
281 

RECENT CUSS RESULTS AND QCD 

Juliet Lee-Fran z i n i  
SUNY a t  Stony Brook , Stony Brook , NY , USA 

ABSTRACT 

The impact of the Upsi lon system on QCD , based on CUSS data and analyses , 
are presented . R esults in the area of perturbative QCD include determinations of 
AMS from T (T ' ) +Ygg and T ( T ' ) +ggg and the total widths of the Xb J=2 , 1  states . 
R esults i n  the area of non-perturbative QCD include determinations of the mass 
and leptoni c  widths of the higher upsilon resonances ( 5S and 6S) , and the s* -s 
mass difference which measures (Qq) hyperf ine spl itting . Results from CUSS-I I 
indi cate that we have not yet gone beyond QCD in so far as we have not observed 
any anomalously large T radiative decays (T+YX ) . 

INTRODUCTION 

During the past s i x  years the CUSB1 Collaboration has mapped a dozen 

d ifferent (bb) states usi ng the CUSS-I detector ( a  NaI-Pb glass calor imeter ) .  

The masses of these states , as well as the observed major decay modes , are 

depicted in f i gure 1 .  The double l i nes indicate two pion transitions and s i ngle 

l ines indicate photon transi t ions between the levels , where the sol i d  l ines stand 

for observed transitions and the dashed l ines indicate our future goals .  While 

the masses of the T ' s  and ( center of gravity)  of the xb ' s ,  as well as the s* -s 

mass d ifference , are germaine to testing of non relativistic  quar k potential 
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models ,  decay modes of the T ' s and xb ' s  

which i nvolve the annihilation of the b 

and b quar ks bear on the realm of 

perturbative QCD and yield determinations 

of AMS . 

In the past year we have i nferred the 

exi stence of the T ( 53s1 ) and't(63s1 ) from 

our data taken during a prolonged scan i n  

the c .  o f  m .  energy region between 1 0 . 6  

and 1 1  . 2 GeV , and observed the production 

of 50 MeV photons (hence of s*
• s )  at these 

resonances . Furthermore we have j ust 

finished a test run with a module of the 

upgraded CUSB detector (a B i smuth 

Germanate calor imeter : CUSB-I I ) 2 on the 

T ( 1 3s1 ) ,  the preliminary results from 

which give stringent l imits on the 

i nclus i ve branching ratio T�YJC (where X 

stands for anything ) and confirm our 

previous measurements3 of the QCD scale 

parameter AMS " These results , and that of 

an analys i s  of the Xb ( J= 2  and J=1 ) 

total widths are di scussed in the following.  

PERTURBATIVE QCD 

AMS -- We have measured with CUSB-I 

the Y spectra of direct photon production 

from T and T '  which are shown in f i g .  2 as 

a function of z (=Ey/Ebeam) .  We separate 

high energy Y ' s  from pions stat i stically 

by using the difference between the 

conversi on probabi l ity of �0 · s  

( i .  e .  2Y ' s )  and di rect Y ' s  i n  the f irst 

layer of NaI i n  our detector . The spectra 

shown in f i g .  2 are acceptance corrected 

and continuum subtracted . Preliminary 
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Figure 1 Present Status of T 

Spectroscopy . 

Figure 2 T ' ( T )�Ygg spectra . 

anal ysi s  of our recent data taken with CUSB-II are in good agreement wi th these 

spectra . S ince within statistics these data are devoid of sharp features , we 

f i t  them to a function of the form z ( 1 -z ) a to obtain the total area , thus 
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obtaining the total product ion rate of d irect photons from T and T' . 

Heavy quarkonia are expected to decay mostly via three gluons and a 

fraction of the t ime into a photon and two gluons . The ratio of these two 

par ti al rates , includ i ng next to lead i ng order QCD terms4 , i s  given by 

( 36/5 ) q2 ( a/as ) [ 1 +2 . 2as /n] , where q i s  the quar k charge and as i s  related to the 

QCD scale parameter AMS i nclud i ng second order corrections5 . Both the measured 

rates and the rough shape of the spectra in f i g .  2 are consi stent wi th those 

expected from the Ygg decay mode . We obtain from these measurement s :  

as ( T ' )  = 0 . 226 +0 . 067 -0 . 04 2 ,  

as ( T )  = 0 . 1 97 +0 . 1 22 - 0 . 054 and 

AMS = 1 1 6  +1 05 -57 MeV from T ' , 9000 
AMS = 80 + 1 95 -5 9  MeV from T data . 7000 

These values are in good agreement w i th 5000 
those we obtained from measur i ng Bµµ 
where the theor et i cal uncertaint y  is much � 3000 
larger5 . 

� "' 
� 1000 

AMS = 1 40 +54 -24 MeV from T ' , 
w 
� 500 "' 

AMS = 95 +54 -34 MeV from T data .  "' " 
0 
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Total Widths of xb ( J= 2 , 1 )  s tates-

S ince we observed the < xb ' ) ' s7 and 

the < xb) • s8 the understanding of 

relat ivistic  corrections to photon 

trans i ti on rates has greatly improved9 . 

Whenever the i n i ti al and f i nal states have 

differing number of nodes in their radial 

wave funct ions , for ex. T ' ' + y + 1 3pJ • 

the rates are most sens i t i ve to such 

corrections and are very model dependent . 

CUSB ' s  small upper l imit  for thi s 

transi tion not only favors the choice of 

the potent ials of reference 9 ,  but also 

indicates that r elativistic  corrections 

50 100 500 1000 

are l i kely to be small in the bb system . 

Calculations of the E1 rate for 

trans i t ions such as 1 3pJ + Y +T are 

part i cular l y  rel iabl e .  These we make use 

of to estimate the total widths of the 

xb states which are expected to be very 

narrow hence not directly measurable . 
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F igure 4 Proj ect i on of exclus ive 

cascade Y ' s on low Ey axi s .  
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We show in f i g .  3 the photon l ines to and from the xb observed in the 

CUSB-I inclus i ve photon spectrum . The l ine labelled 4 , 5  is i denti fied as the E 1  

trans i t ions from the xb J = 2  and J= 1 states t o  the T ( transtions from the J=O 

state i s  expected to be small ) .  We obtained the branchi ng ratio BR from 

T ' ->xb J=2, 1 ) Y  ( l i nes 1 + 2 )  to be ( 6 . 1 ±1 . 4 ) %  and ( 5 . 9±1 1 . 4 ) %  respect i vely and the 

product BR of T ' ->xb ( J= 2 , 1 ) Y->TY to be ( 4±1 ) % .  I n  f i g .  4 we show the energy 

d i stribution of the lower energy photon from events of the type T ' ->Yxb->YT where 

the T decays i nto an e+ e- or a µ+µ- pair . The 1 07 MeV l ine i s  associated with 

the T ' ->xb ( J= 2 )  transi tion and the 1 28 MeV l ine w i th the T ' ->xb ( J= 1 ) transi tion . 

Note that the i r  i ntensit ies are i n  the ratio of ( 0 . 51 ±0. 25) : 1 .  We deduce that 

the E1 BR of xb ( J= 2 )  to T is ( 20±5 ) %  and the E1 BR of xb ( J= 1 ) is ( 47±1 8 ) % .  

These values are i n  excellent agreement with potential model calculat i ons and we 

use these BR ' s  and the computed E 1  rates to obtain 

rtot c 1 3P 2 ( bb) ) = ( 1 73±43±1 8 )  keV , rtot < 1 3p 1 ( bb) ) = ( 67±26±1 0 )  keV . 

The f i rs t  error i s  due to the error i n  

measuring the BR ' s  and t h e  second t o  an 

es timate of the uncertaint y  in the 

calculated E1 rates . QCD calculat ions 1 0  

give C xb ( J= 2 ) ->gg ) = 1 90 keV and 

r ( xb ( J= 2 )->qqg ) =60 keV wi th uncertaint i es 

on the order of 50% . The excellent 

agreement between the two sets of rates 

i nd i cate that we may use the xb widths 

someday to obtain an i ndependent 

measurement of as . 

NON PERTURBATIVE QCD 

H i gher T resonances 

F i g .  5 shows the CUSB scan at CESR 

above the T ( 4S )  region1 1 . F i g .  5a shows 

R visible for all hadr onic events , the 

bottom f i gure i s  Rv i s  for events which 

passed a thrust cut , note the suppressed 

zero in both figures . Both show 

compl icated structures , which survive the 

thrust cut ( BB events are less " thrusty" 

than continuum events ) and therefore are 

resonance associated . The tall peak on 

the left of the f i gures is the T ( 4S ) , 
* which l ies below the B production 
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threshold 1 2 . Another evidence of bb 

production at these energies is the 

increase in product ion of high energy 

electrons (E>1  GeV , hence from a-decay of 

b-quarks ) as shown in f i gure 6 .  

S ince the mass di fference between B 

and 3* is =50 MeV and the mass di fference 

between the strange and normal B ' s  is = 1 00 

MeV , s i x  thresholds Bd ( u )Bd ( u ) • 

� 

* -* - * -Bd (u )B d (u ) • B d (u )B d (u ) • 8sBs , B SBS , 

B*
sB"s , occur wi thi n the Ecm range of 

1 0 . 55 and 1 0 . 85 GeV indicated by arrows at 

the bottom of f i g .  7b . Furthermor e , all 

potential model s  i ndicate that three 

higher T resonances , T ( 4S ) , T ( 5S )  and 

T ( 6S) are expected to be present in the 

Ecm range 1 0 . 5  to 1 1 . 5 GeV . We performed 

a coupled channel calculation us i ng the 

E i chten et a1 1 3  potential model , assuming 

only four T (nS ) states and the s i x  

thresholds . In f i gure 7 the CUSB computed 

curve is shown superimposed over our data , 

the agreement between them is remarkable ,  

especially considering the s impl ifyi ng 
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Figure 7 CUSB Model Calculation: 

top , superimposed over data , 

7a , contributions from T ( nS ) , 

7b , from B ' s  and Bs ' s .  

assumptions made . In f i g .  7a the separate contribution from each T resonance i s  

shown . I n  f i g .  7b the separate contributions from ordinary and strange B mesons 

are shown . One notes from these f igures that the dominant contribution to the 

cross section i s  due to the T ( 5S )  and that it couples to all s i x  two body 

channels . The posi tion of this resonance agrees with most potential model 
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calculations once the proximity to many open channels is taken i nto account , an 

example being the Tornquivst calculation1 4 . S imilar l y ,  most of the cross section 

excess around 1 0 . 6  GeV is due to T ( 4S)  coupl ing i nto B*B and B*B* channels .  

There i s  room for some expected D state contribution , but i n  my opinion does not 

call for the postulation of any exotic new states . The i dentificat ion of the 

sharp r ise of the cross section at 1 1  GeV with the presence of the T ( 6S )  state 

is consistent , if not overwhelmingly compelling , with the data and the model 

calculation . The r esonance parameters are tabulated below . 

Resonance 

T ( 4S )  

ree ( keV ) 

0 . 283±0 . 037 � me960. 
T ( 5S )  

Mass ( GeV ) r ( MeV ) )  

1 0 .  5774± 0 .  001 25±2 . 5 

1 0 . 84 5  ±0. 020 1 1 0±1 5 0 .  365± 0 .  070 g 
T ( 6S )  1 1 . 02 + 0 . 03 90±20 

� 
0. 1 56± 0 .  040 ;,-'"°· 

� 
In conclusion the behavior of (bb) states �"""· 

f 
above the free flavor threshold is well 

described by nonrelat ivistic potent ial model s  

(with coupled channel modifications ) .  Our 

model calculation also predicts that B * • s  

should be produced above 1 0 . 6  GeV . I n  figure 

8 we show the energy dependence of the BB, B*B 

+BB* , and B*B* cross section (where B stands 

for either ordinary or strange B mesons ) .  I n  

short , i n  the energy region between 1 0 . 6  to 

1 1  . 1  GeV we expect � 1 . 4  B* per (bb) event . 
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Figure 9 Inclus i ve Y spectra: 

top , T ( 4S ) , bottom , T ( 5S )  

Observation o f  B * --

It has been known for some time now that B* • s (vector B mesons ) are not 

produced on the T ( 4S )  where BB' s  are produced copiously1 2 • The method of search 

is founded upon the fact that s i nce the B* -B mass difference is known from 
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scaling arguments to be =50 MeV , the onl y decay mode available to the B* is the 

return to the ground state via emission of a photon . The search for such 

photons yielded 90% c .  1 .  l imits of the order of ( 6-9 ) %  a* per (bb) events . 

The inclusive photon spectrum is shown at the top of f i gure 9 ,  i t  shows no 

excess of =50 MeV photons . Thi s  result is ful l y  consistent with our model 

calculation , see also f i g .  8. The photon spectrum on the T ( 5S) is shown at the 

bottom of f i g .  9 ,  together w i th the pol ynomial fit to the T ( 4S)  spectrum . An 

apparent excess is visible;  a simple subtraction yields a signal in excess of 

seven sigmas whose width agrees with our computed resolution ( including Doppler 

broadening ) , centered at =50 MeV . Recall that the fraction of events which 

contain a b quark pai r  in the energy range above the T ( 4S)  is =7% and that the 

a* • s have = 1 5% Doppler widths , both factors render the photon search d ifficult . 

We enhanced the (bb) fraction by ( i )  applying a thrust cut , choosing more 

spher i cal events , see f i g .  1 0b ,  ( i i )  applying Ecm cut , choosing regions where T 

resonances are known to exist , see f ig .  1 0c .  We f i t  a cubic plus a gaussi an of 

known width to obtain the signals shown in f i gure 1 0 .  

14000 (al (cl 

UJ z 
iii 
l'; a: w z w 
� 300 (fl Q ' UJ z 0 .... 0 :c a.. 

20 50 100 
PHOTON ENERGY (MeV) 

F i gure 1 0  Photon spectra for events wi thout an observed lepton . a )  1 0 . 62<Ecm< 1 1 

GeV , b )  same Ecm as a ,  thrust < 0 . 83 ,  c )  Ecm 1 0 . 62- 1 0 . 72 ,  1 0 . 78-1 0 . 9 ,  1 1 - 1 1 . 1 2  

d )  background subtracted Y s i gnal , Ny=21 1 2±42 4 ,  corrected Ey= 5 1 . 6±1 . 7  MeV , 

e )  region b subtracted Y s ignal , Ny= 1 405±350 , corrected Ey= 4 9 . 1 ±2 . 0  MeV and 

f )  r egion c subtracted Y signal , Ny= 1 286±272 , corrected Ey= 5 0 . 5±1 . 8  MeV . 

An alternate way to enhance the fraction of (bb )  events i s  to require the 

presence of a high energy lepton (e or µ with energy > 1 GeV ) . In f igure 1 1  we 

show the Y spectrum of such lepton tagged events ( sol id l ine ) super imposed over 

a background curve (dotted curve ) constructed with the proper fract ions of ( bb) 
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events from the T ( 4S )  and cont i nuum events . 

While the lepton tagging requir ement reduces the 

event sample tenfold ,  the s i gnal / background 

ratio is enhanced by a factor of four . The 

subtracted photon s i gnal shown in f ig .  1 1  

contains 1 23±28 photons in the region 35-65 MeV . 

We thus have a f i ve si gma effect from the 

restri cted (no l epton ) i nclus i ve spectrum and a 

4 . 4  sigma effect from the lepton tagged events . 

The number of s*/ (bb) event is 1 . 4± 0 . 5 from the 

former sample and 1 . 5± 0 . 5 from the latter . Note 

that both are in good agreement with our model 

calculation . The mass difference M ( B* ) - M ( B )  we 

obtain i s  52 ± 2 ± 4 MeV 1 5  

Our mass difference between the vector 
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F i g .  1 1  Lepton Tagged Y spectrum 

and pseudoscalar B mesons is in good agreement with many potential model 

calculations 1 6 . In the naive nonrelat ivistic pictur e ,  this hyperfine splitt ing 

due to one gluon exchange i s  given by1 7 { M ( Qq) *-M (Qq ) } = ( 32nas/9MQmq l l � C Ol l 2 , 

{ M2 (Qq) *-M2 ( Qq) }= ( 64n/9 ) x { as l � ( O l l !mq } .  The CUSB �M2 is 0 . 551 ±0. 043 GeV2 . Thi s  

value J oins a long l ist o f  such mass s quare differences ( p-n , K*- K ,  o*-D , F*-F ) 

which are all equal =0 . 57±0 . 02 Gev2 . Thi s  impl ies that { as l � < o l l 21 mq } i s  a 

constant for all heavy-light (Qq ) mesons . 

F i gure 1 2  CUSB-II Detector 
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F i gure 1 3  Prel iminary CUSB-II T�YX L imit  
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BEYOND QCD? 

The CUSB detector i s  undergoing an upgrade by inser t i ng w i thin the NaI 

array , a twelve radiation length cyl inder of B i smuth Germanate ( CUSB -I I ,  see 

f i gure 1 2 ) . Dur i ng last fall we ran on the T ( 1 S ) w i th a reduced ( 9  r adiat ion 

lengths instead of 1 2 ) quadrant of the BGO c yl inder in place , such that it 

subtended 1 /4 of the sol id angle whi l e  the rest is covered by sod i um iodide . 

Approximately a total of 400 , 000 T ' s were produced dur ing the 22 pb- 1 run . The 

inclusive photon spectra i n  NaI and in BGO were examined , no monochromatic signal 

consistent with our known resolut ions was found . In f igure 1 3  we show our 

preliminary l imit for T�YX , where X stands for anything . The dashed l ine is the 

predi cted branchi ng ratio for T�YH via the Wilcze k1 8  mechan i sm for a H i ggs boson 

of the standard model . Our l imit is prel i minary because intensi ve Monte Carlo 

stud i es are underway to determine our effic iency as a function of assumed X decay 

modes . However , it is clear that we have not gone "Beyond QCD" yet , since we 

have not seen any anomlousl y  h i gh rate of T�YX production .  
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