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Abstract

The polarization of the Λ and Λ hyperons along the beam direction has been mea-
sured in proton-lead (pPb) collisions at a center-of-mass energy per nucleon pair of
8.16 TeV. The data were obtained with the CMS detector at the LHC and correspond
to an integrated luminosity of 186.0 ± 6.5 nb−1. A significant azimuthal dependence
of the hyperon polarization, characterized by the second-order Fourier sine coefficient
Pz,s2, is observed. The Pz,s2 values decrease as a function of charged particle multiplic-
ity, but increase with transverse momentum. A hydrodynamic model that describes
the observed Pz,s2 values in nucleus-nucleus collisions by introducing vorticity effects
does not reproduce either the sign or the magnitude of the pPb results. These observa-
tions pose a challenge to the current theoretical implementation of spin polarization
in heavy ion collisions and offer new insights into the origin of spin polarization in
hadronic collisions at LHC energies.
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Quantum chromodynamics (QCD) predicts that nuclear matter undergoes a phase transition
to a deconfined partonic phase, the so-called “quark-gluon plasma” (QGP), at very high den-
sity and temperature [1, 2]. This state of matter is generated in ultrarelativistic collisions of
heavy nuclei and behaves like an almost ideal fluid [3]. The nontrivial velocity and vorticity
fields developed in the evolution of the QGP are predicted to induce polarization of produced
particles via spin-orbit coupling [4, 5], analogous to the Barnett effect [6], which is the mag-
netization of a material induced by mechanical rotation. In particular, the nonzero vorticity
component resulting from the shear in the initial velocity distributions of the participants in
off-center nucleus-nucleus (AA) collisions can generate a net particle polarization perpendicu-
lar to the plane spanned by the beam direction (z) and the impact parameter. This polarization,
referred to as the global polarization, has a direction along the orbital angular momentum of
the initial system. The observations and studies of the Λ hyperon global polarization in heavy
ion collisions at the BNL RHIC [7, 8] and the CERN LHC [9] have opened new directions for
the study of the QGP fluid and its spin dynamics.

Polarization is also possible along the beam direction. In AA collisions, pressure gradients
within the initially asymmetric geometry of the created QGP lead to azimuthally anisotropic
particle emission relative to a global event plane direction [10–12]. This anisotropic collective
flow is predicted to generate nonzero vorticity along the beam axis that, in turn, results in par-
ticle polarization along the beam direction (Pz) [13, 14]. This “local” polarization [15, 16] has a
sinusoidal dependence on the azimuth of the hyperon with respect to the nth-order event plane
angle Ψn, determined by the direction of maximum particle density for each corresponding or-
der. No net polarization along the beam axis is expected after averaging over the full azimuth
because of the geometrical symmetry. The sinusoidal dependence of Pz can be characterized by
the Fourier harmonic Pz,sn = ⟨Pz sin[n(ϕ − Ψn)]⟩, where ϕ is the hyperon azimuthal emission
angle. The angular brackets indicate an average over all hyperons in all selected events. The Λ
hyperon Pz,s2 value was first measured in gold-gold collisions at

√
s

NN
= 200 GeV [8] and later

in lead-lead (PbPb) collisions at
√

s
NN

= 5.02 TeV [17]. Recently, similar polarization has been
observed with respect to the third-order event plane in ruthenium-ruthenium and zirconium-
zirconium collisions at

√
s

NN
= 200 GeV [18]. Within the framework of hydrodynamic and

transport models, it has been found that the inclusion of shear-induced polarization is required
to capture the sign and magnitude of the experimental results [14, 16, 19–22]. However, the
calculations are very sensitive to the implementation details of the shear contributions [21, 22].

The observation of collective flow signals in events with high final-state particle multiplicity in
proton-proton (pp) [23–27] and proton-lead (pPb) [28–35] collisions at the LHC, as well as at
RHIC in proton-gold, deuteron-gold and helium-3–gold collisions [36, 37], has raised the ques-
tion whether a fluid-like QGP is created in these lighter hadronic collision systems [38, 39]. If
that is the case, the azimuthal-dependent pressure gradients will lead to similar vorticity struc-
tures as in large AA collisions. It is therefore of great interest to investigate whether such a
vorticity is created in a system like the one formed in high-multiplicity pPb collisions. Measur-
ing Λ hyperon polarization along the beam direction in pPb interactions can also provide new
constraints on the interpretation of the observed hyperon polarization in AA collisions.

This Letter presents the first measurement of Λ and Λ hyperon polarization along the beam
direction in pPb collisions at

√
s

NN
= 8.16 TeV. The Pz,s2 values for Λ and Λ particles with

|η| < 2.4 and transverse momentum 0.8 < pT < 6.0 GeV/c are reported as a function of pT and
the event charged particle multiplicity. Tabulated results are provided in the HEPData record
for this analysis [40].

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
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eter, providing a magnetic field of 3.8 T. Within the solenoid volume, there are four subdetec-
tors, including a silicon pixel and strip tracker detector, a lead tungstate crystal electromagnetic
calorimeter (ECAL) with around 4000 towers, and a brass and scintillator hadron calorimeter
(HCAL) with around 4300 towers, each composed of a barrel and two endcap sections. Iron
and quartz-fiber Cherenkov hadron forward (HF) calorimeters cover the pseudorapidity range
2.9 < |η| < 5.2. The silicon tracker measures charged particles within the range |η| < 2.5. For
charged particles with 1 < pT < 10 GeV/c and |η| < 1.4, the track resolutions are typically 1.5%
in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact parameter [41]. A detailed
description of the CMS detector, together with a definition of the coordinate system used and
the relevant kinematic variables, can be found in Ref. [42].

The pPb data at
√

s
NN

= 8.16 TeV used in this analysis were collected by the CMS experi-
ment in 2016, and correspond to an integrated luminosity of 186.0 ± 6.5 nb−1 [43]. The beam
energies are 6.5 TeV for the protons and 2.56 TeV per nucleon for the lead nuclei. The event re-
construction, event selections, and triggers are identical to those described in Refs. [26, 44, 45].
The minimum bias events are triggered by requiring energy deposits above 1 GeV in at least
one of the two HF calorimeters and the presence of at least one track with pT > 0.4 GeV/c re-
constructed using hits from only the pixel tracker. Dedicated high-multiplicity (HM) triggers
are implemented to collect a large event sample featuring a high number of final-state parti-
cles. The total number of combined ECAL and HCAL towers having deposited energy above
a threshold of 0.5 GeV in transverse energy is required to be greater than 120 and 150 for the
two HM triggers. The number of reconstructed tracks by the high-level triggers [46, 47] with
|η| < 2.4, pT > 0.4 GeV/c is required to be greater or equal to 120, 150 or 185. The events
are required to contain a primary vertex, defined as the reconstructed vertex with the highest
number of associated tracks, within 15 cm of the nominal interaction point along the beam axis
and 0.2 cm in the transverse direction.

The pPb data are analyzed in several charged particle multiplicity classes defined according
to the number of selected tracks (Noffline

trk ) with |η| < 2.4 and pT > 0.4 GeV/c, that originate
from the primary vertex, and that satisfy the high-purity criteria of Ref. [41]. Table 1 sum-
marizes the average number of tracks in pPb collisions, containing at least one reconstructed
Λ or Λ candidate (described later), in each Noffline

trk range before and after correcting for track
reconstruction inefficiencies and misidentification rates, denoted as ⟨Noffline

trk ⟩ and ⟨Ncorrected
trk ⟩,

respectively. With negligible statistical uncertainties, the common systematic uncertainty for
the ⟨Ncorrected

trk ⟩ values is 2.4%, independent of track multiplicity, resulting from the uncertainty
in the tracking efficiency estimate based on simulated events [48]. Events with Noffline

trk < 3
are not included because of low trigger efficiency, while events in the multiplicity region of
Noffline

trk > 250 are not included to avoid effects of multiple interactions in a single event.

Table 1: The average multiplicity before (and after) corrections, ⟨Noffline
trk ⟩ (⟨Ncorrected

trk ⟩) with
track pT > 0.4 GeV/c and |η| < 2.4 in each multiplicity interval of pPb collisions containing
at least one reconstructed Λ or Λ candidate. The uncertainties reported for ⟨Ncorrected

trk ⟩ are
systematic uncertainties, as the statistical uncertainties are negligible.

Multiplicity interval (Noffline
trk ) ⟨Noffline

trk ⟩ ⟨Ncorrected
trk ⟩

[3, 60) 40.0 48.5 ± 1.2
[60, 120) 86.7 105.3 ± 2.5
[120, 150) 132.7 161.2 ± 3.9
[150, 185) 163.6 198.7 ± 4.8
[185, 250) 203.3 246.9 ± 5.9
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The reconstruction and selection procedures for strange hadron candidates in pPb collisions
are identical to those in Refs. [26, 32, 49, 50]. Pairs of oppositely charged particle tracks with
both transverse and longitudinal impact parameter significances (magnitude normalized by
its uncertainty) greater than 1 with respect to the primary vertex are selected to determine
if they point to a common secondary vertex resulting from the decay of a Λ candidate. The
reconstruction efficiency for tracks with low momenta and large impact parameters is increased
by using all tracks that pass the loose selection criteria [41]. When reconstructing the Λ (Λ ),
the two tracks are assumed to be π−p (π+p). To remove K0

S candidates misidentified as Λ/Λ
particles, the two particles are assumed to be pions and the decaying particle is rejected if its
invariant mass is less than 20 MeV away from the PDG value of the K0

S mass [51].

Several topological selections are applied to reduce the combinatorial background. The selec-
tion is optimized in order to maximize the expected statistical significance of the signal. Strange
hadron candidates are selected with the requirements that the normalized χ2 of the Kalman
Vertex Fitter [41] for their decay vertex is less than 7. The three-dimensional distance (nor-
malized by its uncertainty) between the primary and secondary vertices is required to exceed
5. The pointing angle (θpoint), defined as the angle between the line segment connecting the
primary and secondary decay vertices and the momentum vector of the reconstructed particle
candidates in the plane transverse to the beam direction, is required to satisfy cos θpoint > 0.999.
These selection criteria reduce the fraction of secondary Λ particles originating from the weak
decays of Ξ− and Ω− particles to 10% and 1%, respectively. The limited number of detected
Ξ− and Ω− particles does not allow for their corresponding polarizations to be determined,
preventing a direct correction due to these secondary Λ particles.

As the spin of a particle is difficult to measure directly in heavy ion collisions, the parity-
violating weak decays of Λtop + π− and Λ top + π+, in which the momentum direction of
the daughter proton is correlated with the spin of the hyperon, are used to measure the polar-
ization. The angular distribution of the proton in the hyperon rest frame is given by

dN
d

∝ 1 + αΛ PΛ cos θ∗, (1)

where αΛ is the hyperon decay parameter (αΛ = 0.750± 0.009, αΛ = −0.758± 0.010 [52]), PΛ is
the hyperon polarization, and θ∗ is the angle between the polarization vector and the direction
of the daughter baryon momentum in the hyperon rest frame. To measure the polarization
along the beam direction, θ∗ is the polar angle of the proton (antiproton) in the Λ (Λ ) rest
frame. The polarization Pz can be estimated by averaging θ∗ over all hyperons detected in all
events [8]:

Pz =
⟨cos θ∗⟩

αΛ⟨cos2 θ∗⟩ . (2)

The factor ⟨cos2 θ∗⟩, which equals 1/3 in the case of an ideal detector, is calculated directly from
the data and found to range from 0.303 to 0.351 from low- to high-multiplicity events.

The event plane angle Ψn is determined by the flow vector constructed from tracks within the
range of 0.3 < pT < 3.0 GeV/c and |η| < 2.4. The two components of the second harmonic flow
vector are given by:

Qn,x = Qn cos(nΨn) = ∑
i

ωi cos(nϕi),

Qn,y = Qn sin(nΨn) = ∑
i

ωi sin(nϕi),
(3)
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where ϕi are the azimuthal angles of the tracks and the corresponding weights ωi are their
transverse momentum values. To compensate for the imperfect detector acceptance, the flow
vectors are recentered, with

Q
′
n,x = Qn,x − ⟨Qn,x⟩, and Q

′
n,y = Qn,y − ⟨Qn,y⟩. (4)

Then, Ψn is estimated from the recentered flow vector components:

Ψn =
1
n

arctan

(
Q

′
n,y

Q′
n,x

)
. (5)

A standard flattening technique is then used to remove the residual nonuniformities in the
event plane angular distribution [53]. The second-order Fourier sine coefficient, Pz,s2, can be
measured directly, with

⟨Pz sin[2(ϕ − Ψ2)]⟩ =
⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩

αΛRes(Ψ2)⟨cos2 θ∗⟩ , (6)

where Res(Ψ2) is the event plane resolution due to the finite number of final-state particles.
This correction is estimated using a three-subevent method [54]:

Res(Ψ2) =

√
⟨cos[2(Ψ2 − ΨHF+

2 )]⟩⟨cos[2(Ψ2 − ΨHF−
2 )]⟩

⟨cos[2(ΨHF+

2 − ΨHF−
2 )]⟩

. (7)

The positive η side HF and negative η side HF are used to determine ΨHF+

2 and ΨHF−
2 , where ϕi

and ωi in Eq. (3) are the azimuthal angles of the calorimeter towers and the transverse energy
deposited, respectively. The Res(Ψ2) values range from 0.415 (low multiplicity) to 0.684 (high
multiplicity).

To extract the polarization of the hyperon signal, a simultaneous fit to the invariant mass (minv)
spectrum of hyperon candidates and their ⟨Pz sin[2(ϕ − Ψ2)]⟩ values as a function of minv is
performed. The mass spectrum fit function is composed of the sum of two Gaussian func-
tions with the same mean but different widths for the hyperon signal, S(minv), and a func-
tion A1q1/2 + A2q3/2, where A1, A2 are the fitted parameters, q = minv − (mπ + mp) with
mπ (mp) being the pion (proton) mass, to model the combinatorial background, B(minv). The
⟨Pz sin[2(ϕ − Ψ2)]⟩ distribution is fitted with

⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩S+B = α(minv)⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩S

+ [1 − α(minv)]⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩B. (8)

Here ⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩B for the background candidates is modeled as a linear function of
the invariant mass and α(minv) is the hyperon signal fraction. Figure 1 shows an example of a
simultaneous fit to the mass spectrum and ⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩S+B for the multiplicity range
185 ≤ Noffline

trk < 250.

The sources of systematic uncertainty in the Pz,s2 measurement include the variation of the
background probability density function (PDF) for the invariant mass and for the ⟨cos θ∗ sin[2(ϕ−
Ψ2)]⟩ value of background Λ candidates, the vertex position, variation of the results when the
proton and Pb beam directions are switched, and the uncertainty on the hyperon decay pa-
rameter [52]. Systematic effects related to background invariant mass PDF are investigated by
changing the PDF to a third-order polynomial, an exponential, and a second- or third-order
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Figure 1: Example of a simultaneous fit to the mass spectrum (left) and ⟨cos θ∗ sin[2(ϕ −
Ψ2)]⟩S+B (right) for the multiplicity range 185 ≤ Noffline

trk < 250. Vertical bars show the sta-
tistical uncertainties.

Chebyshev polynomial functions. Based on these studies, a 3% uncertainty for the Pz,s2 re-
sults is assigned. The systematic uncertainties from the background ⟨cos θ∗ sin[2(ϕ − Ψ2)]⟩B

functional form are evaluated by changing from a linear function to a constant background,
including the possibility of this background being negligible. For Noffline

trk < 120, the result-
ing uncertainty is 3% (7%) for Λ (Λ ), and 5% for Λ + Λ results. This uncertainty is found
to be negligible for the higher-multiplicity ranges. To evaluate the uncertainties from the ver-
tex dependent detector acceptance, the Pz,s2 are extracted from events with |vz| < 3 cm and
3 < |vz| < 15 cm. A variation of 8% (3%) is found for the Λ/Λ (Λ + Λ ) results, which is quoted
as a systematic uncertainty. The beam directions were reversed during the 2016 pPb collision
data taking, and a systematic uncertainty of 10% is found by comparing results from the two
beam directions. The hyperon decay parameter measurements have their own uncertainties,
which lead to global systematic uncertainties of 1.2% (1.3%) for Λ (Λ ) results and 1.3% for the
Λ + Λ results. To verify the procedure for extracting the signal Pz,s2 value, a study using EPOS

LHC [55] pPb events was performed with the extracted values found to be consistent with the
generator-level values. To confirm the absence of other unexpected detector effects, Pz,s2 for K0

S
was also measured using the same analysis procedure as for Λ (Λ ). The results are consistent
with zero, as expected for a spin-0 particle, and are shown in the supplemental material.

Figure 2 (left) shows the Noffline
trk dependence of Pz,s2 in pPb collisions at

√
s

NN
= 8.16 TeV for

the Λ and Λ hyperons, as well as for the combined Λ + Λ results. Positive Pz,s2 values are
observed, with a significance of non-zero polarization exceeding 5 standard deviations for three
of the five Noffline

trk bins. The Pz,s2 values for Λ and Λ particles are consistent with each other
within the uncertainties and found to decrease as a function of multiplicity. A similar trend was
observed in AA collisions, where the Pz,s2 values are found to decrease as collisions become
more central (i.e., with increasing multiplicity) [8, 17, 18]. This trend deviates from the usual
behavior of other collective flow observables, which typically diminish at low multiplicities,
consistent with hydrodynamic models predicting a progressively shorter QGP lifetime [38, 39].
The Pz,s2 results for Λ + Λ particles are further studied as a function of pT for 3 ≤ Noffline

trk < 60,
60 ≤ Noffline

trk < 120, and 185 ≤ Noffline
trk < 250, which are shown in Fig. 2 (right). For pT

above ∼1.5 GeV/c, the significance exceeds 5 standard deviations for all of the Noffline
trk bins. An

increasing trend as a function of pT is observed for all measured multiplicity ranges.
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Figure 2: Left: The second-order Fourier sine coefficients of Λ, Λ and Λ + Λ polarizations
along the beam direction as functions of Noffline

trk in pPb collisions at
√

s
NN

= 8.16 TeV. Results
from hydrodynamic calculations [57] are shown as solid and dashed lines. The Noffline

trk values of
Λ + Λ results are shifted horizontally for better visibility. Right: The second-order Fourier sine
coefficients Λ + Λ polarization along the beam direction as functions of pT for 3 ≤ Noffline

trk < 60,
60 ≤ Noffline

trk < 120, and 185 ≤ Noffline
trk < 250 in pPb collisions at

√
s

NN
= 8.16 TeV. Vertical bars

represent statistical uncertainties, while shaded areas show systematic uncertainties.

The Pz,s2 values estimated from a hydrodynamic model including the thermal shear and ther-
mal vorticity contributions [57] are shown in Fig. 2 for comparison. The 3+1D CLVisc model [58,
59] with the parameterized TRENTo initial conditions [60] is used for the hyperon polarization
calculation. The model is tuned to describe the charged hadron multiplicity and the trans-
verse momentum dependent elliptic flow of Λ hyperons in pPb collisions at

√
s

NN
= 8.16 TeV.

Three different scenarios commonly used to model spin polarization in relativistic AA colli-
sions [14, 16, 19–22] are studied. In the s quark equilibrium scenario, the spin of Λ hyperons
is assumed to be carried by the constituent s quark based on the coalescence model [4]. In the
Λ equilibrium scenario, the Λ hyperon polarization is calculated at the freeze-out, where the
mass of the spin carrier is the hyperon mass [61]. In addition to the Λ equilibrium scenario, the
iso-thermal equilibrium scenario assumes a constant temperature of the system at the freeze-
out [62]. The thermal shear and thermal vorticity contributions to Pz,s2 in these calculations
are found to be positive and negative, respectively. While the three approaches describe the
positive Pz,s2 values observed in AA collisions quantitatively or qualitatively [17, 20, 21], the
calculations in pPb collisions lead to negative Pz,s2 values which disagree with the measured
results.

The new pPb data pose a challenge to the current theoretical implementation of spin polar-
ization in heavy ion collisions and underscore the importance of investigating other physics
mechanisms, beyond QCD vorticity effects, that might also explain the observed hyperon po-
larization in proton-nucleus (pA) and AA collisions. For example, the general polarization of
Λ hyperons produced in higher energy collisions of unpolarized hadrons has been a major
challenge for QCD theoretical interpretations for several decades [63, 64]. Recently, the trans-
verse polarization of Λ hyperons has been measured in unpolarized e+e− collisions by the
Belle collaboration [65], with the effects of polarizing fragmentation functions (PFFs) proposed
to describe the measured polarization [66–69]. Further investigations are needed to under-
stand how PFFs and their potential dependence on parton flavor [69] contribute to Λ hyperon
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polarization in hadronic collisions at LHC energies.

In summary, the first measurement of the second-order sine Fourier coefficients Pz,s2 of hy-
peron polarization along the beam direction in proton-lead collisions is presented. The data
were obtained using the CMS detector at a nucleon-nucleon center of mass energy of 8.16 TeV.
Significant positive Pz,s2 values are observed for Λ and Λ particles as a function of charged
particle multiplicity and transverse momentum. The observed signal exhibits behavior similar
to those seen in nucleus-nucleus collisions, with Pz,s2 values increasing with rising transverse
momentum and decreasing charged particle multiplicity. Hydrodynamic calculations with var-
ious polarization scenarios, which describe the results in nucleus-nucleus collisions, fail to de-
scribe the positive sign of the proton-lead results. These results pose a challenge to the current
theoretical interpretation of spin polarization in heavy ion collisions.
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A Supplemental material: Λ hyperon local polarization with for-
ward rapidity event plane and K0

S polarization

The Pz,s2 values for K0
S particles have been measured, with cos θ∗ calculated using the higher pT

pion from the K0
S decay. The results, shown in Fig. A.1 as a function of Noffline

trk for pPb collisions
at

√
s

NN
= 8.16 TeV, are consistent with zero, as expected for a spin-0 particle.
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Figure A.1: The second-order Fourier sine coefficients of K0
S with cos θ∗ calculated from the

higher pT π from K0
S decay, Λ, Λ and Λ + Λ polarization along the beam direction as functions

of Noffline
trk in pPb collisions at

√
s

NN
= 8.16 TeV. Vertical bars show statistical uncertainties.

Shaded areas show systematic uncertainties. The Noffline
trk values of Λ + Λ results are shifted for

better visibility.

To ensure that the measured Pz,s2 values for the Λ hyperon is not affected by short range cor-
relations, the measurements have been repeated using event planes reconstructed with the HF
detectors. These detectors have a significantly different η range (2.9 < |η| < 5.2) than the ob-
served Λ hyperons. The HF-based event planes are reconstructed using only one side of the

HF, corresponding to the Pb beam direction and denoted as Ψ
HFPb−going
2 , to achieve improved

event plane resolution. The results, shown in Figs. A.2–A.4, are found to be consistent with
those measured using the event planes reconstructed with mid-rapidity tracks.
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Figure A.2: The second-order Fourier sine coefficients of Λ polarization along the beam direc-
tion as functions of Noffline

trk in pPb collisions at
√

s
NN

= 8.16 TeV extracted with tracker and HF
based event planes. Vertical bars show statistical uncertainties. Shaded areas show systematic
uncertainties.
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Figure A.3: The second-order Fourier sine coefficients of Λ polarization along the beam direc-
tion as functions of Noffline

trk in pPb collisions at
√

s
NN

= 8.16 TeV extracted with tracker and HF
based event planes. Vertical bars show statistical uncertainties. Shaded areas show systematic
uncertainties.
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Université Catholique de Louvain, Louvain-la-Neuve, Belgium
A. Benecke , A. Bethani , G. Bruno , C. Caputo , J. De Favereau De Jeneret ,
C. Delaere , I.S. Donertas , A. Giammanco , A.O. Guzel , Sa. Jain , V. Lemaitre,
J. Lidrych , P. Mastrapasqua , T.T. Tran

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
G.A. Alves , E. Coelho , G. Correia Silva , C. Hensel , T. Menezes De Oliveira ,
C. Mora Herrera4 , P. Rebello Teles , M. Soeiro, A. Vilela Pereira4

Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
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A. Braghieria , S. Calzaferria , D. Fiorinaa , P. Montagnaa,b , V. Rea , C. Riccardia,b ,
P. Salvinia , I. Vaia,b , P. Vituloa,b

INFN Sezione di Perugiaa, Università di Perugiab, Perugia, Italy
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51Also at Fermi National Accelerator Laboratory, Batavia, Illinois, USA
52Also at Laboratori Nazionali di Legnaro dell’INFN, Legnaro, Italy
53Also at Lulea University of Technology, Lulea, Sweden
54Also at Consiglio Nazionale delle Ricerche - Istituto Officina dei Materiali, Perugia, Italy
55Also at Institut de Physique des 2 Infinis de Lyon (IP2I ), Villeurbanne, France
56Also at Department of Applied Physics, Faculty of Science and Technology, Universiti
Kebangsaan Malaysia, Bangi, Malaysia
57Also at Consejo Nacional de Ciencia y Tecnologı́a, Mexico City, Mexico
58Also at Trincomalee Campus, Eastern University, Sri Lanka, Nilaveli, Sri Lanka
59Also at Saegis Campus, Nugegoda, Sri Lanka
60Also at National and Kapodistrian University of Athens, Athens, Greece
61Also at Ecole Polytechnique Fédérale Lausanne, Lausanne, Switzerland
62Also at University of Vienna, Vienna, Austria
63Also at Universität Zürich, Zurich, Switzerland
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