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Abstract. Using the Crystal Ball detector at the e + e -  
storage ring DORIS-II ,  we have searched for the 
hadronic transitions Y(2S)---,qY(1S) and ~'(2S) 

zt ~ It(1 S) in exclusive decays where the )'(1 S) de- 
cays into an e+e or a #+/~- pair and the t/ and 
rc ~ are detected by their decay modes t /~77 ,  q 
~3rc  ~ ~ 67 and ~z~ From the number of ob- 
served events we derive, after consideration of possi- 
ble background sources, upper limits on the branch- 
ing ratios B(~'(2S)~tlY(1S))<0.7% and B(Y(2S) 

rt ~ Y(1 S)) < 0.8% at the 90% confidence level. 
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Introduction 

In heavy quarkonium systems, like charmonium and 
bottonium, the OZI-rule forbidden hadronic transi- 
tions play an important role. For instance the transi- 
tions ~b(3685)~TrrcJ/~ and ~'(2S)~zcrcY(1S) are 
among the dominant decay modes of the ~9(3685) and 
Y(2 S) states. Although their absolute decay rates are 
not yet calculable from first principles, a general for- 
malism [-1 5] has been developed which describes 
hadronic transitions in terms of a multipole expansion 
of the gluonic field. In this formalism transition rates 
in the bottonium system are related by simple scaling 
laws to analogous transitions in the charmonium sys- 
tem. The experimental verification of such predictions 
for the ~rc transitions [,6-10] was one of the corner- 
stones of the applicability of this formalism. Further 
tests of this model could be provided by other had- 
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ronic transitions, which are however more difficult 
to observe experimentally. 

We have used our Y(2 S) data sample, accumulat- 
ed with the Crystal Ball detector at the e + e -  storage 
ring DORIS-II,  to search for the hadronic transitions 
Y(2S) --* t/Y(1 S) and Y(2S) ~ rc ~ Y(1 S). Our results are 
compared with the measured branching ratios of the 
analogous transitions in the charmonium system and 
with theoretical predictions. 

Detector and data sample 

The Crystal Ball detector has been described in detail 
elsewhere [11]. It is a non-magnetic calorimetric de- 
tector especially designed for measuring electromag- 
netically showering particles with good angular and 
energy resolution. The main component of the detec- 
tor is a highly segmented spherical array of 672 opti- 
cally isolated NaI(T1) crystals. Each crystal has a 
truncated pyramidal shape and is 16 radiation lengths 
long. The angular coverage of the NaI(T1) shell 
amounts to 93 % of the full solid angle and is extended 
to 98% by NaI(T1) endcaps. The calorimeter provides 
an energy measurement for electromagnetically show- 
ering particles electrons, positronsand photons - 
with an energy resolution of alE = (2.7 

_+ 0.2)%/]/E/GeV. 
Directions of photons and electrons are deter- 

mined from their lateral energy distributions with an 
angular resolution of 1 to 2 degrees, slightly depen- 
dent on energy. The fine segmentation of the calorim- 
eter allows an efficient discrimination between elec- 
tromagnetically showering and minimum ionizing 
particles by means of pattern recognition techniques. 
The energy deposit of non-interacting minimum ion- 
izing particles, e.g. muons, in the active material fol- 
lows a distribution sharply peaked at 210 MeV. This 
energy is deposited in only a few usually less than 
three crystals. Electrons and photons are identified 
by their characteristic shower profile with an energy 
distribution typically spread over 13 adjacent crystals. 
Tagging and measurement of directions of charged 
particles was originally performed by three double 
layers and, after an upgrade, by four double layers 
of cylindrical proportional  tube chambers with charge 
division readout. 

The data sample used for this analysis consists 
of (193+ 15).103 produced F(2S) resonance decays 
corresponding to an integrated luminosity of 52pb-1.  

Analysis 

We searched for the hadronic transitions Y(2S) 
--*~z~ and Y(2S)--*qF(1S) using those decay 
modes where the ~'(1 S) resonance decays into a lep- 

ton pair l + l -  ( l=e  or /0 ,  the ~o decays into two pho- 
tons, and the t /decays either q ~ 7 7  or t/-~ 3~z~ 67. 
The criteria for selecting events of the above types 
are very similar to those used in our analysis of the 
cascade decays ) ~ ( 2 S ) ~ Z b  ~ 7 ~ Y ( 1  S)~771+1 
[12]. The criteria are based on the characteristic event 
topology of two almost back-to-back leptons and 2 
or 6 photons with an energy sum close to the mass 
difference between the Y(1 S) and Y (2S) state. 

With loose cuts on the total observed energy, the 
number of particles, the opening angle of the lepton 
pair and the energy sum of the photon candidates 
we preselected about l0 s events from our total trigger 
sample of about ten million events. These events were 
further subjected to sets of cuts tailored to the differ- 
ent decay channels considered. In the following we 
outline the criteria used for the 7yl+l - final state. 
The criteria for the selection of the (67)//final state 
are based on straightforward multiplicity generaliza- 
tions. 

For  a candidate event we require exactly four par- 
ticles, each well separated in angle from detector re- 
gions close to the beam axis. A particle is defined 
as a contiguous group of crystals having an energy 
sum greater than 50 MeV. The event must have two 
lepton candidates. For  an e + e -  pair each must have 
an energy deposition between 3.0 GeV and 6.0 GeV; 
for a/~+ ~-  pair the range is 150 MeV to 330 MeV. 
The opening angle of the two lepton candidates has 
to exceed 154 ~ for an e + e-  pair and 162 ~ for a/~+# 
pair, respectively. Each of the two remaining particles 
must have an energy in the range from 50 MeV to 
550 MeV and a shower profile consistent with a pho- 
ton signature. The energy sum of the photons is re- 
quired to be greater than 350 MeV. This cut elimi- 
nates most of the QED background but not the events 
we are looking for. To achieve good energy measure- 
ment of the photon candidates a cut on the opening 
angle between each pair of particles was applied. Pho- 
ton candidates must be separated from the leptons 
by more than 37 ~ whereas for a photon pair a cut 
at 28 ~ was imposed, corresponding to the smallest 
kinematically allowed opening angle for the two pho- 
tons originating from Y(2 S) --* ~o Y(1 S) --* 7 ~ 11. In ad- 
dition we require that at least one of the two photon 
candidates be identified by the tube chambers as a 
neutral particle. To eliminate background we reject 
events with additional energy not correlated with any 
of the particles. The maximum allowed uncorrelated 
energy is 80 MeV in the endcaps for 7Tee events and 
80 MeV in the full calorimeter for ~ 7/~/~ events. 

These cuts reduce the preselected data sample to 
135 events of the type 7~ee and 105 events of the 
type 77##- This sample consists mainly of events from 
the radiative cascade transitions Y(2S)--* 7Zb 
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Fig. l a ,  b. Dalitz plot of di-photon mass  M ~  versus effective mass 
M2(y(1S), y) for fitted a 77ee and b 77/~/z events resulting from 
the F(2S) resonance data. Indicated are the r/ and n ~ bands for 
the hadronic transitions F(2S) - ,  q F(1 S) and Y(2S) ~ n ~ r(1 S) (hor- 
izontal dashed lines) and the kinematic regions of the cascade transi- 
tions Y(2S)---,TZb---,77F(1S ) (vertical and slightly skewed dot- 
dashed lines). The kinematic boundaries are marked by solid lines 

~77Y(1S) .  The major  contribution to the back- 
ground is due to the hadronic transition F(2S) 
~ n ~  ~ F(1S), where two of the four photons from 
the n ~  decays escape detection. To further sup- 
press background contributions we kinematically fit 
the selected events to the hypothesis Y(2S) --+ 77 F(1 S). 
Besides energy and momen tum conservation we use 
the additional constraint that the mass recoiling 
against the two photons agrees with the r(1 S) mass. 
The energies of the leptons are treated in the fit as 
unmeasured quantities, resulting in a 3 C fit. A cut 
on the confidence level of the kinematic fit at 5% 
passes 57 77ee events and 35 77## events. The effi- 
ciency of this cut is 92% as determined by Monte  
Carlo calculations. The Monte  Carlo is an accurate 
representation of the data including the non-gaussian 
tails of the energy and angular resolution for photons 
and leptons. 

The events satisfying the above requirements are 
shown in the Dalitz plots (Fig. la ,  b) for the 7Tee 
and 77/~# final states, respectively. Each event creates 
two entries corresponding to the two possible mass 
combinations for M2(~'(1 S), 7). The solid lines repre- 
sent the kinematic boundaries for events of the type 
F(2S)--+ 77 F(1 S) after taking into account our cuts 

Table 1. Number  of observed events and efficiencies for the decay 
channels studied. The first error on the efficiencies is of statistical, 
the second of systematic origin 

Decay mode Number  of events Efficiency in % 

eel/(7 j 4 30.8 + 1.0+0.5 
/z#q(77) 1 24 .2+0.4+0.5  
ll~/(3 n ~ 0 19.0+ 1.2+0.5 

e e n ~  1 10.4+ 1.2+0.5 
##n~ j 2 8.8 +0.3 +0.5 

on energies and opening angles of the photons. Verti- 
cal dot-dashed lines indicate the kinematic regions 
populated by the radiative transitions F(2S)~TZb 

77 F(1 S) [13]. The horizontal lines at low and high 
di-photon mass values mark  the n ~ and ~/bands which 
would correspond to the hadronic transitions 
Y(2S) ~ n ~ F(1 S) and Y(2S) --+ q Y(1S), respectively. 
The width of each band corresponds to _+ 3 a of our 
di-photon mass resolution for the n~ = 10 MeV) and 
the q(a= 6 MeV) transition. These mass resolutions 
were determined with Monte  Carlo calculations simu- 
lating the complete decay chain and include the re- 
sponse of our detector to the final state particles. 

Excluding the kinematic regions of the cascade 
transitions we find 1 7Tee event and 2 77#/~ events 
inside the n ~ band. Within the q band we observe 
4 77ee events and 1 77/z# event. The Dalitz plots 
show a clear separation of the kinematic regions for 
F(2 S) ~ q F(1S) and ~(2 S) -+ T Zb ---> 7 7 Y(1S ) transi- 
tions. Therefore the cascade transitions cannot feed 
the populat ion of the q band. For  the 7Tee final state 
a comparable  number  of entries is found in the side- 
band below the q signal region, indicating the pres- 
ence of background. 

In Table 1 we list the number  of observed events 
for the decay channels considered. Also given are the 
detection efficiencies of the individual decay channels 
as determined from Monte  Carlo simulations. The 
systematic errors on the efficiencies reflect the effect 
of variations in the lower bound on the photon ener- 
gy, in the limit on the uncorrelated energy and in 
the confidence level of the kinematic fit. 

Table 1 also includes the results of the analysis 
of the hadronic transition F(2S) ~ r/F(1S), q ~ 3n ~ 
--+67. The selection criteria used for the search of 
the (67)/l final state are similar to those described 
above with modifications to take into account the 
higher multiplicity. However,  because of lower ex- 
pected background we applied milder cuts on the 
opening angles between any two particles and used 
a lower bound of 20 MeV for the photon  energies. 
For  this decay mode we observe no events in either 
the ee or the/~# final state. 
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Background studies 

Before converting the results of Table 1 into branch- 
ing ratios or upper limits we consider possible back- 
ground source. 

The background contaminat ion arising from the 
hadronic transition F(2S) ~ n ~  ~ F(1S) and F(2S) 
~ n  + n -  F(1S) was studied by Monte  Carlo simula- 
tions. The first reaction can lead to background 
events when two of the four photons from the n ~ ---, 77 
decays escape detection. The second transition can 
fake 77 ll events when the charged pions are misidenti- 
fled as photons. The n n background was studied with 
a Monte  Carlo simulation of ten times the number  
of F(2S) ~ nn F(1 S) decays as found in our real F(2S) 
data. After scaling, we obtain a background contribu- 
tion of zero events in the n o band and of 0.2 events 
in the 1/band. 

To estimate background from the double radiative 
Q E D  process e + e -  ~ 77 e + e -  as well as from other 
possible nonresonant  processes we used a F(1 S) and 
F(4 S) data sample, which is twice the integrated lumi- 
nosity of our Y(2S) data sample, and subjected it to 
the selection criteria stated above. The selected y Tll 
events were kinematically fitted to the hypothesis 
F ( 2 S ) ~ 7 7 F ( 1 S )  with the same constraints as used 
in our analysis of the F(2S) resonance data. The fact 
that the events were taken at different center of mass 
energies does not influence the results, as we do not 
use the measured lepton energies in the fit. In Fig. 2 
the surviving events of the background sample are 
plotted in the same manner  as the F(2S) data in 
Fig. 1. 

After scaling, we find 1.577ee events and 
0.5 ~7~/~ events with di-photon mass values consis- 
tent with the nominal  n o mass value. Thus we con- 
clude that the observed 1 7Tee event and the two 
77/~/~ events in the n ~ band of our F(2S) sample are 
consistent with being due to background processes. 

The contaminat ion in the t /band  is harder to esti- 
mate. The t/ band region of the background plot 
(Fig. 2) contains 1 77~# and 1 7Tee event. A further 
inspection of Fig. 2 reveals that in general the back- 
ground is more prominent  in the 7Tee final state than 
in the 77##  final state. However, simply scaling the 
results of the background study does not quantitative- 
ly explain the four observed 7Tee events. Further- 
more, as mentioned in the previous section, the cas- 
cade events are kinematically excluded from feeding 
the q band. Nevertheless two features make it very 
likely that these events are caused by background 
processes: a) The observed excess of 7Tee over 7~#P 
events is present in both  the F(2S) and the back- 
ground sample, b) All five events have their low ener- 
gy photon  in the range 221 MeV to 241 MeV, whereas 
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Fig. 2a, b. Scatter plot for background events obtained from the 
analysis of Y(1S) and F(4S) data with the same cuts as applied 
to the F(2S) data. Fig. 2a and 2b show the distributions for the 
fitted y~ee and 77##  events, respectively. Superimposed are the 
kinematic boundaries of Fig. 1 

one expects a flat distribution over the kinematically 
allowed range from 221 MeV and 281 MeV for 7~ll 
events originating from F(2S)~qF(1S).  The ob- 
served clustering of five events in one third of the 
kinematically allowed range has a probabili ty of only 
(1/3)4 ~0.01. 

Results and discussion 

The above considerations imply that most of the ob- 
served events come from background processes. How- 
ever, since our background studies do not quantita- 
tively reproduce the number  of observed events, we 
prefer not to subtract any background. Instead we 
derive upper limits for the branching ratios of the 
transitions F(2S)~qY(1S)  and F(2S)--*n ~ F(1S) 
from the uncorrected numbers of 5 and 3 events, re- 
spectively. To include the systematic and statistical 
uncertainties of the efficiencies (Table l) and of the 
number  of F(2 S) resonance decays in the upper limit 
calculation, we assume that these quantities are Gaus- 
sianly distributed. The upper limits for the branching 
ratios are then derived from the probabili ty density 
functions, which are obtained by folding the Poisson 
distribution for n observed events with a Gaussian 
distribution. The latter depends on the decay mode 
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considered and takes into account the errors on the 
corresponding efficiencies, on the number of r(2S) 
decays and on the branching ratios for the decays 
n~ q--*7Y, ~ /~3n~  and Y(1S)~ll  [14]. For  the 
two hadronic transitions we obtain the following up- 
per limits on the branching ratios 

B(Y(2S) --, ~ r(1 s)) < 0.7% (90% C.L.), (1) 

e ( Y(2 S) ~ z~ ~ F(1 S)) < 0.8 % (90% C.L.). (2) 

Using Fro, ( )"(2 S)) -- (30 + 7) keV [ 14] the above results 
correspond to upper limits on the partial rates of 

F(Y(2 S) - ,  ~ r(1 S)) < 0.2 keV, (3) 

C(r(2 S) ~ ~o r ( l  S)) < 0.3 keV. (4) 

Ours is the first result on the rc ~ transition. The 
transition has also been studied by ARGUS,  CLEO 

and CUSB. The ARGUS limit [15] on 
Y(2S)~qF(1S) is 0.5% and the CLEO limit [7] is 
1%. CUSB [8], with a slightly smaller data sample 
than ours (184.103 vs. 193.103 lc(2S) decays) and 
a lower total acceptance of (58% vs. 74%) found no 
events consistent with the q mass, resulting in an up- 
per limit of 0.2%. The difference between the CUSB 
upper limit and our result may be due to a back- 
ground fluctuation. 

All experimental upper limits obtained thus far 
are an order of magnitude larger than the theoretical 
predictions. Kuang and Yan [16] have estimated a 
partial width of F()~(2S) ~ q ~'(1 S)) =0.01 keV within 
the framework of the multipole expansion. Voloshin 
and Zakharov [17] have calculated the ratio of 
F(r(2S)--,~tr(1S)) to the width of the process 
Y(2S) --* ~z + ~z- Y(1 S), where the evaluation of the ma- 
trix elements for the gluon conversion into the light 
hadrons makes use of triangle anomalies in the axial- 
vector current and the trace of the energy-momentum 
tensor. With F( Y(2 S) ~ ~ + ~ - F(1 S)) = (5.6 ___ 1.3) keV 
[14] the prediction by these authors corresponds to 
about 0.03 keV. These absolute rate predictions suffer 
from the limited understanding of how the soft gluons 
emitted by the heavy quarkonium systems hadronize 
into an tt or a grc system. In this respect, ratios of 
rates between similar transitions in the charmonium 
and bot tonium system are more reliable. Under  the 
assumption that the hadronic transition involving an 

meson is dominated by the multipole operators of 
lowest order, Yan [4] obtains 

r(r(2s)~r(lS)) Ira@ [ p(19 ]3 1 

F(0(3685)--* flY~O) - [ ~ ]  " [p (d /~]  -~ 275' (5) 

where mb= 5.2 GeV and m~= 1.8 GeV are the quark 
masses and p(F) and P(J/O) are the t /decay momenta. 

The momentum dependent phase space factor alone 
would only yield a reduction by a factor of four. Using 
B(0(3685 ) ---, tlJ/0) = (2.7 +_ 0.4)% and Ftot(0(3685)) 
= (215 _+ 40) keV [14] and our upper limit on 
r(r(2 s) ~ ~ r(1 s)) we find 

r ( r ( 2  s) -* ~ r (1  s)) 1 

C(0 (3685) ~ qJ/O) < 25" 
(6) 

This observed suppression is about  a factor six larger 
than the reduction expected from phase space alone 
and therefore supports the validity of the mulipole 
expansion formalism. 

The hadronic transition F(2S)---, rc ~ F(1 S) is iso- 
spin violating. Therefore its rate is expected to be 
much lower than the rate for Y(2S)~ t/~F(1S). How- 
ever in the charmonium system the analogous transi- 
tion 0 (3685)~  rc~ is observed with a surprisingly 
large branching ratio B(O(3685)~rc~ 
_+ 0.03)% [14], which has triggered considerable theo- 
retical effort [18-21] to calculate the ratio 

F(0 (3685) -* zo J/O) 
r = F(0(3685)-~  nJ/O) " (7) 

In the context of the multipole expansion the ratio 
r is given by [21] 

3 , ( 8 )  
r [ (0lOgiC) ] I_P.J 

where Og is a purely gluonic operator  with j e = o -  
and the factor (p~/p,)3 is due to the P-wave nature 
of the decays. Ioffe and Shifman [-21] showed that 
the ratio r can be expressed in terms of the current 
quark mass ratio rnn/mu yielding 

~ ~ 3 . [ ~ ] ~ . [ ~ _ ] 4 . [ ~ ]  ~. 
- tmd+m,l krn~l LP,J 

(9) 

For  (m~-m,)/(rne + m,)~ 0.4 this is in good agreement 
with the experimental charmonium value of 
r = (3.7 _+ 1.2)- 10 2. 

Applying the above expression to the correspond- 
ing transitions in the bottonium system we obtain 

F()"(2 S) --* rc ~ )7(i S)) ~ 0.14. 
c(r(2 s)-~ ~ Y(1 S)) (10) 

Using the estimate F( Y(2 S) ~ q r(1 S)) ~ 0.03 keV [ 17] 
this yields a predicted rate F(r(2S)~rc ~ Y(1S)) of 
about 4.10 3 keV. Our upper limit of F(lC(2S) 
--*re ~ Y(1S))<0.3 keV (90% C.L.) is still two orders 
of magnitude above this prediction. 

An estimate of F(F(2S)~~ can also be 
obtained by scaling F(0(3685)--* rc~ according to 
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e q u a t i o n  (5), b e c a u s e  t h e  s a m e  m u l t i p o l e  o p e r a t o r s  

c o n t r i b u t e  t o  t h e  q a n d  rc ~ t r a n s i t i o n s .  N e g l e c t i n g  

s m a l l  d i f f e rences  in  p h a s e  s p a c e  we o b t a i n  

r ( r ( 2 s ) - ~ ~  [mc] 4 1 

r( sS  (11) 

O u r  u p p e r  l i m i t  o n  t h e  r a t e  o f  Y(2S) ~ ~o Y(1 S), c o m -  

p a r e d  to  t h e  m e a s u r e d  v a l u e  o f  F(r176 
= (0.22 _+ 0.08) keV,  y ie lds  a n  u p p e r  l i m i t  o n  t h i s  r a t i o  

o f  a b o u t  one .  

I n  s u m m a r y  we  h a v e  o b t a i n e d  u p p e r  l i m i t s  for  

F ( Y(2 S) ~ r I ]r(1S)) a n d  fo r  F( Y(2 S) ~ ~o Y(1S)). O u r  

r e s u l t  o n  t h e  ~ / t r a n s i t i o n  s u p p o r t s  t h e  v a l i d i t y  o f  de -  

s c r i b i n g  t h e  h a d r o n i c  t r a n s i t i o n s  in  t h e  f r a m e w o r k  

of  t he  m u l t i p o l e  e x p a n s i o n  f o r m a l i s m .  T h e  u p p e r  l im i t  

o b t a i n e d  fo r  t h e  i s o s p i n  v i o l a t i n g  d e c a y  1~(2S) 

~ r c ~  is n o t  s e n s i t i v e  e n o u g h  t o  t e s t  e x i s t i n g  
m o d e l  p r e d i c t i o n s .  
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