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We report the analysis of the three-body e*e™ — BBz™, BB*x*, and B*B*z* processes, including the
first observations of the Z(10610) — [BB* + c.c.]* and Z£(10650) — [B*B*]* transitions that are found
to dominate the corresponding final states. We measure Born cross sections for the three-body production
of o(ete™ = [BB* +c.c]™n¥) = [17.4 + 1.6(stat) & 1.9(syst)] pb and o(ete” = [B*B*]*nT) =
[8.75 4 1.15(stat) & 1.04(syst)] pb and set a 90% C.L. upper limit of (e*e™ — [BB]*2T) < 2.9 pb.
The results are based on a 121.4 fb~! data sample collected with the Belle detector at a center-of-mass
energy near the Y (10860) peak.

DOI: 10.1103/PhysRevLett.116.212001

Two new charged bottomoniumlike resonances, including a bb pair. Several models [3] have been

Z,(10610) and Z,(10650), have been observed recently
by the Belle Collaboration in ete™ — Y(nS)zt 7™,
n=1,2,3and ete” - hy(mP)xtz~, m=1, 2 [1,2].
Analysis of the quark composition of the initial and final
states reveals that these hadronic objects have an exotic
nature: Z; should be composed of (at least) four quarks

proposed to describe the internal structure of these
states. In Ref. [4], it was suggested that Z,(10610)
and Z,(10650) states might be loosely bound BB* and
B*B* systems, respectively. If so, it is natural to expect
the Z, states to decay to final states with B*) mesons at
substantial rates.
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Evidence for the three-body Y(10860) — BB*x decay
has been reported previously by Belle, based on a data
sample of 23.6 fb~! [5]. In this analysis, we use a data
sample with an integrated luminosity of 121.4 fb~!' col-
lected near the peak of the 7Y(10860) resonance
(v/s = 10.866 GeV) with the Belle detector [6] at the
KEKB asymmetric-energy e' e~ collider [7]. Note that
we reconstruct only three-body B*)B™*)z combinations
with a charged primary pion. For brevity, we adopt the
following notations: the set of B¥B%z~ and B~Bz" final
states is referred to as BBx; the set of BT B*%z~, B-B* Oz,
B°B*~n" and B°B**z~ final states is referred to as BB*r;
and the set of B**B*%z~ and B*~B*'z" final states is
denoted as B*B*x. The inclusion of the charge conjugate
mode is implied throughout this Letter.

We use Monte Carlo (MC) events generated with
EVTGEN [8] and then processed through a detailed
detector simulation implemented in GEANT3 [9]. The
simulated samples for e e~ — qg (¢ = u, d, s, ¢, or b) are
equivalent to 6 times the integrated luminosity of the data
and are used to develop criteria to separate signal events
from backgrounds, identify types of background events,
determine the reconstruction efficiency, and parametrize
the distributions needed for the extraction of the signal
decays.

B mesons are reconstructed in the following decay
channels: Bt — J/wK®*, Bt - D®0z* B — J/yK ),
B® — D™=zt We use Belle standard techniques [10] to
reconstruct primary particles such as photons, pions, kaons,
and leptons. The K** (K**) is reconstructed in the K+~
(K°7*) final state; the invariant mass of the K* candidate is
required to be within 150 MeV/c? of the nominal K* mass
[11]. The invariant mass of a J/y — £7¢£~ candidate is
required to be within 30 (50) MeV/c? for £ = e (u), of the
nominal J/w mass. Neutral (charged) D mesons are
reconstructed in the K-zt, K-ztz° and K-z ztnt
(K~ n"z") modes. To identify D* candidates, we require
|M(Dz) — M(D) — Amp:| <3 MeV/c?, where M(Dnr)
and M(D) are the reconstructed masses of the D* and D
candidates, respectively, and Amp- = mp- —mp is the
difference between the nominal D* and D masses. The
mass windows for narrow states quoted above correspond
to a +2.50 requirement.

The dominant background comes from ete™ — cc
continuum events, where true D mesons produced in
e'e™ annihilation are combined with random particles to
form a B candidate. This type of background is suppressed
using variables that characterize the event topology. Since
the momenta of the two B mesons produced from a three-
body ete” — B®B™z decay are low in the center-of-
mass (c.m.) frame (below 0.9 GeV/c¢), the decay products
of different B mesons are essentially uncorrelated so that
the event tends to be spherical. In contrast, hadrons from
continuum events tend to exhibit a back-to-back jet

structure. We use 6,, the angle between the thrust axis
of the B candidate and that of the rest of the event, to
discriminate between the two cases. The distribution of
| cos Oy, | is strongly peaked near |cos8y,| = 1.0 for cc
events and is nearly flat for B*) Bz events. We require
| cos @y, < 0.80 for the B — D™z final states; this elim-
inates about 81% of the continuum background and retains
73% of the signal events.

We identify B candidates by their reconstructed invariant
mass M(B) and momentum P(B) in the c.m. frame. We
require P(B) < 1.35 GeV/c to retain B mesons produced
in both two-body and multibody processes. The M(B)
distribution for B candidates is shown in Fig. 1(a). We
perform a binned maximum likelihood fit of the M(B)
distribution to the sum of a signal component parametrized
by a Gaussian function and two background components:
one related to other decay modes of B mesons and one due
to continuum e* e~ — gg processes, where g = u, d, s, c.
The shape of the B-related background is determined from
a large sample of generic MC simulations, and the shape of
the gg background is parametrized with a linear function.
The parameters of the signal Gaussian, the normalization
of the B-related background, and the parameters of the ¢g
background float in the fit. We find 12263 £ 168 fully
reconstructed B mesons. The B signal region is defined by
requiring M (B) to be within 3040 MeV/c? (depending on
the B decay mode) of the nominal B mass.

Reconstructed BT or BY candidates are combined with
n~’s—the right-sign (RS) combination—and the missing
mass M (Br) is calculated as M (Br) =
V (Vs — Eg,)?/c* — P}/ c?, where Eg, and Py, are the
measured energy and momentum of the reconstructed Bz
combination. Signal e*e™ — BB*z events produce a nar-
row peak in the M, (Br) spectrum around the nominal B*
mass while e*e™ — B*B*z events produce a peak at
mp- + Ampg-, where Ampg. = mp- — mp, due to the missed
photon from the B* — By decay. It is important to note here
that, according to signal MC simulations, BB*z events,
where the reconstructed B is the one from the B*, produce a
peak in the M, (Bx) distribution at virtually the same
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FIG. 1. (a) Invariant mass and (b) M}, (Bx) distribution for B
candidates in the B signal region. Points with error bars represent
the data. The open histogram in (a) shows the result of the fit to
data. The solid line in (b) shows the result of the fit to the RS Bz

data; the dashed line represents the background level.
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position as BB*r events, where the reconstructed B is the
primary one. To remove the correlation between M, (B7)
and M(B) and to improve the resolution, we use M. =
M i (Brr) + M(B) — mp instead of M ;(Br). The M.
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB*z and B* B*x signals
are evident. Combinations with z+—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B — J/wK°® mode is
not included in the WS sample, but both combinations
with z and z~ are added to the RS sample.) We apply a
factor of 1.19 £0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M. . distribution, shown as a hatched
histogram in Fig. 1(b). Because of B’ — B oscillations, we
expect a fraction of the produced B° mesons to decay as B°
given by 0.5x3/(1 + x2) = 0.1861 £ 0.0024, where x, is
the B® mixing parameter [11].

Note that the momentum spectrum of B mesons produced
in events with initial-state radiation (ISR), ete™ — yBB,
overlaps significantly with that for B mesons from the three-
body e*e~ — BBz processes. However, ISR events do
not produce peaking structures in the M}, . distribution.

A binned maximum likelihood fit is performed to fit the

M. distribution to the sum of three Gaussian functions to
represent three possible 51gnals and two threshold compo-
nents Ay (x; — M5, )% exp{ (M}, — x1) /6 } (k= 1,2) to
parametrize the ¢g and two-body B*)B™*) backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters A,
ay, Oy of the background functions are free parameters of
the fit; the threshold parameters x; are fixed from the
generic MC simulations. ISR events produce an M}
distribution similar to that for ¢gg events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV/c? for the BB*zx and B*B*rm, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields Ngp, =13 £25, Ngp-, =357 130,
and Npp-, = 161 4= 21 signal events. The statistical sig-
nificance of the observed BB*z and B*B*r signal is 9.3¢
and 8.10, respectively. The statistical significance is calcu-
lated as \/—21In(Ly/Ly,), where Lg, and L, denote the
likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.

For the subsequent analysis, we require |M. . — mp-
15 MeV/c? to select BB*x signal events and |M}; ,—
(mg + Amg)| < 12 MeV/c?, where Amg = mg — mp,
to select B*B*z events. For the selected B®) B* r candidates,
we calculate My (7) = \/(\/s — E;)?/c* — P2/c?,
where E, and P, are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

<
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FIG. 2. The M,;(x) distribution for the (a) BB*z and
(b) B*B*z candidate events. Normalization factor is applied
for the WS distributions.

frame. The M ;i(7) distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to the WS sample due to mixing. To fit
the M ,,;s(7) spectrum, we use the function

F(m) = [fsgS(m) + B(m)]e(m)Fpusp(m), (1)

where m = M(7), fge = 1.0 (0.1366 & 0.0032 [14])
for the RS (WS) sample, S(m) and B(m) are the signal
and background probability density function, respectively,
and Fpysp(m) is the phase space function. To account for
the instrumental resolution, we smear the function F(m)
with a Gaussian function with ¢ = 6.0 MeV/c? that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as e(m) ~exp[(m —mg)/
Al(1 —m/mgy)¥*, where my = 10.718 +0.001 GeV/c?
is an efficiency threshold and A = 0.094 & 0.002 GeV/c.
The distribution of background events is parametrized as
Byig,(m) = boge™Pon, where by and f are fit parameters
and 8,, = m — (my.) + mp-). A general form of the signal

probability density function is written as
S(m) = L ©

| Az, (10610) + Az, (10650) T Anr

where A,, = a,.er is the nonresonant amplitude para-
metrized as a complex constant and the two Z;, amplitudes,
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Az, are parametrized with Breit-Wigner functions
Ay =aze'’2/(m* —m} — iTzmz). The masses and
widths of the Z, states are fixed at the values obtained
from the analyses of ete™ — Y (nS)n"z~ and ete™ —
h,,(mP)n'*n'_: MZ,,(10610) = 106072:|:20MGV/C2,
FZ,;(IOﬁlO) =184 + 2.4 MeV and MZ;,(10650) = 10652.2+
1.5 MeV/c?, T, (10650) = 11.5 £2.2 MeV [1].

We first analyze the BB*z [B* B*x] data with the simplest
hypothesis, model 0, which includes only the Z,(10610)
[Z,(10650)] amplitude. Results of the fit are shown in
Fig. 2; the numerical results are summarized in Table I. The
fraction fy of the total three-body signal attributed to a
particular quasi-two-body intermediate state is calculated
as fx = [ |Ax|[*dm/ [ S(m)dm, where Ay is the amplitude
for a particular component X of the three-body amplitude.
Next, we extend the hypothesis to include a possible
nonresonant component, model 1, and repeat the fit to
the data. Then the BB*x data are fit to a combination of two
Z;, amplitudes, model 2. In both cases, the addition of an
extra component to the amplitude does not give a sta-
tistically significant improvement in the data description:
the likelihood value is only marginally improved (see
Table I). The addition of extra components to the amplitude
also produces multiple maxima in the likelihood function.
As a result, we use model 0 as our nominal hypothesis.
Finally, we fit both samples to a pure nonresonant ampli-
tude (model 3). In this case, the fit is significantly worse.

If the parameters of the Z, resonances are allowed to
float, the fit to the BB*z data with model 0 gives 10605 +
6 MeV/c? and 25 + 7 MeV for the Z,(10610) mass and
width, respectively, and the fit to the B*B*z data gives
10648 4= 13 MeV/c? and 23 + 8 MeV for the Z,(10650)
mass and width, respectively. The large errors here reflect
the strong correlation between the resonance parameters.

The three-body Born cross sections are calculated as

N
+ ,- _ f 3
=D = B+ ol =T )

where Ny is the three-body signal yield and L =

121.4 fb~! is the total integrated luminosity. The effi-
ciency-weighted sum of B-meson branching fractions B,
is determined using both signal MC and two-body e"e™ —
B®B® events in data. To avoid the large systematic
uncertainties associated with the determination of
reconstruction efficiencies for B and D decays to multibody
final states, we select a subset of two-body modes,
Bt - D°[K*27|z" and B — J/y[¢*¢7]K, and calculate
By = BF' x N9 1) /N5, 5y » Where the superscripts “sel”
and “all” refer to quantities determined for the selected
subset of B decay modes and for the full set of modes,
respectively. Two-body e* e~ — B*) B(*) events are selected
with the requirement 0.90 < P(B) < 1.35 GeV/c; the B
yield is determined from the fit to the M(B) distribution.
We find N3\, ., =10131+152 and N¥., -, = 2406 + 62.
(MC studies show no significant dependence of the
reconstruction efficiency on the B momentum.) To account
for the nonuniform distribution of signal events over the
phase space, we introduce an efficiency correction factor 7
determined from the MC simulation with signal events
generated according to the nominal model. Since we do not
observe a signal in the BBr final state, no correction is
made for this channel. A factor a = 0.897 £0.002 is
introduced to correct for the effect of neutral B-meson
oscillations that is determined using the known B mixing
parameter x,; and the yield ratio in data of two-body events
with a reconstructed neutral versus charged B meson.
The ISR correction, 1 + Sisg, for the B B*z final states
is calculated using recent results on o(ete” —
h,(mP)z"z~) [15] and an observation that the Y(5S5) —
h,(mP)z" 7~ transitions are saturated by the intermediated
Z,, production [1]; for the BBr final state we assume
constant cross section. For the vacuum polarization cor-
rection we use 1/|1 —TII> = 0.928 [16]. The results are
summarized in Table II.

The dominant sources of systematic uncertainties for the
three-body production cross sections are the uncertainties

TABLE I. Summary of fit results to the M, (7) distributions for the three-body BB*z and B*B*x final states.
Mode Parameter Model 0 Model 1 Model 2 Model 3
Solution 1 Solution 2 Solution 1 Solution 2
BB*rx fz,(10610) 1.0 1.45+0.24 0.64 £0.15 1.01 +0.13 1.18 +£0.15
S z,(10650) e 0.05 +0.04 0.24 +0.11
¢z, (10650)> radians e e e —0.26 + 0.68 —-1.63+0.14
far 0.48 +0.23 0.41+0.17 1.0
Pur, Tadians —-1.21+£0.19 0.95+0.32
2log L -304.7 -300.6 -300.5 -301.4 -301.4 -344.5
B*B*r fz,(10650) 1.0 1.04 +£0.15 0.77 £0.22 e
far e 0.02 +0.04 0.24 +0.18 1.0
¢or, radians e 0.29 +1.01 1.10 £ 0.44 e
2log L —182.4 —182.4 —182.4 —209.7
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TABLE II. Summary of results on three-body cross sections.
The first (or sole) uncertainty is statistical, the second is
systematic.

Parameter BBrn BB*n B*B*r
Ny, events 13 +25 357 £30 161 21
Bf, 107 293 £ 22 276 £ 21 223 +£17

n 1.0 1.066 1.182

1+ 0g  0.720+0.017 0.598 £0.016 0.594 +£0.016

o, pb <29 174+1.6+£19 875+ 1.15£1.04

in the signal yield extraction (6.9% for BB*z and 8.7% for
B*B*r), in the reconstruction efficiency (7.6%) (including
secondary branching fractions [11]), in the correction factor
a (1%), in the integrated luminosity (1.4%), and in the ISR
correction (2.7%). The overall systematic uncertainties for
the three-body cross sections are estimated to be 7.9%,
10.8%, and 12.0% for the BBn, BB*n, and B*B*x final
states, respectively.

Using the results of the fit to the M, (x) spectra
with the nominal model (model O in Table I) and the results
of the analyses of eTe™ - Y(nS)z "z~ [1] and eTe™ —
hy(mP)rntz~ [15,17], we calculate the ratio of the
branching fractions B[Z; (10610) — B°B** + B*B*Y]/
B[Z;(10610) — bottomonium] = 5.931 5024 and
B[z} (10650) - B**B*]/B[Z;; (10650) — bottomonium] =
2.80708019:>4 We also calculate the relative fractions for Z,,
decays, assuming that they are saturated by the already
observed Y(nS)z, h,(mP)z, and B*)B* channels. The
results are presented in Table III.

To summarize, we report the first observations of the
three-body ete™ — BB*z and eTe™ — B*B*z processes
with a statistical significance above 8c. Measured
Born cross sections are o(ete” — [BB* +c.c.|txT) =
(174+1.6+19)pb and o(eTe” - [B*B*]*zT) =
(8.75 + 1.15 £+ 1.04) pb. For the e"e™ — BBr process,
we set a 90% confidence level upper limit of o(ete™ —

TABLE 1II. B branching fractions for the Z;(10610) and
ZZ(10650) decays. The first quoted uncertainty is statistical,
the second is systematic.

Channel Fraction, %

Z,(10610) Z,(10650)
T(18)x" 0.54+0:16+011 0.17 50071993
T(28)xt 3.6210761079 13910357054
Y(3S)at 2.151035+060 16350334 05%
hy(1P)z* 34510871086 841351156
hy(2P)7 4.67+1244118 1475378
B*B + B'B** 85.65)54) N
BB e 73753459

[BB]*zF) < 2.9 pb. The analysis of the B*)B* mass
spectra indicates that the total three-body rates are domi-
nated by the intermediate eTe™ — Z,(10610)Tz* and
ete” — Z,(10650)Fz* transitions for the BB*z and
B*B*r final states, respectively.

We thank the KEKB group for excellent operation of
the accelerator; the KEK cryogenics group for efficient
solenoid operations; and the KEK computer group, the NII,
and PNNL/EMSL for valuable computing and SINET4
network support. We acknowledge support from MEXT,
JSPS, and Nagoya’s TLPRC (Japan); ARC and DIISR
(Australia); FWF (Austria); NSFC (China); MSMT
(Czechia); CZF, DFG, and VS (Germany); DST (India);
INFN (Italy); MEST, NRF, GSDC of KISTI, and WCU
(Korea); MNiSW and NCN (Poland); MES and RFAAE
(Russia); ARRS (Slovenia); IKERBASQUE and UPV/
EHU (Spain); SNSF (Switzerland); NSC and MOE
(Taiwan); and DOE and NSF (U.S.).

[1]1 A. Bondar et al. (Belle Collaboration), Phys. Rev. Lett. 108,
122001 (2012).

[2] A. Garmash et al. (Belle Collaboration), Phys. Rev. D 91,
072003 (2015).

[3] D.-Y. Chen and X. Liu, Phys. Rev. D 84, 094003 (2011); A.
Ali, C. Hambrock, and W. Wang, Phys. Rev. D 85, 054011
(2012); 1. V. Danilkin, V. D. Orlovsky, and Y. A. Simonov,
Phys. Rev. D 85, 034012 (2012); S. Ohkoda, Y. Yamaguchi,
S. Yasui, K. Sudoh, and A. Hosaka, Phys. Rev. D 86,
014004 (2012); E. Braaten, C. Langmack, and D. H. Smith,
Phys. Rev. D 90, 014044 (2014).

[4] A.E. Bondar, A. Garmash, A.I. Milstein, R. Mizuk, and
M. B. Voloshin, Phys. Rev. D 84, 054010 (2011).

[5] A. Drutskoy et al. (Belle Collaboration), Phys. Rev. D 81,
112003 (2010).

[6] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also see
Detector section in J. Brodzicka et al., Prog. Theor. Exp.
Phys. 2012, 04D001.

[7] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers included
in this volume; T. Abe et al., Prog. Theor. Exp. Phys.2013,
03A001and following articles up to 03A011.

[8] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[9] R. Brun et al., CERN Report No. DD/EE/84-1, 1984.

[10] D. Liventsev et al. (Belle Collaboration), Phys. Rev. D 77,
091503(R) (2008).

[11] K. A. Olive et al. (Particle Data Group Collaboration),
Chin. Phys. C 38, 090001 (2014).

[12] Determined from the requirement of equal number of
events in the RS and WS samples in the 5.0 < M}, <
5.24 GeV/c? region in the data.

[13] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.116.212001 for the
bin-by-bin information.

212001-6


http://dx.doi.org/10.1103/PhysRevLett.108.122001
http://dx.doi.org/10.1103/PhysRevLett.108.122001
http://dx.doi.org/10.1103/PhysRevD.91.072003
http://dx.doi.org/10.1103/PhysRevD.91.072003
http://dx.doi.org/10.1103/PhysRevD.84.094003
http://dx.doi.org/10.1103/PhysRevD.85.054011
http://dx.doi.org/10.1103/PhysRevD.85.054011
http://dx.doi.org/10.1103/PhysRevD.85.034012
http://dx.doi.org/10.1103/PhysRevD.86.014004
http://dx.doi.org/10.1103/PhysRevD.86.014004
http://dx.doi.org/10.1103/PhysRevD.90.014044
http://dx.doi.org/10.1103/PhysRevD.84.054010
http://dx.doi.org/10.1103/PhysRevD.81.112003
http://dx.doi.org/10.1103/PhysRevD.81.112003
http://dx.doi.org/10.1016/S0168-9002(01)02013-7
http://dx.doi.org/10.1016/S0168-9002(01)02013-7
http://dx.doi.org/10.1016/S0168-9002(02)01771-0
http://dx.doi.org/10.1016/S0168-9002(02)01771-0
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1103/PhysRevD.77.091503
http://dx.doi.org/10.1103/PhysRevD.77.091503
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.212001

week endin
PRL 116, 212001 (2016) PHYSICAL REVIEW LETTERS 27 MAY 2016

[14] Determined using mixing parameter x, and the ratio of [16] S. Actis et al., Eur. Phys. J. C 66, 585 (2010).

charged to neutral B yields measured in data from two- [17] The fits to the M,(x) distributions performed in

body eTe™ — BB processes. Renormalization factor of Ref. [1] give fractions of f7( 1061027 = 0~423f8f?25;r—00(.)(§)079
[15] Xlggtb%e()slseilsarilsoe? pIleli.ed.(Belle Collaboration), arXiv: (0.352%‘%‘2{%:%:{) wnd Satosorer = 06025311 oiss

1508.06562. ’ (0.6487 )7 o155 ) for the hy,(1P) [h,(2P)] decays.

212001-7


http://arXiv.org/abs/1508.06562
http://arXiv.org/abs/1508.06562
http://dx.doi.org/10.1140/epjc/s10052-010-1251-4

