors extend to a distance of 50 cm from
the beam axis. The TRT consists of multiple layers of
gas-filled straw tubes oriented parallel to the beam in
the central region and perpendicularly in the forward re-
gions. Typically, three pixel layers and eight microstrip
layers (providing four space points) are crossed by each
track originating at the collision point. A large number
of tracking points (typically 36 per track) are provided
by the TRT.

Events are selected for collection using the minimum
bias trigger scintillators (MBTS) [12] located between the
ID and the calorimeters on both sides of the detector.
Each of the scintillators is divided into two rings in pseu-
dorapidity (2.09 < |η| < 2.82 and 2.82 < |η| < 3.84)
and eight sectors in φ. The MBTS trigger selects non-
diffractive and diffractive inelastic collision events by de-
tecting forward particle activity in the event.

III. DATA SAMPLES AND EVENT SELECTION

A. Experimental data

This study uses data collected at the beginning of the
year 2010 since they have on average only about 1.07 in-
elastic proton–proton collisions per bunch-crossing and
tracks are reconstructed with a lower pT threshold than
used in later runs. The integrated luminosity of the
dataset is 760 µb−1. Events must pass the trigger selec-
tion requiring at least one hit in either of the two MBTS
sides. This trigger has nearly 100% efficiency for events
with more than three tracks [12]. Events containing at
least one reconstructed collision vertex built from at least
three tracks are further analyzed. If there is more than
one collision vertex in the event, the one with the largest
sum of track p2

T is used as the primary vertex (PV).
Long-lived two-prong decay candidates (V 0) are recon-

structed by refitting pairs of oppositely charged tracks
with a common secondary vertex constraint. The in-
variant mass of the V 0 candidate is calculated using the
hypotheses Λ → pπ−, Λ̄ → p̄π+, K0

S → π+π−, and
γ → e+e− by assigning the mass of the proton, pion,
or electron to tracks. Since ATLAS has limited capabil-
ity to identify protons and pions in the pT range relevant
to this analysis, the invariant mass is the main criterion
to distinguish between different V 0 decays.

The Λ decay vertex is required to lie within the vol-
ume enclosed by the last layer of the silicon tracking de-
tectors, which restricts the transverse decay distance of
Λ to about 45 cm. Hyperons that decay outside of this
volume (about 15%) are not reconstructed.

B. Monte Carlo simulation

Monte Carlo (MC) simulation is used to estimate ef-
fects of the detector efficiency and resolution. A sample
of 20 million minimum bias events was generated with
Pythia 6.421 [13] using the ATLAS minimum bias tune
(AMBT1) [14] and MRST2007LO∗ parton distribution
functions [15]. In addition, 70 million simulated single-
Λ events are combined with the minimum bias sample.
The Geant4 package [16] is used to simulate the prop-
agation of generated particles through the detector [17].
Geant4 also handles decays of long-lived unstable par-
ticles, such as pions, kaons, and Λ hyperons. It decays
Λ and Λ̄ hyperons with a uniform angular distribution,
which corresponds to zero polarization. The samples are
reconstructed using software with a configuration con-
sistent with the one used for the data. Differences be-
tween the reconstruction performance for Λ and Λ̄ in the
minimum bias and single-Λ MC samples are found to be
negligible.

The main differences between Λ and Λ̄ hyperons are in
their production cross sections and in the interaction of
the decay proton and anti-proton with the detector ma-
terial. However, the predicted distributions of the decay
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angle are consistent between these samples. Therefore,
the simulated samples of Λ and Λ̄ are combined.

C. Signal selection

The simulated sample is used to optimize the selection
requirements employed to separate samples of Λ and Λ̄
decays from background. Two types of background are
considered. The combinatorial background consists of
random combinations of oppositely charged tracks, usu-
ally originating at the PV, that mimic a Λ decay. The
physics background consists of K0

S decays and γ → e+e−

conversions that are misidentified as Λ.

Three main sets of selection criteria are used to address
these backgrounds. The first type is aimed at selecting
candidates that are reconstructed with good quality by
requiring a vertex fit probability greater than 0.05. The
second category includes requirements on the Λ trans-
verse decay distance significance (Lxy/σLxy > 15) and Λ
impact parameter significance (a0/σa0 < 3). The trans-
verse decay distance Lxy is defined as a projection of
the vector connecting the primary and secondary ver-
tices onto the Λ direction, where only xy vector compo-
nents are taken into account. The Λ impact parameter
a0 is defined as a shortest distance (in three dimensions)
between the PV and the line aligned with the Λ momen-
tum. Uncertainties of Lxy and a0 are denoted σLxy

and
σa0 , respectively. These two requirements suppress com-
binatorial backgrounds due to particles originating at the
PV and secondary interactions with the detector mate-
rial. The third type of selection criteria aims to reduce
physics background by removing candidate vertices in the
K0
S invariant mass window (480 < mππ < 515 MeV) and

photon conversion candidates (mee < 75 MeV).

The fiducial phase space for the Λ (Λ̄) candidates is de-
fined by the following requirements: 0.8 < pT < 15 GeV,
5 × 10−5 < xF < 0.01, and |η| < 2.5. The majority of
reconstructed candidates (90%) falls into these intervals.
The lower bound of the xF range is chosen to remove
candidates whose rapidity sign can be mis-measured due
to detector resolution.

Furthermore, only candidates with an invariant mass
in the range 1100 < mpπ < 1135 MeV are analyzed. The
signal region is defined as 1105 < mpπ < 1127 MeV and
the ranges 1100 < mpπ < 1105 MeV and 1127 < mpπ <
1135 MeV are referred to as sidebands.

With these selection criteria, 423 498 Λ and 378 237 Λ̄
candidates are selected in the full mass range in data.
The difference between the two numbers is caused by
different production cross sections for Λ and Λ̄ (which
is less than 5% [18]), different absorption cross sections
with the detector material, and differences in the recon-
struction efficiencies at low pT. The average pT of the
selected candidates is 1.91 GeV and the average xF is
0.001. No candidate is successfully selected under both
the Λ and Λ̄ hypotheses.

D. Weighting of simulated samples

The simulated samples are adjusted by event weighting
to improve agreement with data (kinematic weight) and
to allow assignment of different polarizations to the Λ
hyperons (polarization weight).

The kinematic weight is expressed as a function of pT

and η of the Λ hyperons and the longitudinal position
of the PV, zPV. It is calculated as a ratio of data to
MC distributions. Since pT and η are correlated, a two-
dimensional weight histogram w(pT, η) is used. A single-
variable weight histogram w(zPV) is used to correct the
PV position. The final kinematic weight is expressed as
a product, w(pT, η, zPV) = w(pT, η)w(zPV). Both data
and MC histograms are constructed using events in the
signal region. For the data, distributions of events in
the sidebands are subtracted from the signal region to
approximate signal-only distributions. The signal frac-
tion used for the background subtraction is determined
in the mass fit described in Sec. V. To regularize the
weight function, values are linearly interpolated between
the bin centers of the weight histograms. In data, the Λ
and Λ̄ samples are kept separate. Therefore, the kine-
matic weights are computed separately for the observed
Λ and Λ̄ distributions. Data and weighted MC-event
distributions of pT, η, rapidity, and transverse decay dis-
tance of the hyperons were compared to ensure that the
corrected samples describe the data well. In addition,
distributions of the number of hits in the silicon detec-
tors and the transverse momenta of the vertex-refitted
final-state tracks were also compared between data and
simulation and found to be in agreement.

Since the original MC sample is unpolarized, an event
weight of

wP (t) = 1 + αPt, (3)

where t = cos θ∗, is applied together with the kinematic
weight to include the polarization in the MC sample. The
final event weight is expressed as a product of the kine-
matic and polarization weight. The weight function can
be factorized in this way since distributions of pT, xF, and
the transverse momenta of individual tracks are found to
be unaffected by the decay angle reweighting.

IV. MEASUREMENT STRATEGY

The polarization is measured by analyzing the angular
distribution of the Λ and Λ̄ decay products. For recon-
structed decays, Eq. (2) is modified by detector efficiency
and resolution effects:

gdet(t
′;P ) ∝ 1

2

1∫
−1

dt [(1 + αPt) ε(t)] R(t′, t), (4)

where t′ ≡ cos θ∗det is the cosine of the measured decay
angle, ε(t) is the reconstruction efficiency, and R(t′, t)
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is the resolution function, which is convolved with the
decay angle distribution. Both the efficiency and the res-
olution functions are obtained from the MC simulation,
as explained later. The typical resolution of the cosine of
the Λ decay angle is 0.03.

The method of moments is used to extract the value of
the polarization P . It exploits the fact that, for any value
of P , the first moment of Eq. (4) can be expressed as a
linear combination of the first moments of distributions
with polarization P = 0 and P = 1:

E(P ) =

1∫
−1

dt′ t′ gdet(t
′;P ) =

= E(0) + [E(1)− E(0)] P.

The moments E(0) and E(1) can be estimated using MC
simulation as averages of the reconstructed decay angle
values for samples with polarization 0 and 1.

To correct for the background contribution, the first
moments are calculated separately in the signal and side-
band regions. It is assumed, and verified with the MC
simulation, that the the first moment of the angular dis-
tribution of the background, Ebkg, is consistent with be-
ing independent of mpπ. The value measured in the side-
bands is therefore used for the signal region. Given the
values of P and Ebkg, the expected first moment in each
of the three mass regions can therefore be expressed as

Eexp
i (P,Ebkg) = f sig

i

{
EMC
i (0) +

+
[
EMC
i (1)− EMC

i (0)
]
P
}

+

+ (1− f sig
i )Ebkg, (5)

where EMC
i (0) and EMC

i (1) are the first moments of the
angular distributions for P = 0 and P = 1, respectively,
estimated using the MC simulation, and f sig

i are the cor-
responding signal fractions in each of the three mass re-
gions, denoted by index i = 1, 2, 3.

The values of P and Ebkg are extracted using a least-
squares fit, i.e. by minimizing

χ2(P,Ebkg) =

3∑
i=1

[Ei − Eexp
i (P,Ebkg)]2

σ2
Ei

, (6)

where Ei are the first moments of the angular distribu-
tions measured in data and σEi are the corresponding
statistical uncertainties. Only P and Ebkg are treated as

free parameters in the fit. The signal fractions f sig
i and

the first moments of the simulated angular distributions
EMC
i (0) and EMC

i (1) are fixed.

V. SIGNAL FRACTION EXTRACTION

Fits to the Λ and Λ̄ invariant mass distributions are
used to extract the signal fraction in the signal region and
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FIG. 1. Fit to the invariant mass distribution for Λ candidates
used to extract the signal fractions in the signal region and
sidebands. The vertical dashed lines mark the boundaries
between the mass regions. The fit for Λ̄ candidates yields
similar results, which are listed in Table I.

the two sidebands. A two-component mass probability
density function is used:

M(mpπ) = fsigMsig(mpπ) + (1− fsig)Mbkg(mpπ),

whereMsig(mpπ) andMbkg(mpπ) denote the signal and
background components, respectively. The signal com-
ponent is defined as a triple asymmetric Gaussian distri-
bution:

Msig(mpπ) = f1G(mpπ;mΛ, σ
L
1 , σ

R
1 ) +

+ (1− f1)
[
f2G(mpπ;mΛ, σ

L
2 , σ

R
2 ) +

+ (1− f2)G(mpπ;mΛ, σ
L
3 , σ

R
3 )
]
,

where G(mpπ;mΛ, σ
L, σR) is an asymmetric Gaussian

function with most probable value mΛ, and left and right
widths σL and σR. The relative contributions of the first
and second Gaussian functions are denoted f1 and f2,
respectively. The parameters mΛ, σL

1 , σL
2 , σL

3 , σR
1 , σR

2 ,
σR

3 , f1, and f2 are treated as free parameters in the fit.
The background component is modeled as a first-order

polynomial probability density function:

Mbkg(mpπ; b) =
1

∆m
[1 + b(mpπ −mc)] ,

where mc is the center of the considered mass range, ∆m
its width, and b is the slope of the linear function, which
is treated as a free parameter in the fit. Altogether, the
probability density function has 11 free parameters. The
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TABLE I. Results of the Λ and Λ̄ invariant mass fits. The table lists the extracted values of mass mΛ, slope of the background
contribution, b, and the signal fraction fsig. The mass resolution σm is calculated numerically from the fit function, fgen

sig is the
signal fraction determined from the generated particles, and Pχ2 denotes the probability of the fit. The errors are statistical
only.

Parameter Λ candidates Λ̄ candidates

Data MC Data MC

mΛ [MeV] 1115.75± 0.04 1115.77± 0.05 1115.73± 0.03 1115.79± 0.05

b [MeV−1] 0.006± 0.002 0.010± 0.002 0.009± 0.002 0.010± 0.002

fsig 0.962± 0.002 0.955± 0.002 0.964± 0.002 0.954± 0.002

fgen
sig 0.965± 0.001 0.964± 0.001

σm [MeV] 3.68± 0.02 3.55± 0.03 3.75± 0.03 3.56± 0.03

Pχ2 0.79 0.48 0.18 0.51

 [MeV]πpm

1100 1105 1110 1115 1120 1125 1130 1135

is
ig

f
S

ig
n
a
l 
fr

a
c
ti
o
n
s
 

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

­
π p→ Λ

+πp → Λ

­1bµ = 760 L

 = 7 TeVs

ATLAS

FIG. 2. The signal fraction in the left sideband, the signal
region, and the right sideband. Displayed statistical uncer-
tainties are obtained from the mass fits.

overall normalization of the fit function is fixed to the
area of the histogram.

The results of the fit are summarized in Table I. The
fit for Λ candidates is shown in Fig. 1. The fit probabil-
ities are 0.79 for Λ and 0.18 for Λ̄. The invariant mass
resolution σm is calculated as the square root of the vari-
ance of the signal’s probability density function. The
signal fractions in the signal region and sidebands are
calculated as ratios of integrals of the signal component
and the full probability density function over the respec-
tive mass intervals. The signal fractions are displayed in
Fig. 2. The statistical uncertainties are propagated from
uncertainties of the mass fit parameters.

In the MC sample, the value of the signal fraction fgen
sig

is determined using generated particles and is shown in
Table I. An absolute systematic uncertainty of 0.01 is as-
signed to the signal fraction to account for the difference
between fgen

sig and fsig in the simulated sample. Since
tails of the mass distribution are hard to model, this
systematic uncertainty is larger in the sidebands. It is
0.12 for the left sideband and 0.25 for the right sideband.

Other sources of systematic uncertainty are discussed in
Sec. VI B.

VI. POLARIZATION EXTRACTION

A. Least-squares fit

A closure test for the polarization extraction procedure
is conducted with the simulated sample. The first half of
the MC sample is used as a test sample and is weighted
to a transverse polarization of −0.3. The second half
is used to calculate the MC moments. The polarization
is then extracted using the method of moments. The
extracted polarization, Ptest = −0.302±0.005(stat), is in
agreement with the input value.

Polarization for Λ and Λ̄ is extracted via the least
square fit of the first moment of the decay angle dis-
tribution measured in the signal region and sidebands,
shown in Fig. 3. The figure contains values for the data,
simulations for signal and background, and results of the
fit. The fit function, Eq. (5), has two free parameters:
the polarization P and the first moment of the angular
distribution of the background, Ebkg. The other param-

eters in Eq. (5), the signal fractions f sig
i and the first

moments EMC
i (0) and EMC

i (1), are fixed. The values of

f sig
i are extracted from the distributions in mpπ as de-

scribed in Sec. V. The moments EMC
i (0) and EMC

i (1) are
calculated using the MC simulations for decays of hyper-
ons with polarization of 0 and 1, respectively. The values
of EMC

i (0) and EMC
i (1) for Λ are shown in Fig. 4.

The extracted values of polarization are P = −0.010±
0.005(stat) for Λ and P = 0.002 ± 0.006(stat) for Λ̄.
The first moments of the angular distribution of back-
grounds are Ebkg = 0.005 ± 0.008(stat) for the Λ sam-
ple and Ebkg = −0.009 ± 0.009(stat) for the Λ̄ sample.
These values were obtained by minimizing the χ2 func-
tion, Eq. (6). The correlation coefficient between P and
Ebkg is estimated to be 0.33 for both the Λ and Λ̄ fits.
The cumulative probabilities corresponding to the mini-
mal χ2 values from these fits are 0.20 and 0.39 for Λ and
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FIG. 3. The first moment of the (a) Λ and (b) Λ̄ decay angle distribution, E, and the corresponding least-squares fit. The signal

component corresponds to the product f sig
i

{
EMC
i (0) +

[
EMC
i (1)− EMC

i (0)
]
P
}

, the background component to (1− f sig
i )Ebkg,

and the fit is the sum of the two [see Eq. (5)].
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Λ̄, respectively.

Figure 3 shows statistical uncertainties of the measured
first moments only. Statistical uncertainties of the first
moments of simulated Λ events, which affect the fitted
function, are not shown in Fig. 3. The impact of these
uncertainties on the final result is evaluated as a system-
atic uncertainty in Sec. VI B.

The MC samples are reweighted using Eq. (3) with the
extracted values of the polarization, as shown in Fig. 5
for Λ hyperons. Using the χ2-test, the reweighted decay
angle distributions are found to agree with the data.

The polarization is also extracted from samples binned
in pT and xF. The results for the binned samples are
summarized in Sec. VII.

TABLE II. Summary of systematic uncertainties. The num-
bers represent absolute systematic uncertainties of the po-
larization values. All negligible systematic uncertainties are
summarized under “Other contributions”. Individual values
before rounding are added in quadrature to obtain the total
systematic uncertainty.

Systematic uncertainty Λ Λ̄

MC statistics 0.003 0.003

Mass range 0.003 0.003

Background 0.001 0.001

Kinematic weighting 0.001 0.001

Other contributions < 5× 10−4 < 5× 10−4

Total 0.004 0.004

B. Systematic uncertainties

Systematic uncertainties are estimated by modifying
various aspects of the analysis and observing how they
affect the extracted value of the polarization. The es-
timated values are summarized in Table II. The listed
systematic uncertainties are assumed to be uncorrelated.
Individual values before rounding are added in quadra-
ture to obtain the total systematic uncertainty. Details
of the individual uncertainties follow.

1. The MC sample size contributes to the uncertainty
of the first moments of the simulated angular distri-
butions. To estimate what effect the MC statistics
have on the polarization measurement, ten pseudo-
experiments are performed with values of EMC

i (0)
and EMC

i (1) varied according to the normal distri-
bution whose width corresponds to the estimated
statistical uncertainties of the moments. The un-
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FIG. 5. Comparison of the measured decay angle distribution
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The MC events are reweighted using the extracted value of
the polarization. The background contribution is estimated
from the sideband regions. The probability of the χ2-test,
Pχ2 , is 0.91. For comparison, the simulated distribution for
P = −0.30 is also shown.

certainty on the extracted polarization value is es-
timated as the standard deviation of the results of
these pseudoexperiments.

2. The signal region size is varied up and down by
2 MeV to estimate the impact of the choice of width
of the mass window on the polarization measure-
ment. The alternative signal regions are chosen
such that enough events are retained in the side-
bands. The uncertainty is taken as the difference
between the alternative and default results.

3. The systematic uncertainty due to the background
consists of three components which are added in
quadrature:

An alternative linear background model,
Ebkg(mpπ) = E0

bkg + E1
bkgmpπ with E0

bkg and

E1
bkg being the fit parameters, is used to probe the

dependence of the final result on the background
parameterization.

Another source of background systematic uncer-
tainty is the statistical uncertainty of the signal
fraction fsig and the slope of the background con-
tribution, b, determined in the mass fit in Sec. V.
These uncertainties directly affect the calculated
signal fractions f sig

i , which in turn affect the polar-
ization fit. The parameters are varied to propagate
these uncertainties to the final result.

The last of the background uncertainties is the
systematic uncertainty of the signal fractions, es-
timated to be 0.01, 0.12, and 0.25 in the signal
region, left sideband and right sideband, respec-
tively. These uncertainties are propagated into the
final result by varying the signal fractions in the
polarization fit.

4. The uncertainty associated with the MC weight-
ing is estimated. The MC sample is weighted so
that the Λ momentum distribution agrees with data
after the background subtraction. If the back-
ground subtraction is not perfect, this affects the
weighted signal spectrum. To assess the depen-
dence of the weight function on the background
estimation, an alternative weight function is con-
structed using data without background subtrac-
tion and the measurement is repeated.

In addition to these systematic uncertainties, numer-
ous other effects were studied, but were found to have
negligible impact on the extracted polarization:

5. Uncertainties on the track momentum scale and
resolution are estimated using the fits to the Λ in-
variant mass.

6. To estimate the uncertainty on the track recon-
struction efficiency in the simulation, the MC and
data samples are binned in pT, η, and the number
of silicon hits on proton and pion tracks. Relative
differences between the number of tracks in bins of
the data and MC distributions are then attributed
to the tracking efficiency uncertainty and propa-
gated to the final result using event weighting.

7. Equation (5) assumes that the total efficiency of
Λ reconstruction does not depend on polarization.
This is satisfied if the efficiency ε(t) is an even func-
tion of t. It was checked that this assumption has
a negligible effect on the result.

8. The uncertainty of the α parameter measured pre-
viously [7, 8] is propagated to the uncertainty of
the measured polarization.

9. The measurement is performed in the phase space
defined by the pT, η, and xF ranges. With the data,
these can only be defined in terms of measured
quantities that are affected by the finite detector
resolution. The fraction of events that migrate into
and out of the fiducial volume due to resolution is
estimated using simulation and the impact of event
migration on the polarization is estimated.

10. The small fraction (< 3%) of Λ hyperons that are
produced from weak decays can be polarized in
the direction parallel to their momenta, whereas
this measurement is performed assuming the par-
allel component of the polarization vector is zero.
Using the simulation, it is estimated that weakly
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TABLE III. Transverse polarization of Λ and Λ̄ measured in the full fiducial phase space and in bins of xF and pT. The values
of x̄F and p̄T are mean values of xF and pT, respectively, in given ranges. The table lists both the statistical and systematic
uncertainties.

Sample x̄F p̄T Polarization

[10−4] [GeV] Λ Λ̄

Full fiducial volume 10.0 1.91 −0.010± 0.005± 0.004 0.002± 0.006± 0.004

xF ∈ (0.5, 5)× 10−4 2.8 1.83 0.005± 0.009± 0.006 −0.009± 0.010± 0.006

xF ∈ (5, 10.5)× 10−4 7.5 1.85 −0.012± 0.009± 0.008 0.002± 0.010± 0.007

xF ∈ (10.5, 100)× 10−4 19.3 2.12 −0.005± 0.010± 0.008 0.012± 0.010± 0.010

pT ∈ (0.8, 1.3) GeV 7.5 1.07 −0.008± 0.012± 0.011 −0.004± 0.013± 0.013

pT ∈ (1.3, 2.03) GeV 9.3 1.64 −0.019± 0.009± 0.007 −0.003± 0.010± 0.007

pT ∈ (2.03, 15) GeV 12.6 2.84 −0.005± 0.008± 0.005 0.009± 0.009± 0.004

produced Λ hyperons cannot significantly affect the
final result.

Similarly, the contribution of Λ hyperons from sec-
ondary hadronic interactions with the detector ma-
terial (< 3%), which have zero transverse polariza-
tion in the chosen reference frame, can be neglected.

11. Lastly, the MC simulation is used to show that the
trigger selection does not bias the polarization mea-
surement.

VII. RESULTS

The average transverse polarizations of Λ and Λ̄ are
measured to be

PΛ = −0.010± 0.005(stat)± 0.004(syst) and

PΛ̄ = 0.002± 0.006(stat)± 0.004(syst)

in the fiducial phase space defined by the ranges 0.8 <
pT < 15 GeV, 5× 10−5 < xF < 0.01, and |η| < 2.5. The
polarization is also measured in three bins with mean
pT of 1.07, 1.64, and 2.85 GeV and in three bins with
mean xF of 2.8× 10−4, 7.5× 10−4, and 19.3× 10−4. The
results are shown in Fig. 6 and listed in Table III. The
systematic uncertainties due to MC statistics are anti-
correlated between the Λ and Λ̄ results since they are
estimated using the same MC sample.

The measured polarization values reported here de-
pend on the reconstruction efficiency within the fiducial
phase space, ε(xF, pT), and on the differential polariza-
tion P (xF, pT) since the average polarization is defined as

P =
1

N

∫
dxF dpT g(xF, pT)ε(xF, pT)P (xF, pT), (7)

where g(xF, pT) is the probability density function of xF

and pT and N =
∫
dxF dpT g(xF, pT)ε(xF, pT). To al-

low comparisons between the measured values and any
theoretical parameterization of P (xF, pT), the efficiency
maps of reconstructed Λ and Λ̄ decays are provided in
the HEPDATA database [19]. Figure 7 shows the recon-
struction efficiency for Λ. The MC simulation is used to

check that the reconstruction efficiency as a function of
pT and xF does not depend on the value of the polariza-
tion. These maps can therefore be used to calculate the
expected average polarization given by Eq. (7) for any
theoretical model.

Figure 8 compares this result with other measure-
ments: an experiment at the M2 beam-line at Fermilab
[2], experiment E799 [3] also at Fermilab, NA48 [4] at
CERN, and HERA-B [5] at DESY. Direct comparison
of results from different experiments is non-trivial, since
each measurement was made at a different center-of-mass
energy and covers a different phase space: the average pT

coverage of the M2 experiment is 0.62–1.74 GeV, the pT

range of the E799 experiment is 0.67–2.15 GeV, NA48
covers pT of 0.28–0.86 GeV, HERA-B 0.82–0.84 GeV, and
in Fig. 8 the ATLAS data cover the average pT range of
1.83–2.12 GeV. Furthermore, the HERA-B measurement
covers negative values of xF. In Fig. 8, the HERA-B re-
sults are transformed using Eq. (1) so that they can be
compared with other results. The E799 and NA48 ex-
periments define xF as the fraction of the beam energy
carried by the Λ. In Fig. 8, the values are transformed
according to the definition of xF used in this paper (al-
though the difference is very small). Figure 8 shows only
a subset of the M2 results measured at a fixed produc-
tion angle of about 6 mrad with a beryllium target. A
parameterization of the polarization [2] as a function of
xF and pT is used to extrapolate the results of the M2
experiment to the xF and pT range of this measurement.
The extrapolated value is less than 5 × 10−4, which can
effectively be treated as zero given the precision of this
measurement.

The fixed-target experiments [1–5] did not observe any
strong dependence of the Λ polarization on the collision
energy. Some energy dependence could be introduced at
the LHC, since due to a significant collision energy in-
crease, the fraction of Λ hyperons from decays of heavier
baryons may be different than for low energy collisions.
Using Pythia, it is estimated that about 50% of the Λ
hyperons in ATLAS data are produced in decays, which
is comparable to the estimate of about 40% for NA48 [4].
Therefore, assuming that the polarization of the original
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baryons is diluted in the decay, the magnitude of the po-
larization at the LHC is expected to be slightly smaller
than that observed by the previous experiments at the
same pT and xF. In the absence of any new polarization-
producing mechanism that would manifest itself at low
xF and high center-of-mass energies, the measured polar-
ization is expected to be consistent with zero; this is so
for the results presented here.

VIII. CONCLUSIONS

Results of the measurement of the transverse polariza-
tion of Λ and Λ̄ hyperons carried out with the ATLAS
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FIG. 8. The Λ transverse polarization measured by ATLAS
compared to measurements from lower center-of-mass energy
experiments. HERA-B data are taken from Ref. [5], NA48
from Ref. [4], E799 data from Ref. [3], and M2 from Ref. [2].
The HERA-B results are transformed to positive values of xF

using Eq. (1).

experiment at the LHC in 760 µb−1 of proton–proton
collisions at

√
s = 7 TeV are presented here. The po-

larization is measured for inclusively produced Λ hyper-
ons in the fiducial phase space and in three bins of the
transverse momentum with mean pT of 1.07, 1.64, and
2.85 GeV and in three bins of the Feynman-x variable
with mean xF of 2.8× 10−4, 7.5× 10−4, and 19.3× 10−4.
Average polarizations in the full fiducial volume are mea-
sured to be −0.010± 0.005(stat)± 0.004(syst) for Λ and
0.002 ± 0.006(stat) ± 0.004(syst) for Λ̄ hyperons. In pT

and xF bins, the polarization is found to be less than 2%
and is consistent with zero within the estimated uncer-
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tainties.
The result for the Λ polarization is consistent with an

extrapolation the the results of the M2 beam-line exper-
iment at Fermilab [2] to low xF, which suggests that the
magnitude of the polarization should decrease as xF ap-
proaches zero.

Unlike for the Λ, the polarization of the Λ̄ hyperons was
measured to be consistent with zero by all the previous
experiments. The ATLAS experiment also measured the
Λ̄ polarization to be consistent with zero in the fiducial
phase space of the analysis, as well as in bins of pT and
xF.
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nia; DST/NRF, South Africa; MINECO, Spain; SRC
and Wallenberg Foundation, Sweden; SER, SNSF and
Cantons of Bern and Geneva, Switzerland; NSC, Tai-
wan; TAEK, Turkey; STFC, the Royal Society and Lev-
erhulme 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.

[1] G. Bunce et al., Phys. Rev. Lett. 36, 1113 (1976);
K. Heller et al., Phys. Rev. Lett. 41, 607 (1978);
L. Schachinger et al., Phys. Rev. Lett. 41, 1348 (1978);
K. Heller et al., Phys. Rev. Lett. 51, 2025 (1983); B. S.
Yuldashev et al., Phys. Rev. D 43, 2792 (1991).

[2] B. Lundberg et al., Phys. Rev. D 40, 3557 (1989).
[3] E. Ramberg et al. (E799), Phys. Lett. B 338, 403 (1994).
[4] V. Fanti et al. (NA48), Eur. Phys. J. C 6, 265 (1999).
[5] I. Abt et al. (HERA-B), Phys. Lett. B 638, 415 (2006),

arXiv:hep-ex/0603047 [hep-ex].
[6] S. Erhan et al., Phys. Lett. B 82, 301 (1979).
[7] J. Beringer et al. (Particle Data Group), Phys. Rev. D

86, 010001 (2012).
[8] P. Astbury et al., Nucl. Phys. B 99, 30 (1975); W. Cle-

land, G. Conforto, G. Eaton, H. Gerber, M. Reinharz,
A. Gautschi, E. Heer, C. Revillard, and G. V. Dardel,
Nucl. Phys. B 40, 221 (1972); P. M. Dauber, J. P. Berge,
J. R. Hubbard, D. W. Merrill, and R. A. Muller, Phys.
Rev. 179, 1262 (1969); O. Overseth and R. Roth, Phys.
Rev. Lett. 19, 391 (1967); J. W. Cronin and O. E. Over-
seth, Phys. Rev. 129, 1795 (1963).

[9] W. G. D. Dharmaratna and G. R. Goldstein, Phys. Rev.
D 53, 1073 (1996).

[10] B. Andersson, G. Gustafson, and G. Ingelman, Phys.
Lett. B 85, 417 (1979); T. A. Degrand and H. I. Mi-

ettinen, Phys. Rev. D 23, 1227 (1981); Phys. Rev. D
24, 2419 (1981); J. Szwed, Phys. Lett. B 105, 403
(1981); J. Felix, Mod. Phys. Lett. A 14, 827 (1999);
D. Boer, C. J. Bomhof, D. S. Hwang, and P. J. Mul-
ders, Phys. Lett. B 659, 127 (2008), arXiv:0709.1087
[hep-ph]; D. Sivers, Phys. Rev. D 81, 034029 (2010),
arXiv:0910.5420 [hep-ph]; M. Anselmino, D. Boer,
U. D’Alesio, and F. Murgia, Phys. Rev. D 63, 054029
(2001), arXiv:hep-ph/0008186 [hep-ph].

[11] ATLAS Collaboration, JINST 3, S08003 (2008).
[12] ATLAS Collaboration, Eur. Phys. J. C 72, 1849 (2012),

arXiv:1110.1530 [hep-ex].
[13] T. Sjostrand, S. Mrenna, and P. Z. Skands, J. High En-

ergy Phys. 05, 26 (2006), arXiv:hep-ph/0603175 [hep-
ph].

[14] ATLAS Collaboration, Report No. ATL-PHYS-PUB-
2011-008, http://cds.cern.ch/record/1345343.

[15] A. Sherstnev and R. S. Thorne, Eur. Phys. J. C 55, 553
(2008), arXiv:0711.2473 [hep-ph].

[16] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[17] ATLAS Collaboration, Eur. Phys. J. C 70, 823 (2010),
arXiv:1005.4568 [physics.ins-det].

[18] ATLAS Collaboration, Phys. Rev. D 85, 012001 (2012),
arXiv:1111.1297 [hep-ex].

[19] http://hepdata.cedar.ac.uk/view/ins1332748.

http://dx.doi.org/10.1103/PhysRevLett.36.1113
http://dx.doi.org/10.1103/PhysRevLett.41.607
http://dx.doi.org/10.1103/PhysRevLett.41.1348
http://dx.doi.org/10.1103/PhysRevLett.51.2025
http://dx.doi.org/10.1103/PhysRevD.43.2792
http://dx.doi.org/10.1103/PhysRevD.40.3557
http://dx.doi.org/10.1016/0370-2693(94)91397-8
http://dx.doi.org/ 10.1007/s100529801045
http://dx.doi.org/ 10.1016/j.physletb.2006.05.040
http://arxiv.org/abs/hep-ex/0603047
http://dx.doi.org/10.1016/0370-2693(79)90761-5
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1016/0550-3213(75)90054-1
http://dx.doi.org/ 10.1016/0550-3213(72)90544-5
http://dx.doi.org/ 10.1103/PhysRev.179.1262
http://dx.doi.org/ 10.1103/PhysRev.179.1262
http://dx.doi.org/10.1103/PhysRevLett.19.391
http://dx.doi.org/10.1103/PhysRevLett.19.391
http://dx.doi.org/10.1103/PhysRev.129.1795
http://dx.doi.org/10.1103/PhysRevD.53.1073
http://dx.doi.org/10.1103/PhysRevD.53.1073
http://dx.doi.org/10.1016/0370-2693(79)91286-3
http://dx.doi.org/10.1016/0370-2693(79)91286-3
http://dx.doi.org/10.1103/PhysRevD.23.1227
http://dx.doi.org/10.1103/PhysRevD.24.2419
http://dx.doi.org/10.1103/PhysRevD.24.2419
http://dx.doi.org/10.1016/0370-2693(81)90788-7
http://dx.doi.org/10.1016/0370-2693(81)90788-7
http://dx.doi.org/10.1142/S0217732399000870
http://dx.doi.org/10.1016/j.physletb.2007.10.059
http://arxiv.org/abs/0709.1087
http://arxiv.org/abs/0709.1087
http://dx.doi.org/10.1103/PhysRevD.81.034029
http://arxiv.org/abs/0910.5420
http://dx.doi.org/10.1103/PhysRevD.63.054029
http://dx.doi.org/10.1103/PhysRevD.63.054029
http://arxiv.org/abs/hep-ph/0008186
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://arxiv.org/abs/1110.1530
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/hep-ph/0603175
http://cds.cern.ch/record/1345343
http://cds.cern.ch/record/1345343
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://arxiv.org/abs/0711.2473
http://dx.doi.org/ 10.1016/S0168-9002(03)01368-8
http://dx.doi.org/ 10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1103/PhysRevD.85.012001
http://arxiv.org/abs/1111.1297
http://hepdata.cedar.ac.uk/view/ins1332748
http://hepdata.cedar.ac.uk/view/ins1332748


11

The ATLAS Collaboration

G. Aad85, B. Abbott113, J. Abdallah152, S. Abdel Khalek117, O. Abdinov11, R. Aben107, B. Abi114, M. Abolins90,
O.S. AbouZeid159, H. Abramowicz154, H. Abreu153, R. Abreu30, Y. Abulaiti147a,147b, B.S. Acharya165a,165b,a,
L. Adamczyk38a, D.L. Adams25, J. Adelman108, S. Adomeit100, T. Adye131, T. Agatonovic-Jovin13a,
J.A. Aguilar-Saavedra126a,126f , M. Agustoni17, S.P. Ahlen22, F. Ahmadov65,b, G. Aielli134a,134b,
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A. Gorǐsek75, E. Gornicki39, A.T. Goshaw45, C. Gössling43, M.I. Gostkin65, M. Gouighri136a, D. Goujdami136c,
M.P. Goulette49, A.G. Goussiou139, C. Goy5, H.M.X. Grabas138, L. Graber54, I. Grabowska-Bold38a,
P. Grafström20a,20b, K-J. Grahn42, J. Gramling49, E. Gramstad119, S. Grancagnolo16, V. Grassi149, V. Gratchev123,
H.M. Gray30, E. Graziani135a, O.G. Grebenyuk123, Z.D. Greenwood79,m, K. Gregersen78, I.M. Gregor42,
P. Grenier144, J. Griffiths8, A.A. Grillo138, K. Grimm72, S. Grinstein12,n, Ph. Gris34, Y.V. Grishkevich99,
J.-F. Grivaz117, J.P. Grohs44, A. Grohsjean42, E. Gross173, J. Grosse-Knetter54, G.C. Grossi134a,134b, Z.J. Grout150,
L. Guan33b, J. Guenther128, F. Guescini49, D. Guest177, O. Gueta154, C. Guicheney34, E. Guido50a,50b,
T. Guillemin117, S. Guindon2, U. Gul53, C. Gumpert44, J. Guo35, S. Gupta120, P. Gutierrez113,
N.G. Gutierrez Ortiz53, C. Gutschow78, N. Guttman154, C. Guyot137, C. Gwenlan120, C.B. Gwilliam74, A. Haas110,
C. Haber15, H.K. Hadavand8, N. Haddad136e, P. Haefner21, S. Hageböck21, Z. Hajduk39, H. Hakobyan178,
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D.M. Strom116, R. Stroynowski40, A. Strubig106, S.A. Stucci17, B. Stugu14, N.A. Styles42, D. Su144, J. Su125,
R. Subramaniam79, A. Succurro12, Y. Sugaya118, C. Suhr108, M. Suk128, V.V. Sulin96, S. Sultansoy4d, T. Sumida68,
S. Sun57, X. Sun33a, J.E. Sundermann48, K. Suruliz150, G. Susinno37a,37b, M.R. Sutton150, Y. Suzuki66,
M. Svatos127, S. Swedish169, M. Swiatlowski144, I. Sykora145a, T. Sykora129, D. Ta90, C. Taccini135a,135b,
K. Tackmann42, J. Taenzer159, A. Taffard164, R. Tafirout160a, N. Taiblum154, H. Takai25, R. Takashima69,
H. Takeda67, T. Takeshita141, Y. Takubo66, M. Talby85, A.A. Talyshev109,c, J.Y.C. Tam175, K.G. Tan88,
J. Tanaka156, R. Tanaka117, S. Tanaka132, S. Tanaka66, A.J. Tanasijczuk143, B.B. Tannenwald111, N. Tannoury21,
S. Tapprogge83, S. Tarem153, F. Tarrade29, G.F. Tartarelli91a, P. Tas129, M. Tasevsky127, T. Tashiro68,
E. Tassi37a,37b, A. Tavares Delgado126a,126b, Y. Tayalati136d, F.E. Taylor94, G.N. Taylor88, W. Taylor160b,
F.A. Teischinger30, M. Teixeira Dias Castanheira76, P. Teixeira-Dias77, K.K. Temming48, H. Ten Kate30,
P.K. Teng152, J.J. Teoh118, F. Tepel176, S. Terada66, K. Terashi156, J. Terron82, S. Terzo101, M. Testa47,
R.J. Teuscher159,j , J. Therhaag21, T. Theveneaux-Pelzer34, J.P. Thomas18, J. Thomas-Wilsker77, E.N. Thompson35,
P.D. Thompson18, R.J. Thompson84, A.S. Thompson53, L.A. Thomsen36, E. Thomson122, M. Thomson28,
W.M. Thong88, R.P. Thun89,∗, F. Tian35, M.J. Tibbetts15, V.O. Tikhomirov96,af , Yu.A. Tikhonov109,c,
S. Timoshenko98, E. Tiouchichine85, P. Tipton177, S. Tisserant85, T. Todorov5, S. Todorova-Nova129, J. Tojo70,
S. Tokár145a, K. Tokushuku66, K. Tollefson90, E. Tolley57, L. Tomlinson84, M. Tomoto103, L. Tompkins31,
K. Toms105, N.D. Topilin65, E. Torrence116, H. Torres143, E. Torró Pastor168, J. Toth85,ag, F. Touchard85,
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i Also at Università di Napoli Parthenope, Napoli, Italy
j Also at Institute of Particle Physics (IPP), Canada
k Also at Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
l Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
m Also at Louisiana Tech University, Ruston LA, United States of America
n Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
o Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of America
p Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia
q Also at CERN, Geneva, Switzerland
r Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan
s Also at Manhattan College, New York NY, United States of America
t Also at Institute of Physics, Academia Sinica, Taipei, Taiwan
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z Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
aa Also at Section de Physique, Université de Genève, Geneva, Switzerland
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