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We study hadronic transitions between bottomonium states using 496 fb~! data collected at the
Y (48) resonance with the Belle detector at the KEKB asymmetric energy ete™ collider. We mea-
sure: B(YT(4S) — 77w~ Y(15)) = (8.2 £ 0.5(stat.) + 0.4(syst.)) x 107°, B(YT(4S) — 77 n~Y(25)) =
(7.941.0(stat.) £ 0.4(syst.)) x 107, and B(Y(4S) — nT(1S)) = (1.70 £ 0.23(stat.) & 0.08(syst.)) x
107*.  We measure the ratio of branching fractions R = B(Y(4S) — nT(15))/B(Y(4S) —
7t~ Y(1S)) = 2.07 £ 0.30(stat.) & 0.11(syst.). We search for the decay T(1°D12) — 7Y (19),



but do not find significant evidence for such a transition. We also measure the initial state radia-
tion production cross sections of the T(25,3S) resonances and we find values compatible with the
expected ones. Finally, the analysis of the T(4S) — w77~ Y(1S) events shows indications for a

resonant contribution due to the f,(980) meson.

PACS numbers: 14.40.Pq,13.25.Gv

I. INTRODUCTION

Recently, hadronic transitions via an 7 meson or two
pions between bound states of bottomonium have been
recently intensively studied, for instance in [1-5], often
with unexpected results. The QCD multipole expan-
sion model [6] can be used generally to describe hadronic
transition between the lower mass bottomonium levels,
while its predictions fail when considering bottomonia
above the BB threshold. In particular, the transitions
between bottomonium states via an 7 meson are pre-
dicted, for example in [6-8], to be highly suppressed,
since they require a spin flip of the heavy quark. Among
the most unexpected experimental measurements, the
BaBar collaboration found an enhancement of the transi-
tion YT(4S) — nY(1S) with respect to the transition via
a dipion [1]. Also, the Belle collaboration observed the
transition Y (45) — nhy(1P) as the non-BB transition of
the T(4S) with the highest branching fraction [5]. This
unsettled picture could be made clearer by the precise
measurement of the transitions from the T (4.5) to lower-
mass Y states via an 1) meson or a dipion, and also by the
search for other possible transitions between bottomonia
via an n meson.

In this paper, we study the transitions Y(45) —
7ta~Y(nS) with n = 1,2 hereinafter, and Y(45) —
nY(1S), by reconstructing the Y(nS) mesons via their
leptonic decay to two muons. The 7 meson is recon-
structed via its decay to #T7 7%, with the 7° meson
reconstructed as two photons. The decay n — v
is not considered in this paper since the correspond-
ing final state has a limited statistical precision, due to
the lower signal-to-background ratio than in the decay
n — nta~ 7. We measure the branching fraction of
these transitions, and also the ratio of branching frac-
tions:

B(Y(4S) — Y (1S)) )
B(Y(4S) — ntn-T(19))

R =

The analysis is also potentially sensitive to the tran-
sition Y(13D;2) — nY(1S), which could be observable
in the same final state reconstructed for the Y(4S) —
nY(1S) study, with the subsequent decays n — 77~ 7Y,
70 — ~v, and T(1S) — ptp~. The Y(13D;2) could
be produced through double-radiative transitions from
the T(4S5) through the x;;(2P) states, while the con-
tribution from the Y(3S) produced in initial state ra-
diation (ISR) is expected to be negligible. The decay
Y(13D12) — nY(15) has been predicted to be enhanced
with respect to the transition Y(13D; ) — 7T 7~ Y(15)
by the axial anomaly in QCD [9].

II. DATA SAMPLES AND DETECTOR

We use a sample of (538 + 7) x 10° Y(4S) mesons,
corresponding to the number of BB pairs produced in a
sample of integrated luminosity of Lins = 496 fb~!, col-
lected by the Belle experiment at a center-of-mass (CM)
energy corresponding to the mass of the T (4.5) meson at
the KEKB asymmetric-energy ete™ collider [10, 11]. In
addition, a data sample corresponding to 56 fb~!, col-
lected about 60 MeV below the resonance, is used to
estimate the background contribution. Decays of T(3.5)
and Y(2S) mesons are studied in events recorded at the
energy of the Y(45) and assumed to come from ISR
production; the ISR photon is typically emitted almost
collinear to the beam direction and is not required to be
reconstructed. The equivalent luminosity for a narrow
vector resonance produced in ISR events is calculated as
in Ref. [12], and is ~ 17.1 pb and ~ 28.6 pb for the YT (25)
and the Y(395), respectively.

The Belle detector (described in detail elsewhere [13,
14]) is a large-solid-angle magnetic spectrometer that
consists of a silicon vertex detector, a 50-layer cen-
tral drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters, and an electromag-
netic calorimeter comprised of CsI(T1) crystals (ECL)
located inside a super-conducting solenoid coil that pro-
vides a 1.5 T magnetic field. An iron flux-return located
outside of the coil is instrumented to detect K? mesons
and to identify muons (KLM).

Monte Carlo (MC) simulated events are used for the
efficiency determination and the selection optimization,
and are generated with EvtGen [15], while GEANT3 [16] is
used to simulate the detector response. The changing de-
tector performance and accelerator conditions are taken
into account in the simulation. The distributions of gen-
erated dimuon decays incorporate the Y(nS) polariza-
tion. Dipion transitions as well as Y(13D; 5) — nY(15)
decays are generated according to phase space, while the
angular distribution in T (45) — nY(1S) events is simu-
lated as a vector decaying to a pseudoscalar and a vector.
The n — m77~ 7" decays are modeled according to the
known Dalitz plot parameters [17]. Final state radiation
effects are described by PHOTOS [18], and secondary emis-
sion is taken into account in the simulation of Y(35,25)
resonances produced in ISR.



III. EVENT SELECTION

Charged tracks must originate from a cylindrical region
of radius 1 cm and axial length +5 cm centered on the
eTe™ interaction point and have a momentum transverse
to the beam axis (pr) greater than 0.1 GeV/¢, with the
2z axis chosen to be antiparallel to the e™ beam. Charged
particles are assigned a likelihood £; (i = p,m, K) [19]
based on the range of the particle in the KLM, and on
matching it to the track extrapolated from the CDC;
particles are identified as muons if the likelihood ratio
Pu = L./(Ly + Lr + Li) exceeds 0.8, corresponding
to a muon efficiency of about 91.5% over the polar an-
gle range 20° < A < 155° and the momentum range 0.7
GeV/c < p < 3.0 GeV/c in the laboratory frame. Elec-
tron identification uses a similar likelihood ratio P, based
on CDC, ACC, and ECL information [20]. Charged par-
ticles that are not identified as muons and have a likeli-
hood ratio P, < 0.1 are treated as pions, thus rejecting
~ 75% of the background events due to photon conver-
sions in the detector material, while retaining almost 99%
of the signal. Calorimeter clusters not associated with
reconstructed charged tracks and with energies greater
than 50 MeV are classified as photon candidates.

Each muon candidate is required to have a CM momen-
tum, p(p)om, between 4.25 (4.9) GeV/c and 5.25 (5.1)
GeV/c in the case of decays to T(1S5) (T (2S5)). At least
one of the muon candidates must be positively identified
as a muon. Pairs of oppositely charged tracks classified
as pions are selected to form dipion candidates. Can-
didate events must contain a pair of oppositely charged
pions, and two muons from the decay of the T(nS), the
pair having an invariant mass M (up) within +40 of the
known value [17] for the considered resonance. This re-
sults in requiring events corresponding to the transitions
to Y(15) to have 9.2 GeV/c* < M(uu) < 9.7 GeV/c?,
and events corresponding to the T(45) — nwtx~T(29)
transition to have 9.8 GeV/c? < M (up) < 10.2 GeV/c?.

The quantity pke =  plup)en — (s —
M (pp)?c*)/(2¢4/s), where p(up)cay is the CM mo-
mentum of the dimuon system and /s is the CM ete™
energy, represents a kinematic bound and is expected
to be kinematically constrained to negative values
for the signal events, and is used to reject most of
the background contribution due to QED processes
(ete™ — ete™(y) and ete™ — utp~(y)). In the case
of dipion transitions, remaining backgrounds are due to
QED processes, where a photon converts in the detector
material and the leptons are reconstructed as pions. This
contribution to the background is reduced by requiring
the opening angle of the charged pion candidates in the
laboratory frame to have cos@(7wmw) < 0.9; in addition,
the invariant mass mcqny of the charged tracks associated
with the pion candidates, calculated assuming the e*
mass hypothesis, must be greater than 100 MeV/c?.
Cosmic background events are typically back-to-back
and are rejected by requiring that cos (7)) > —0.98.

When looking for Y(45) — nY(15) and Y(13D; 2) —

nY(1S) transitions, only events with at least two addi-
tional photons of energy E, > 50 MeV, invariant mass
110 MeV/c? < M(vy) < 150 MeV/c?, and with an in-
variant mass, when combined with the two charged pion
candidates, within 50 MeV/c? of the nominal 7 mass, are
retained. The chosen mass windows correspond to +2.50
around the nominal m o and m,. The opening angle of
the charged pion candidates from the 1 decay in the lab-
oratory frame is required to have cos@(nm) > 0.5. An ad-
ditional requirement mcony < 300 MeV/ 2 helps in reduc-
ing the cross-feed from the higher-statistics dipion tran-
sitions. Similarly, events with AM = M (wmup) — M (uu)
within 20 MeV/c? from the values expected for any
known dipion transition are vetoed. A significant combi-
natorial background arises from selecting the incorrect
photon candidates for the 7% daughters; when multi-
ple candidates are present, the ambiguity is resolved by
choosing the one whose pair of photons has an invariant
mass closest to the nominal 7° mass, and that, combined
with the two pion candidates, gives an invariant mass
closest to the n mass.

The criteria applied in the event selection are summa-
rized in Table I. Table II reports the selection efficiency
for all the studied transitions, as determined from MC-
simulated samples.

IV. SIGNAL EXTRACTION

For the dipion transitions, the two-dimensional distri-
bution of the invariant dimuon mass M (pp) vs. AM for
the selected data events is shown in Fig. 1, with the four
different decays of interest highlighted. The signal yields
are extracted in the four regions shown.

Ciod TR GS) V)]
2 T ¢ . B.Y(3S)-TIY(1S) ]
S 1o- +C. Y (4S) ~T'TY (1S)]
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FIG. 1: Distribution of M (up) vs. AM for the events selected
on data. Fit regions for the four analyzed dipion transitions
are enclosed in boxes.

In order not to introduce any bias in the assump-
tions on the angular distribution of the decay, the signal
yield is separately estimated and corrected for the effi-
ciency in 6 x 4 bins of M (7T 77~) and cos Oe(7T) for the



TABLE I: Summary of event selection criteria.

Y(4S) = nta~T(25)

Other dipion transitions

pkB < 0 GeV/c
4.9 GeV/c < p(p)om < 5.1 GeV/e
—0.98 < cosf(nm) < 0.9
Meonv < 500 MeV /c?

pke < —0.1 GeV/c
4.25 GeV/c < p(p)em < 5.25 GeV/c
—0.98 < cosf(mm) < 0.9
Meonv > 100 MeV /c?

T(4S) — nY(1S5)

T(13D1,2) — nT(lS)

pkB < —0.1 GeV/c
4.25 GeV/c < p(p)em < 5.25 GeV/c
cos@(mm) > 0.5
100 MeV/c? < Meonv < 300 MeV /c?

pxB < —0.3 GeV/c

4.25 GeV/c < p(p)em < 5.25 GeV/c
0.5 < cosf(mm) < 0.9

100 MeV/c? < Meony < 300 MeV/c?

TABLE II: Selection efficiency (€) values for all the studied
transitions, as determined from MC-simulated samples. For
the dipion transitions, the phase-space averaged efficiency
is reported. The T(13D1’2) is intended to be produced in
Y(4S) — yyY(1®D1,2) events.

Transition Selection efficiency (%)
Y(29) — 7ta~Y(19) 29.63 & 0.05
Y(39) = 7t~ Y(19) 43.52 £ 0.05
Y(48) = 7t~ Y(19) 47.49 4 0.05
Y(48) — 7ta~Y(29) 18.27 £ 0.05
T (4S) — nY(1S) 11.46 £ 0.11
Y(1°D1,2) — nY(1S) 5.72 £ 0.08

Y(25,35) — 7wtn~T(1S) transitions, where M (7 7™)
is the invariant mass of the dipion system and Oye(7™)
represents the helicity angle of the positive pion can-
didate, defined as the angle between the 7" direction
and the recoiling lower-mass T in the dipion rest frame.
For the lower-statistics T(4S) — 7+t7~Y(25,1S5) transi-
tions, 4 x 4 bins are used. In each bin, the signal and
background yields are determined by an unbinned max-
imum likelihood fit to the AM distribution. The signal
component is parameterized by a Voigtian function, with
the resolution parameters fixed to the values determined
from the MC-simulated samples. The background is pa-
rameterized by a linear function.

For each transition, the efficiency-corrected signal yield
is estimated as Neorrected = Zbins N:ig /€; where the sum

is over all of the considered bins, and Nsiig and ¢; are,
respectively, the signal yield, determined from the fit, and
the efficiency, obtained from MC samples, in the ' bin.
The results are listed in Table III, and the distributions
of AM for the selected data events, integrated over the
M (7T 77) vs. cosbpe (1) bins, are shown in Fig. 2.

For the Y(45) — nY(1S) transition, the distribution
of AM, = M(mmyyup) — M(pp) — M(mryy) for the
selected data events is shown in Fig. 3, with 51 candidate
events found in the fit region 0.50 GeV/c? < AM,, <
0.64 GeV/c?. For the Y(1®D; ) — nT(1S) transition,
the distribution of AM, for the selected data events is
shown in Fig. 4, with 5 candidate events found in the fit
region 0.12 GeV/c? < AM, < 0.18 GeV/c?. The signal

and background yields are determined by an unbinned
maximum likelihood fit to this distribution. For both
transitions, the signal component is parameterized by a
Gaussian-like analytical function, with mean value p and
different widths, o, g, on the left side (for z < p) and
on the right side (for > u) plus asymmetric tails ar, g,
defined as:

(z — p)? } @)

F(x) =ex {—
(@) P 2af)R +apr(z — p)?

The background is described by a linear function. For
the T(4S5) — nY(1S) transition, all the parameters of
the functional forms describing the signal and the back-
ground components are left free to vary in the fit, while,
for the Y(13D;2) — 7Y (15) transition, the signal shape
parameters are fixed to the values determined on the MC
simulated sample. The signal and background yields are
reported in Table III.

TABLE III: Signal and background yields for the analyzed
transitions. Npkg is the number of background events, in the
entire fit region. For the transition with an 7 meson, Ngig
is the number of signal events in the entire fit region. For
the dipion transitions, Nsig = D> i« Ngig is the sum of the
signal yields obtained in each bin (i), without corrections

for the efficiency; the efficiency-corrected yields are shown as
Neorrecteds as defined in Sec. I'V.

Transition Nig Neorrected Niig

Y(2S) = nta~ Y (18
15
S

( 9805 + 106 38117 + 419 287 £ 41
(

48) — nta~ Y (1
(

)

)|5222 £ 77 15526 £ 252 518 £ 33
)| 515+ 34 1095+ 74 1278 £ 45
)

(
(
Y(4S) = nta~YT(28
(
T (

181 + 20 821 + 107 273 + 22
45) — nY(1S) 49+ 7 23+ 1.8
13D12) = nY(1S) | 2.1 + 3.0 2.9 + 3.1

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty affecting our
measurement are itemized here. An uncertainty comes
from the number of Y(4S) parents and from the val-
ues used for the secondary branching fractions [17]. The
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uncertainties in charged track reconstruction and muon
identification efficiency are determined by comparing
data and MC events using independent control samples.
Another contribution to the uncertainty accounts for the
systematic discrepancy between data and MC in the 7°

[63]
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reconstruction efficiency.

One of the largest contributions to the systematic un-
certainty comes from the signal extraction procedure.
The uncertainty due to the choice of signal parameter-
izations is estimated by changing the functional forms



used; the systematic uncertainty on the background de-
scription is evaluated by using higher-order polynomial
functions while enlarging the range chosen for the fit. For
the dipion transitions, additional sources of systematic
uncertainties have been taken into account. A system-
atic discrepancy in the resolution between data and MC
is evaluated by floating independently the resolution pa-
rameters of the functional form describing the signal. Fi-
nally, the uncertainty in the acceptance correction is de-
termined by using different numbers of bins in M (77 7)
and cos e (7). In each case, the uncertainty is esti-
mated as the change in the signal yield when using an al-
ternate configuration with respect to that obtained with
the nominal one.

Other possible sources of systematic uncertainties as-
sociated wth the event selection and due to discrepancies
between data and MC in the efficiency of the applied
requirements, have been found to be negligible.

All the considered sources of systematic uncertainty
are summarized in Table IV, for each transition. The
total systematic uncertainty is obtained by adding in
quadrature all the contributions. When measuring the
ratio given in Eq. 1, several systematic uncertainties can-
cel, being common to the numerator and the denominator
of the ratio; these contributions are specifically indicated
in Table IV and sum up to 5.3%.

VI. RESULTS

The results for the branching fractions of Y(495)
hadronic transitions and the ratio of branching fractions
(Eq. 1) are listed in Table V. They are obtained from
the signal yield given in each mode by the fit procedure,
as listed in Table III, eventually efficiency-corrected for
the dipion transitions, as explained in Sec. IV. Since the
yields in a data sample collected 60 MeV below the reso-
nance have been checked to be consistent with zero, the
number of events observed are attributed to the Y (45)
decay. The number of T (45) parents is also taken into ac-
count in the calculation, as well as the secondary branch-
ing fractions. The measurements show both the statis-
tical and the systematic errors, the latter estimated as
explained in Sec. V. The results can be also expressed
in terms of visible cross sections, given by the efficiency-
corrected signal yield divided by the integrated luminos-
ity: o(ete™ = nta=T(1S)) = (2.20 + 0.13 £ 0.10) fb,
olete” — 7tm~Y(25)) = (1.64 £ 0.17 + 0.08) fb, and
olete™ = nY(15)) = (1.03 £ 0.14 & 0.04) fb, where the
first errors are statistical and the second systematic.

In Table V, we also give a comparison of our measure-
ments to the previous world averages, as in [17]. All the
results are found to be compatible with the previous ones,
with a slight improvement in the precision with respect
to the measurement by BaBar [1] and the previous mea-
surement of B(Y(45) — 77~ Y(15)) by Belle [3]. This
work confirms the enhancement of the transition from
T(4S5) to T(15) via the spin-flip exchange of an 1 meson

with respect to that proceeding through the emission of
a dipion.

The world average branching fractions B(1(2S5,35) —
aTr~T(1S)) [17], whose precision is dominated by
measurements obtained with dedicated higher-statistics
data samples, are used for determining the ISR
production cross sections of the 7Y(25,3S) reso-
nances: osr(Y(25,35)) = Neorrectea/ (B(Y(2S5,35) —
7T~ T(1S)) x B(Y(1S) — pt ™) X Lint). The results
are listed as well in Table V, and compared with the val-
ues calculated as in Ref. [12]. The uncertainty on the
expected values is the experimental uncertainty on the
T(25,35) — ete™ partial width [17].

For the transition Y(13D;5) — nY(1S), we do not
observe any statistically significant signal, and we set
an upper limit, using the Feldman-Cousins method [21],
on the product of branching fractions B(Y(4S) —
”y”yT(13D172)) X B(T(lgDLg) — ’I]T(lS)) < 23 % 1075,
at 90% confidence level.

For the dipion transitions, additional information can
be obtained by the study of the dipion system invariant
mass M (7T77), and of the angular distribution of the
pions. The relevant distributions are shown in Figs. 5
and 6, and are obtained by unfolding the signal compo-
nent in the data distribution either in the M (7T 7~) or
in the cos Ope(7+) variable, according to the sPlot tech-
nique described in [22].

The invariant mass distributions for the Y(4S5) —
7tr=Y(2S) and Y(3S) — nt7~T(1S) transitions show
a doubly-peaked structure, with a clear enhancement
near the dipion invariant mass threshold, that cannot
be consistent with a pure phase-space description, as al-
ready shown by BaBar [23] and CLEO [24].

The invariant mass distribution for the Y(4S) —
7T~ T (1S) transition shows an enhancement followed
by a clear dip around 1 GeV/c?, likely due to a contri-
bution from the fp(980) scalar meson and its interfer-
ence with a non-resonant model. A similar pattern has
been observed in the dipion transitions from Y resonances
above the BB threshold [25, 26], and has been recently
predicted by theory [27].

In order to verify the fo(980) hypothesis, a y2-fit is
performed to the efficiency-corrected M (wT7~) distri-
bution for the signal events selected for the transition
Y(4S) = ntr~T(1S), as shown in Fig. 5(C).

The amplitude model is constructed either with a non-
resonant component only, or by adding to this a contri-
bution from Y(15)fy(980). Each component j is added
to the model as a term of the form Ajei‘sj, where A;
and §; are the amplitude and phase of the component,
respectively. The non-resonant component is parameter-
ized by a first-order polynomial in M?(r*77), as sug-
gested in [28, 29]:

Ang (M2 (7t 7)) = AQpet®n 4 Akpe®m M2 (nta).

Being sensitive to the relative phases and amplitudes
only, the amplitude and phase of the lowest-degree term



TABLE IV: Systematic uncertainties on branching fractions, in percent. The sources contributing to the measurement of
the ratio in Eq. 1 are underlined. The @ symbol indicates that the two contributions (only one of which contributes to the

measurement of the ratio) are added in quadrature.

T(25) — T(3S) — T(4S) —

Source ata =T (1S) ata =T (18) ata =T (18) ata= Y (2S) nY(1S)
Number of Y (45) 1.4 1.4 1.4 1.4 1.4
Secondary BRs 2.5 2.7 2.0 2.0 204012
Tracking 14 1.4 14 1.4 14
p-identification 1.1 1.1 1.1 1.1 1.1
Signal extraction 1.9 2.7 2.7 2.7 2.8
Acceptance 1.0 1.0 3.1 3.3 -

7% reconstruction - - - - 1.4
Total 4.0 4.5 5.1 5.2 4.5

TABLE V: Results for the branching fractions of Y(4S) hadronic transitions, and for the ratio given in Eq. 1, in comparison
to previous measurements [17], and results for the ISR production cross sections of Y(2S,35), in comparison to the values
calculated as in Ref. [12]. The first error is statistical, while the second is systematic.

Measurement Result PDG value [17]
B(Y(4S) — nTx~Y(19)) (82+£05 +04) x107° (8.1£06) x107°
B(Y(48) — nTn~Y(29)) (7.9 4£1.0 +£04) x107° (8.6=+£1.3) x107°

B(Y(45) = 7Y (13))

(1.70 £ 0.23 £ 0.08) x10~* (1.96 + 0.28) x10~*

R as in Eq. 1 2.07 £0.30 £ 0.11 2.41 £ 0.42
Measurement Result Expected value [12]
o1sr(Y(25)) (17.36 + 0.19 £ 0.69) pb (171 £0.3) pb
o1sr(Y(35)) (289 £ 05 +1.3) pb (286 £0.5) pb

of the non-resonant model are arbitrarily fixed to 1 and
0, respectively. In the fy(980) contribution:

Ag, (M (m¥ 7)) = Apoefoas, (M (xFn7)),

ay, is parameterized as a Flatté function [30] with mass
and coupling constants fixed to the values measured in
the analysis of Bt — KtnxT7x~ events [31], and used
in [25], M(f0(980)) = 950 MeV/c?, grr = 0.23 and
gkx = 0.73. An additional resonant contribution from
T(15) f2(1270), with the f2(1270) component described
by a relativistic Breit-Wigner function with mass and
width fixed to the world average values [17], has been in-
coherently added to the amplitude model, but does not
lead to an improvement in the description of data.

The fit results for the non-resonant only and the non-
resonant + Y(15) fo(980) models are shown in Fig. 7 and
summarized in Table VI. The model that includes the
contribution from the f,(980) meson is preferred by the
data, with a statistical significance of 2.8¢0 according to
Wilks’ theorem [32].

The analysis therefore shows indications for an f,(980)
contribution. A higher-statistics data sample, to be col-
lected at the upcoming Belle II experiment, will allow for
more precise studies.
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