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Study of the hadronic transitions Y(2S) — (1, 7°)Y(1S) at Belle

U. Tamponi,14 R. Mussa,' 1. Adachi,® H. Aihara,*” D.M. Asner,>® V. Aulchenko,” T. Aushev,'> A. M. Bakich,*!
M. Barrett,” B. Bhuyan,10 A. Bondar,” A. Bozek,*> M. Bracko,?>''® T.E. Browder,” A. Chen,?® P. Chen,*! B. G. Cheon,°
K. Chilikin," L.-S. Cho,** K. Cho,' Y. Choi,*° J. Dalseno,®* Z. Dolezal,® Z. Drasal,® D. Dutta,'° S. Eidelman,>
D. Epifanov,2 S. Esen,* H. Farhat,>* J. E. Fast,’® A. Frey,5 V. Gaur,*? R. Gillard,”® Y. M. Goh,® B. Golob,?*'®
K. Halyasaka,28 Y. Horii,?® Y. Hoshi,* H.J. Hyun,21 T. Iijima,28’27 A. Ishikawa,*® Y. Iwasaki,® . Jaegle,7 J.H. Kang,54
T. Kawasaki,* H. O. Kim,?' J. H. Kim," K. T. Kim,*® M. J. Kim,?' Y.J. Kim,'® J. Klucar,'® B.R. Ko,?* P. Kodys,’

S. Korpar,zs’16 R.T. Kouzes,36 P. Kriian,23’16 P. Krokovny,2 T. Kumita,49 A. Kuzmin,2 S.-H. Lee,20 Y. Li,5 e Liu,38
Y. Liv,* Z. Q. Liu,'' D. Liventsev,'” H. Miyata,g’4 R. Mizuk,'” G.B. Mohanty,42 A. Moll,*%* N. Muramatsu,®’ M. Nakao,®
Z. Natkaniec,*® C. Ng,*” S. Nishida,® O. Nitoh,*® S. Ogawa,** T. Ohshima,?” S. Okuno,'” S.L. Olsen,* Y. Onuki,*’
P. Pakhlov,"” H. K. Park,?! K.S. Park,** T. K. Pedlar,”* R. Pestotnik,'® M. Petri¢,'® L. E. Piilonen,”' M. Rohrken,'®
Y. Sakai,® S. Sandilya,** D. Santel,* L. Santelj,'® T. Sanuki,*® O. Schneider,”* G. Schnell," C. Schwanda,'? K. Senyo,”
C.P. Shen,”” T.-A. Shibata,*® J.-G. Shiu,*' B. Shwartz,” F. Simon,”*** P. Smerkol,'® Y.-S. Sohn,>* A. Sokolov,'?

E. Solovieva,'> M. Stari¢,'® T. Sumiyoshi,** K. Tanida,>® N. Taniguchi,® G. Tatishvili,*® Y. Teramoto,*’ K. Trabelsi,"
S. Uehara,8 S. Uno,8 C. Van Hulse,1 P. Vanhoefer,26 G. Varner,7 C.H. Wang,30 M.-Z. Wang,31 P. Wang,11 X.L. Wang,l 1,51
M. Watanabe,* Y. Watanabe,'” K. M. Williams,”' E. Won,?® B.D. Yabsley,*' Y. Yamashita,>® C.Z. Yuan,'! Z.P. Zhang,*®
V. Zhilich,? V. Zhulanov,? and A. Zupanc18

(Belle Collaboration)

"University of the Basque Country UPV/EHU, Bilbao
’Budker Institute of Nuclear Physics SB RAS and Novosibirsk State University, Novosibirsk 630090
3Faculty of Mathematics and Physics, Charles University, Prague
4University of Cincinnati, Cincinnati, Ohio 45221
31 Physikalisches Institut, Georg-August-Universitdit Gottingen, Gottingen
6Hanyang University, Seoul
7University of Hawaii, Honolulu, Hawaii 96822
8High Energy Accelerator Research Organization (KEK), Tsukuba
°IKERBASQUE, Bilbao
©Indian Institute of Technology Guwahati, Guwahati
" nstitute of High Energy Physics, Chinese Academy of Sciences, Beijing
2Institute of High Energy Physics, Vienna
BInstitute of High Energy Physics, Protvino
YINFN-Sezione di Torino, Torino
Ynstitute for Theoretical and Experimental Physics, Moscow
'8Jozef Stefan Institute, Ljubljana
17Kanagawa University, Yokohama
BInstitut fiir Experimentelle Kernphysik, Karlsruher Institut fiir Technologie, Karlsruhe
YKorea Institute of Science and Technology Information, Daejeon
XKorea University, Seoul
2 Kyungpook National University, Taegu
2Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne
23Faculty of Mathematics and Physics, University of Ljubljana, Ljubljana
2Luther College, Decorah, lowa 52101
2SUniversity of Maribor, Maribor
%Max-Planck-Institut fiir Physik, Miinchen
2 Graduate School of Science, Nagoya University, Nagoya
28Kobayashi—Maskawa Institute, Nagoya University, Nagoya
®National Central University, Chung-li
SNational United University, Miao Li
31Department of Physics, National Taiwan University, Taipei
32Henryk Niewodniczanski Institute of Nuclear Physics, Krakow
3Nippon Dental University, Niigata
34Niigata University, Niigata
30saka City University, Osaka
38Pacific Northwest National Laboratory, Richland, Washington 99352

1550-7998/2013/87(1)/011104(6) 011104-1 © 2013 American Physical Society



U. TAMPONI et al.

PHYSICAL REVIEW D 87, 011104(R) (2013)

3Research Center for Electron Photon Science, Tohoku University, Sendai
3SUniversity of Science and Technology of China, Hefei
3Seoul National University, Seoul
4()Sungkyunkwan University, Suwon
41School of Physics, University of Sydney, NSW 2006
“Tata Institute of Fundamental Research, Mumbai
BExcellence Cluster Universe, Technische Universitit Miinchen, Garching
“Toho University, Funabashi
YSTohoku Gakuin University, Tagajo
“STohoku University, Sendai
41 Department of Physics, University of Tokyo, Tokyo
BTokyo Institute of Technology, Tokyo
49Tokyo Metropolitan University, Tokyo
OTokyo University of Agriculture and Technology, Tokyo
SYCNP, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
52Wczyne State University, Detroit, Michigan 48202
53Yamagata University, Yamagata

**Yonsei University, Seoul
(Received 26 October 2012; published 29 January 2013)

We study the rare hadronic transitions Y(2S) — Y(1S)n and Y(2S) — Y(1S)#° using a sample of
158 X 10°Y(2S) decays collected with the Belle detector at the KEKB asymmetric-energy e e~ collider.

We measure the ratios of branching fractions (B)

B(Y(2S)—Y(1S)n)
YQ2S)—-Y(US)m"7™)

= (1.99 = 0.14(stat) = 0.11(syst)) X

1073 and LBYES=YUS)7T) 9 3 5% 10~4 at the 90% confidence level (CL). Assuming the value

B(YQ2S)—Y(1S)mt7™)

B(Y(2S) = Y(1S)7m~ 7™) = (17.92 = 0.26)%, we obtain B(Y(2S) — Y(1S)n) = (3.57 = 0.25(stat) =
0.21(syst)) X 107* and B(Y(2S) — Y(1S)7?) < 4.1 X 1073(90%CL).

DOI: 10.1103/PhysRevD.87.011104

In recent years, hadronic transitions between quarkonia
have led to an impressive series of discoveries [1]:
X(3872), Y(4260), as well as h. and h, were observed
in transitions either from or to the ¢ and Y states. The
phenomenology of these transitions is commonly
described with the QCD multipole expansion formalism
(QCDME) [2,3], which allows one to classify the transi-
tions in a series of chromoelectric and chromomagnetic
multiplets. In particular, theoretical predictions for 1 and
7" transitions [4,5] among states are being challenged by
experimental measurements. The 7 and #° transitions
between vector bottomonia should be mediated either by
two M1 gluons or by one E1 and one M2 gluon; both cases
imply a spin flip of the b quark. The corresponding ampli-
tude should scale as 1/m,;, and its measurement yields
information about the chromomagnetic moment of the b
quark.

By scaling from the (2S)— J/¢n transition, one
expects a ftransition width of ITY(2S) — Y(1S)n] =

0.0025 X I'[f(2S) — J/m] and therefore a ratio of

branching fractions R, ,+,- = B(ggs(fi);;?é)':l”;,) ~ 28X

1073 [5]. Within the QCDME formalism, one can calculate
Ry min =23X 1073 [4] assuming the b quark mass to be
m;, = 4.67 GeV /c? [6]. A further suppression is expected for
the 77° transition, which violates isospin; here, theory predicts
I[Y(2S) — Y(1S)7°] = 0.16 X ITY(2S) — Y(1S)n]. The
Y(2,3,4S) — Y(1S)n transitions have been studied by

PACS numbers: 14.40.Pq, 13.25.Gv

CLEO [7] and BABAR [8,9]; the measured branching
fractions are either unexpectedly large (Y(4S)) or too small
[Y(2S) and Y(3S)]. The parameters of the quark wave
functions must be changed by more than 15% in order to
account for these discrepancies [10]. Searches for the 7°
transitions have only yielded upper limits [7,9].

We report here a new measurement of the transition
Y(2S) — Y(1S)n and a search for Y(2S)— Y(1S)#?°
using the Belle detector at the KEKB e™e™ collider [11].
The Y(1S) is reconstructed in both the e*e™ and w™ u™
decay modes; we reconstruct the 77 meson, via its decay to
vy and 7~ 7t 7¥, and the #° in the yvy final state. As a
normalization sample, we reconstruct the dominant transi-
tion Y(2S) — Y(1S)7~ 7", which has a branching fraction
of (17.92 * 0.26)% [6]. The data sample for this analysis
includes an integrated luminosity of 24.7 fb~! at the Y(2S)
resonance peak, corresponding to (158 = 4) X 10°Y(2S)
decays, and an additional 1.7 fo! at \/E = 0.993 GeV
used to study the QED continuum backgrounds.

The Belle detector is described in detail elsewhere [12].
Here, we summarize the features that are relevant to the
current analysis. The momentum of each charged track is
measured using a four-layer double-sided silicon vertex
detector and a 50-layer central drift chamber, embedded
in a 1.5 T magnetic field, which allows tracking of charged
particles with transverse momentum as low as 50 MeV/c.
Electrons and photons are detected in a large array of
CsI(T1) crystals (ECL) also located inside the solenoid
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coil. An iron flux return located outside the coil is instru-
mented to detect K9 mesons and to identify muons.

Monte Carlo (MC) samples of the signal and of the
dominant peaking backgrounds were generated using
EVTGEN [13]. Dipion transitions were generated assuming
that the amplitude is dominated by the S-wave contribu-
tion. QED continuum processes e e~ — ete (ut u7) +
ny were generated using KK [14]. The detector response
was simulated using GEANT3 [15], and beam backgrounds
were accounted for using random triggers taken during
each period of data taking. Final state radiation effects
are accounted for by using PHOTOS [16] in EVTGEN
simulations.

Charged tracks with momentum p* in the center-of-
mass frame of the colliding e* e~ pair (CM frame) greater
than 4 GeV/c are selected as candidate leptons from Y(1S)
decay. In the following text, all the quantities computed in
the CM frame are denoted with an asterisk. Electrons and
muons are identified by the ratio R, ,, between the electron
(muon) hypothesis likelihood and the hadronic hypothesis
likelihood. A track is identified as a lepton if R, or R, is
above a threshold value of 0.2 and then as a muon if R, >
R,. The identification efficiency is 93.2% for electrons and
92.6% for muons. Pairs of lepton candidates with opposite
charge and an invariant mass in the range 9.0 GeV/c? <
MT€7)<9.8 GeV/c* are then selected for further
analysis.

In order to reduce the effect of final state radiation (FSR)
and bremsstrahlung, the momentum of all photons detected
in the ECL within 200 mrad of each leptonic track is added
to its momentum. A mass-constrained kinematic fit per-
formed on the Y(1S) candidate lepton pair is required to
have a confidence level CL;g > 1077,

A requirement on the polar angle in the CM frame of the
e~ track with respect to the beam direction, cos(8;-) < 0.5,
is imposed in the reconstruction of the n — yy, Y(1S) —
e*e” final state in order to suppress singly or doubly
radiative Bhabha events, which represent the dominant
QED background for this channel. The Bhabha requirement
is not included in the Y(2S) — Y(1S)# analysis since the
CL,g requirement provides sufficient suppression.

Dipion candidates used both for n — 777~ 77° and the
Y(2S) — Y(1S)7* 7~ transition are composed of oppo-
sitely charged pairs of tracks, each of which has a distance
of closest approach of less than 1.5 cm (0.5 cm) in the axial
(transverse) direction relative to the beam line. The cosine
of the angle in the CM frame between these tracks is
required to be less than 0.6 in order to reject events with
photons that convert in the inner detectors.

In the n — 7" 7~ 7r° analysis, each photon produced in
the 7° decay must have Ep, > 57 MeV, the optimal
threshold for the rejection of photons arising from beam
background, and E* < 220 MeV. The #° candidate is then
selected as the vy pair with invariant mass closest to
the nominal 7° mass [6]. The threshold values are opti-
mized by maximizing the figure of merit, defined as
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FoM = 73%7" where s is the signal yield and b is the

background contribution.

In the n — 7y analysis, photons with 180 MeV < E* <
360 MeV are subjected to the requirement on the opening
angle in the CM frame of cos#,, < —0.88 in order to
reject combinatorial background. Events with more than
one 7 candidate that satisfies these conditions are found to
be a negligible fraction of the total Monte Carlo sample
and are rejected without introducing any further selection.

The planarity of the event is exploited in order to select
the Y(2S) — Y(1S)7° decay. We select the pair of photons
with CM momentum p?,, that minimizes the scalar product
(Pyy * fig=¢-)/ |5y | (Where ity - is a vector normal to the
plane formed by the dilepton pair in the CM frame) as the
7° — v candidate.

After n or 7° selection, the Y(1S) and yy or 7" 7~ 7
are subject to a second kinematic fit, constraining them to
have the Y(2S) invariant mass. The minimum confidence
level CL,g is optimized for each decay mode using MC
samples. For the n — vy, CL,g is required to be greater
than 6 X 107* (2 X 1073) for ™" (e*te™) events; for
n — 77 70, the event is accepted if the fit converges.
Finally, in the analysis of Y(2S) — Y(1S)7", CL,5 must
be greater than 107> for both Y(1S) decay modes.

Since the signal events are fully reconstructed and the
total momentum of all the charged tracks and photons in
the CM frame is expected to be close to zero, a selection
on pi = |pvas) + Py a0l is imposed, requiring pi, <
0.07 GeV/c in Y(1S) — e*e™, 5 — yy events, which
are more contaminated by radiative Bhabha, and pj, <
0.1 GeV/c when investigating the other modes.

The requirements described above result in an almost
complete rejection of the QED and Y(2S) — Y(1S)7"#°
backgrounds.

The Y(2S) — x»;(1P)y; — Y(1S)y, 7y, decay has the
same event topology as 7 — yvy and 7° transitions. The
kinematic limit of the less energetic photon, which arises
from Y(2S) — x;;(1P)y; decay, is 162 MeV in the CM
frame. Therefore, this background is completely rejected
for 7 — y7y by the photon energy requirement mentioned
earlier. In the search for the 7° transition, this background
is still larger than expected signal; hence, we require the
energy of the less energetic photon to be higher than
170 MeV. This requirement rejects 99.5% of the y,;(1P)
background and retains 34% of the signal events.

The 77" 7~ transition represents a significant source of
background only for the n — 7" 7~ 7° channel; in this

0

TABLE I. Signal efficiencies.

Y(1S) —ete” (%) Y(S)— utu~ (%)

n—yy 8.4 25.7
n— oo a° 6.4 7.6
70— yy 6.0 7.8
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FIG. 1 (color online). Mass distribution of the 7 candidates in
yyutu~ (top), yyete  (middle), wTa #utu”, and
at 7m0 e” (bottom) final states. The fit function in blue,
solid represents the simultaneous fit of the four channels; the red

dashed curve shows the best-fit background component.
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FIG.2 (color online). yy/@"# a° invariant mass for

Y(2S) — Y(1S)n candidates, summing all the four final states.
The fit function in blue, solid represents the best fit with the red
dashed curve showing its the background component.

case, we require AM = M(m 7 €t€7) —MHETL) <
0.44 GeV/ c?, since this observable peaks at AM =
M(Y(2S)) — M(Y(1S)) = 0.56 GeV/c? in 7w+ 7~ events;
this cut rejects 99.92% of the background and retains
99.1% of the signal.

Signal efficiencies for the various final states are sum-
marized in Table I. The efficiency in the e™e™ yy mode
significantly differs from the one in u*u~7y7y since this
channel is affected by a Bhabha veto included at the trigger
level. A trigger simulation is used in order to account for
this effect.

The signal yield is extracted with a simultaneous,
unbinned likelihood fit of the 7 mass distribution in four
different final states with a common branching fraction, as
shown in Fig. 1. For the n meson invariant mass peak, we
use a double Gaussian with parameters that differ from
channel to channel and are fixed at values determined by
the simulation. The background probability density func-
tion (PDF) shape, a Crystal Ball function [17] in n — yy
and a Gaussian shape in 7 — 7" 7~ 7, is chosen using
the MC simulation; the parameters of the chosen PDFs,
including the background yields in each channel, are left
free in the fit of the four final states. The sum of the
invariant mass distributions for the four independent final
states is shown in Fig. 2.

The ratio of the branching fraction for the 7 transition to
that for the dipion transition is given by

r . __ B0
T BYAS)m 77)
— Nn,f o

_ €
N Bn—f)- €,

where f = yy, wt 7 70, N, is the signal yield from the
fit and NZ_ is the number of detected Y(2S)—
Y(1S)7r* 7~ transitions for each Y(1S) — [T/~ decay
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TABLE II. Ratio R, ,+,- extracted from different subsamples.
Statistical errors only are listed.

Final state R, mim 1073
n—2y YUS)— u* u” 2.16 * 0.19
n—2y Y(IS) = e*e™ 2.15 +0.38
n—37 Y(1S) - utu~ 1.66 = 0.39
n— 37 Y(1S) > ete” 1.31 = 0.56
Simultaneous fit 1.99 £ 0.14

mode: N¢, = 228167, Nhy =276261 and N2, =
504428, where the Poissonian errors are understood. The
charged dipion transition is selected with the same cuts as
in the n — 77t 7~ 7¥ selection, but requiring the event to
have exactly one dipion and no #° or 7 candidates.
According to the Monte Carlo simulation, the background
contribution is negligible, and the efficiencies for the nor-
malization channel are, €2, =31.26% and eht =
37.94%. The number of Y(2S) — Y(1S)7 events extracted
from the simultaneous fit is N,, = 241 = 17. The resulting
ratio is R, -+~ = (1.99 = 0.14) X 1073, where the error
is statistical. The ratios R, ,+,-, measured separately in
four different final states, are reported in Table II. The
fitting procedure used for the individual channels is the
same as that used for the fit to the full sample.

In the Y(2S) — Y(1S)7 analysis, the yy pair invariant
mass distribution is fitted to a Gaussian function for the
signal and a third-order polynomial for the background
(Fig. 3). All parameters are freely varied except the width
and the mean of the Gaussian, which are set to the values
determined by MC simulation. No clear evidence for a 7°
signal is found in either the Y(1S)— e®e™ or the
Y(1S) — w* u~ mode. The signal yield from the fit is
N,o=10=*5.

An upper limit on the number of Y(1S)7° candidates,

N %TU is determined by generating 5000 pseudoexperiments

30

25

20

Counts / 2.5 MeV

154 T ST
BT

FIG. 3 (color online). Final fit to the y+y pair invariant mass for
Y(2S) — Y(1S)#° candidates. The fit function in blue, solid
represents the best fit; the red dashed curve shows its background
component.
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for different values of the signal yield ranging from
0 to 30, using a Bayesian-frequentist hybrid approach
[18] based on the ratio of CLs between the p value of the
signal + background hypothesis and the p value of the
background-only hypothesis. The resulting upper limit is
N%TO = 20.5.

The upper limit on the ratio BB(YQS)_'Y“S)’TO)

(Y2S)=Y(S)7m" 7)) is then

calculated from the relation,

® __B(Y(18)7")
T BOY(US)mt )
NUL a4

_ Yﬂ'(’ E7T7T

N B — yy) - €l

where eff; is the efficiency reported in Table I, reduced by a
factor -0y, = 0.922 to account for systematic uncertain-
ties. The contributions from each source, reported in
Table III, are summed in quadrature in order to obtain
the final uncertainty in each channel. The resulting upper
limit is R ;0 -+~ < 2.3 X 107 at 90% confidence level.

The different contributions to the total systematic error
in both channels are summarized in Table III. The system-
atic uncertainty arising from the Bhabha veto procedure is
obtained comparing the signal yields obtained with and
without the veto. The systematic uncertainty introduced by
the 2S kinematic fit is studied using a sample of Y(2S) —
X»1.2Y — Y(1S)yy events that are identified by modifying
the 1 — vy selection. To reconstruct these events, one
photon in the range 90 MeV < E* < 180 MeV and one
with 380 MeV < E* <700 MeV are required. Three dif-
ferent threshold values for CL,g have been used to estimate
the systematic uncertainties on B(Y(2S) — xp127 —
Y(1S)y7y). The systematic uncertainty due to the choice
of the parameters describing the background PDF is esti-
mated by varying each within = 1o from the MC value in
the n transition and changing the order of the polynomial
fit in the 770 channel. The uncertainties arising from the
possible difference of signal PDF parameters between data
and MC simulation are estimated by varying them within
the errors and then comparing the obtained branching
fractions. The uncertainties related to the track reconstruc-
tion and the total luminosity are canceled by the normal-
ization to the Y(2S)— Y(I1S)mt#~ transition. An
additional relative uncertainty of 4% due to neutral meson

TABLE III. Sources of systematic uncertainties.
Source 7 channel 7° channel
Bhabha veto *2.5% <.
Kinematic fit *1.5% *1.5%
Background fit *+2.1% *6.3%
1/ 70 reconstruction +4% +4%
Signal PDF *2% +1.8%
Total *5.7% +7.8%
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reconstruction is included. This error is determined from
the discrepancy between data and MC in D — K~ 7" 77°
decay.

In summary, using 24.7 fb~! of data taken at the Y(2S)
resonance peak energy, a measurement of the ratio
R _+_- is obtained,

nwt T
R, mtm = (1.99 = 0.14(stat) = 0.11(syst)) X 1077

This result is about 14% below the value extracted
from Ref. [4] and 40% less than the value predicted
by scaling from the (2S) — J/4n branching fraction
[5]. Assuming the branching fraction B(Y(2S)—
Y(1S)7 7)) = (17.92 = 0.26)% [6], a new measurement
of B(Y(2S) — Y(1S)7) is obtained,

B(Y(2S) — Y(1S)n)
= (3.57 = 0.25(stat) = 0.21(syst)) X 1074,

where an additional systematic error of 1.4% is introduced
in order to account for the uncertainties on B(Y(2S) —
Y(1S)7* 7~). This result is higher by about two standard
deviations and more precise than those obtained by BABAR
[9] and CLEO [7]. In addition, an upper limit for the
R 0 .+, ratio, a factor of four more stringent than that
of CLEO [7], is obtained,

PHYSICAL REVIEW D 87, 011104(R) (2013)
R0 o <23 X 1074

corresponding to the upper limit of
B(Y(2S) = Y(1S)7Y) < 4.1 X 1073(90%CL).
The upper limit for the ratio

B(Y(2S) — Y(18)7°)
B(Y(2S) — Y(1S)7)

< 0.13(90%CL)

is slightly below the expected value of 0.16 = 0.02 [7].
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