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ABSTRACT. A summary is presented on radiative decays of the T(lS) and T(2S) 
state!! as measured by the detectors ARGUS, CLEO, Crystal Ball and CUSB operating 
at the storage rings CESR and DORlS II. In particular, the search for heavy mass 
states below the T(lS) resonance is discussed. Nothing (un)expected in the form of 
gluonium, supersymmetric particles or Higgs bosons has shown up yet. Also covered 
are transitions from the T(2S) resonance to the spJ bottonium states which have been 
measured with high precision. The spins of those states are shown to be consistent 
with expectation. Comparison with potential models yields information on the inter~ 
quark force. It is argued that the T states are an ideal testing ground for the theory 
of strong interactions. 

Invited talk presented a.t the 5th International Conferw.ce 
on Physics in Collision; Autun, ~ance, July 3·5 1986. 
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INTRODUCTION 

Over the last ten years much of the theoretical and experimental investigation of the 

physics of elementary particles has been devoted to the study of heavy quark systems con· 

sisting of bound ci! and bb quarks. They prove an ideal laboratory ·to study three of the 

forces acting on elementary particles: the strong, electromagnetic and weak force in the 

Standard ModePl of High Energy Physics. Weak decays of heavy quark-antiquark (Qq} 
bound states above the open flavor threshold are used to study the electroweak interactions. 

Below this threshold bb states are a testing ground for the theory of strong interactions, 

Quantum Cbromodynamics~) (QCD). Two main areas of research for the bb resonances offer 

themselves: their decay properties and their mass spectra.. In both areas photon transitions 

play an important role. They reveal the predicted C-even cc and bb :JpJ states, and allow 

us either to search for transitions to well known qiJ mesons like ,, 11' etc. or to hunt for new 

states in form of gluonium,s) supersymmetric particles•) and Higgs bosons.5 ) 

In this report we will discuss experimental results obtained by investigating the radiative 

decays of the two lowest mass resonances, the T(lS) and the T(2S). These resonances consist 

of a band a 6 quark in a relative ss1 state. As the spin-parity of these states is the same as 

that of the photon (JPC = ~--),they are produced directly in e+e- collisions. Radiative 

decays of these states thus allow to obtain information on C~even states. We discuss in detail 

the search for high mass resonances in radiative decays of the T(lS) as well as the observation 

of the spJ states of bottonium found in transitions from the T(2S). 

DETECTORS 

The data to be discussed here were obtained by the experiments CLEQ6 ) and CUSB7) 

operating at the storage ring CESR (Cornell) and by ARGUS 8 ) and Crystal Ball9 ) situated 

at the DORIS II storage ring in Hamburg. Both e+e- eolliding machines are very well suited 

for a study of the bottonium system iJ;l the center-of-mass energy region around 10 GeV. Due 

to its bigger radius the CESR machine provides a center-of~mass energy resolution superior 

to DORIS' by nearly a factor of two(~ 4MeV vs. ~ 8MeV). For narrow resonances like the 

T(lS), T(2S) and T(3S) equal luminosities result in higher event rates by about a factor of 

two and correspondingly lower background contributions from non-resonant e+e-:- interactions 

for the CESR experiments. 

The experiments operating at these machines can be classifted into two categories: mag

netic (ARGUS and CLEO) and non-magnetic (Crystal Ball and CUSB) detectors. Both 

magnetic detectors are of the general~purpose type employing a high magnetic field, good 

charged particle tracking and momentum measurement using drift-chambers, and fair energy 
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resolution for electromagnetically showering particles using shower calorimeters (see Table 

1). As the resolution of these shower counters is not sufficient to obtain a precise energy d~ 

termination for photons, magnetic detectors employ the technique of fitting e+ e- pairs from 

converted photons. The conversion may take place either in the beam-pipe plus the inner wall 

of the drift-chamber or in a specially installed lead converter close to the beam·pipe (CLEO). 

Little material in front of the drift-chamber ofFers the advantage of a very precise energy 

measurement at the cost of efficiency for detecting photons. We will see below that the two 

magnetic detectors followed difFerent approaches to optimize photon detection in inclusive 

events. 

ARGUS CLEO CRYSTAL BALL CUSB 

Magnetic Field O.BT 1.0T . I· ·I· 
u,IP (%) ~ 1.2 X p ~ 1.2 Xp . I· ·I· 
uEIE (%) (72 + B'l E)1i' 17 IE''' G<V 2.7/ E~e~ • IE''' G<V 

liE.., at.lOOMeV 1.1 MeV 2.5 MeV 4.8MeV 7.1 MeV 

liE.., at 1 GeV 10MeV 12 MeV 27MeV 40 MeV (Na/) 
19 MeV (BGO) 

t 7 at lOOMeV 0.2% 2% 15% 13% 

€7 at lGeV 2% 3% 15% 13% 

TABLE 1 
Detector parameters relevant to inclusive and exclusive photon measurements. f1p 

refers to the momentum resolution for charged tracks obtained using drift chambers 
only. t1 E is the energy resolution for electromagnetically showering particles in the 
shower counters. For the detector-specific approaches to inclusive analyses (see 
text), typical resolution (1I7 ) and efficiency (t7 ) values at two energies are included. 

The non-magnetic detectors are optimized for high resolution measurements of electro

magnetically showering particles and are thus ideal for the study of inclusive and exclusive 

events containing an arbitrary number of photons. Following a drift chamber for charged 

particle tracking, Crystal Ball and CUSB employ a highly segmented array of sodium iodide 

scintillators. The Crystal Ball Nal detector with its 16 radiation lengths (X0 ) contains elec

tromagnetic showers to a very good degree. The CUSB calorimeter is only 9X0 deep and 

therefore is backed with lead glass Cerenkov counters to fully contain the showers. The latest 

CUSB results on the T(lS) radiative decays have been obtained with a. newly installed BGO 

(Bismuth Germanate, Bi4Ge~012 ) quadrant in place of-the drift chamber. This is the first 

operating BGO detector in a High Energy Physics experiment. In Table 1 we summarize 
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those features of the detectors relevant to analyses of radiative decays. 

To appreciate the quite different behaviour of the two types of detectors we sketch in 

Fig. 1 the typical photon energy resolution functions and photon detection efficiencies for 

the analysis of inclusive photons in a hadronic environment. The superior energy resolution 

of both magnetic detectors is apparent. The shower detectors on the other side feature a 

very high efficiency to detect such photons. Therefore we may expect the results from both 

detector classes to be partly complementary: high statistical significance and thus small errors 

on the branching ratios from the shower detectors, while the magnetic detectors will supply 

us with a very accurate photon energy measurement and thus mass determination of the final 

state. Due to the very small detection efficiency magnetic detectors are not in a position 

to detect exclusive events with more than one photon. This domain is exclusive to shower 

detectors. 

Ey (%) 

":6'"'" 20 

CB 
20 CB 

151 GUSB :: ~:: 10 

CLEO 5[ G ARGUS 
' l 

5~ 
400 600 0 200 600 200 400 0 

Ey (MeV) E'f(MeV) 

38969 

FIGURE 1 
Sketch of the photon energy resolution functions and efficiencies relevant to the 

·analysis of inclusive photons for all four detectors. Non-magnetic detectors detect 
photons in their shower counters, whereas magnetic detectors use e+ e- pairs from 
converted photons. 
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EXPECTATIONS FOR RADIATIVE DECAYS FROM THE T(lS) 

The only energetically allowed hadronic decay of the T(1S) requires the band li quarks 

to annihilate into light hadrons at short distance. In QCD this process proceeds in lowest 

order through a three gluon intermediate state. This partial width is calculated10) to be: 

160(z'- 9) 
r(T(1S)- ggg) = o• "' a! I.P(OJI', 

T 

where a 8 is the strong coupling constant, rJ.o(O) is the T(1S) wave function at the origin, My 

the mass of the T(lS) resonance. In addition to this dominant decay mode a small fraction 

is expected to decay into a photon and two gluons. The ratio of these two partial rates, 

including first order QCD corrections,11l is given by: 

r(T(1S)- ~gg) = 36 "•m q: (1 + (2.2 ± 0.6) :- ), 
r(T(1S)- ggg) 5 "• 

where O:em is Sommerfeld's fine structure constant and IJb the bottom-quark charge. Eval

uating this equation with") a, = 0.2 we obtain r(T(1S) - ~gg)fr(T(1S) - ggg) "' 3%. 

Experimental results1-') confirm this expectation. Therefore we may expect some fraction 

of all T{lS) decays to proceed by emission of one photon and two gluons fragmenting into 

one resonance. The branching ratios for the radiative decays to ordinary qq mesons like 

11'0 ' ,, q', /(1270) have been calculated H) to be less than about 2 X w-'. Experiments at 

the Jf1/J indicate that particles like the t and (} either contain a large gluon component or 

are manifestations of gluonium states predicted in QCD. For such gluon-gluon final states 

the branching ratios15l are smaller than 1 x 10-6 • These predictions most likely put an 

observation from the T(1S) out of reach for current experiments. 

A radiative T(1S) decay mode of very high interest leads to the production of the Higgs 

boson. This elusive particle is predicted in the Standard Model after spontaneous breakdown 

of the SU{2) symmetry group. As the theoretically lower limit16) on the Higgs mass is about 

7 GeV we can search for this particle in the masR region from 7 GeV Jc2 up to the mass of the 

T(lS). The rate for this decay through the so-called Wilczek mechanism17) is calculated to 

be: 
r(T(1S) ~~+H) GFm: (1 -M)',) 
r(T(1S) ~I'+ I' ) /2~a,m Mi ' 

where Mn is the mass of the Higgs, mb the bottom quark mass, and GF Fermi's weak coupling 

constant. Radiative QCD corrections and mixing effects with the P-wave bottonium states 

reduce this width further by a factor on the order of two.18l The predicted branching ratio 

for a Higgs with a mass of e.g. Mn = 8 GeV is B(T(1S} - "fH) ~ 2 x 10-6 , too small to be 

detectable with current experiments. It has to be noted though, that in models with more 
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than one doublet of Higgs flelds 19) this branching ratio could be substantially enhanced or 

suppressed. 

Another possible rare decay mode of heavy quarkonium concerns the production of photi

nos and gluinos, which are the spin-half partners of photons and glum;1.s in the framework of 

supersymmetric theories. Here we are mainly interested in the detection of a possible gluino

gluino bound state/20) which, in the mass region under investigation, is predicted to have a 

total width of the order of 100 MeV for a 1S0 state. The radiative branching ratio from the 

T(1S) depends strongly on the mass of the (i7i7) state; it can get as large as about 3 x w-3 

for masses of about 1 GeV. Again, for an assumed mass of Mgg = 8 GeV we may expect 

a branching ratio of ~ 3 X 10-'. Although the total width is not as narrow as the photon 

energy resolution in a typical Nal detector, a detection in the inclusive photon spectrum 

seems feasible. 

A very important task in bb physics experiments consists in measuring the hyperfl.ne 

splitting. In principle this can be done by measuring the M1 transition T(1S) - "f'1b, where 

'1b is the 1S0 state of bottonium. The predicted rate21) 

16 ( q, )' ' ' r(T(1S)- ~ + ~·l = -3 - "•m k IMul 2m, 

is proportional to the third power of the radiated photon energy k. M,1 is the overlap 

integral of the T(1S) and ~· wave function" M;1 = J r2 ¢;(r]¢1(r]j0 (kr /2)dr where j 0 is the 

spherical bessel function of order zero. As io(kr/2 < 1) ~ 1 the matrix element is expected 

to be very close to 1 for allowed transitions between hyper8ne partners with the same radial 

quantum numbers. Theoretical estimates for the mass splitting yield values between 22) 20 

and23
) 100 MeV. Correspondingly, the branching ratios turn out to bracket values from 

about 1 x 10-6 to 1 x 10--'. Current experimental sensitivity might be sufficient to test for 

mass-splittings between T(1S) and 'lb down to about 100 MeV. 

EXPERIMENTAL RESULTS FROM THE T(1S) 

During the summer of 1984 the Crystal Ball collaboration presented evidence24) for a 

narrow state named d8.3) observed in the 1'(1S) inclusive photon spectrum. The branching 

ratio for this process was found to be 

BR(T ~~f) x BR(r- hadrons) = (0.5 ± 0.1 ± 0.3)%. 

The large systematic error is due to the uncertainty in modelling the decay mode of the 

~. For this analysis it was assumed that the ~ decays into a cc final state. Using a gg 

decay mode would reduce the branching ratio by about a factor of two. This t signal was 
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substantiated by the observation of a second, less significant signal at the same mass using a 

statistically independent sample of l'(1S) low multiplicity decays resembling the rr channel. 

Both results came from a sample of about lOOK l'(lS) decays corresponding to a luminosity 

of 1!, = 10.4pb-1 • The signal from the high (Fig. 2} and low multiplicity sample correspond to 

a combined significance of more than 5 s.d. if taken as independent manifestations of the same 

particle. Considerable excitement was caused by this finding and subsequently a large efFort 

was undertaken to verify these initial findings. This was done both at CESR and DORIS. All 

four groups obtained luminosities exceeding the one in which evidence for the r was found. 

The number of resonance decays obtained are given in Table 2. 

z 
a; 

"' 0 q 
N 

" "' 1-z 
w 
> w 

100 ,.--,~~~r-~'T'~TT'~,..,""' 

80 
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40 

20 

0.75 

1983 DATA 
Crystal Ball 

87± 21 events 
Ey•I072!8MeV 

1.00 1.25 1.50 1.75 

ENERGY (GeV) 
38987 

ARGUS CLEO 

200 X 103 260 X 103 

TABLE 2 

FIGURE 2 
Results on T(lS) --+ 1X inclusive pho
ton spectrum from the Crystal Ball ex
periment. This shows the high multi
plicity analysis as presented in the sum
mer of 1984. The peak at 1.07 GeV was 
assigned to a resonance named r. 

CRYSTAL BALL Cuss 

200 X 103 400 X 103 

The total number of T(1S) resonance decays obtained by all four experiments since 
the announcement of the r in the summer of 1984. 

Figs. 3 to 6 show the inclusive photon spectra. obtained by all four experiments. No 

signal is apparent in any of the plots at a photon energy of about 1070 MeV corresponding 

to a transition to the ~. The Crystal Ball collaboration has extensively checked their new 

data2,5) (Fig. 3). In particular, energy calibration, energy resolution and multiplicities were 
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studied using known signals like inclusive 11'
0 and 11 invariant mass plots, the charged minimum 

ionizing peak at about 200 MeV, and the Bhabha peak. This study indicates that the r signal 

should again be found within ±1% of the old mass value and within ±5% of the width. The 

non-appearance of the r in the second data set is at present not under~tood by the Crystal 

Ball group and is still under study. 

200 
1984 DATA 
Crys1al Ball 

29.3±29.3 FIGURE 3 
z 150 Mean fixed Ia be Results on T(1S)-+ "'(X inclusive pho

ton spectrum from the Crystal Ball ex
periment. The plot is based on data 
accumulated in the summer of 1984. 
No peak is visible at the position of 
the r. The difference between this plot 
and Fig. 2 at the position of the r is 
more than 4: standard deviations. 

iO ± 1.0% of old value 

"' 0 
0 
~ 100 

"' >-z 
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> w 
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I b) 

1060 1325 

38972 

FIGURE 4: 
Results on T(IS) --+ "(X inclusive photon spectrum from the CUSB experiment. 
These data were taken with_ a quadrant of BGO installed and are thus split into 
two parts. Photons detected in the BGO are shown in Fig. 4a (corresponding to 
lOOK l'(1S) decays), the analysis from the Nal detector is displayed in Fig. 4b 
(proportional to 300K T(1S) decays) .. 
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The CUSB results26) displayed in Fig. 4 were obtained with a newly installed BGO 

quadrant. Therefore their inclusive photon spectrum is split into two parts containing photons 

measured in the Nal and in the BGO detector parts. No signal is found with a significance of 

more than 1 s.d. The model used to determine the efficiency to detect the final state is based 

on the process T --t /(}(}. The combined upper limit is calculated to be BR(T-+ 1'\l < 0.1%. 

Analyzing the inclusive photon spectra the CUSB group also sets an upper limif~8) of about 

170 MeV on the mass-splitting between the T{1S) and the 'lb· For a splitting of e.g. 100 MeV 

the upper limit is still a factor of 6 above the prediction, too far away to hope for any sign 

of the spin-singlet 180 state. 

Both magnetic detectors also studied the inclusive photon spectrum using converted 

photons in the beam pipe. CLEO increased the detection efficieny by including a 10% radi

ation length lead converter inside the drift chamber. Fig. 5 shows the spectrum obtained by 

CLE027>. The bin width used is roughly the FWHM: of the resolution. The largest fluctua

tion, a 4 standard deviation effect at 520 MeV, is not considered a real effect due to missing 

confirmation by other experiments. At the position of the ~ they obtain an upper limit of 

BR(T --t 1'~} < 0.3% compatible with the original~ branching ratio. 

c ~ r t 
CLEO 

~ ~~a~fi\ t g 200 t fjl\ 
~ ll !Iff, 

+ A 
100 f- tl \\ 

+/: t•~:. 
+ tpt+tt '\,.++++t 

,+ ... t;.. + lt 
Ql!!±!i't.+' I lol I I 1" 't*"'-+!'::t+J 
100 200 300 500 1000 2000 3000 5000 

Photon Energy (MeV) 
38&81 

FIGURE 5 
Results on T(1S} -+ 1X inclusive photon spectrum from the CLEO experiment. A 
10% radiation length lead converter was installed to enhance the photon detection 
efficiency. The bin width in this plot is about the FWHM of the resolution function 
for energies below 1 GeV. 

ARGUS 28) has used not only converted photons to search for heavy mass resonances, 

but also studied photons in their shower counters,_ Therefore they obtain two independent 

results. Fig. 6a shows the spectrum as seen in the shower counters and Fig. 6b the one 

obtained using converted photons. Again no structure is visible over the whole spectrum. 

The combined upper limit is BR(T-+ 1'\) < 0.15%. 
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FIGURE 6 
Results on T(1S) -+ ')'X inclusive photon spectrum from the ARGUS experiment. 
Fig. 6a shows the spectrum obseved with the barrel shower counters. The spectrum 
of photons converted in the beam-pipe or in the inner drift-chamber wall is diplayed 
in Fig. 6b. 

One model which could possibly explain the disappearance of the \ is that of Tye and 

Rosenfeld. 29) Here the ~ is viewed as a squark-antisquark Qq resonance in its ground state. 

The ~ is then produced by radiative decay of an excited qq state located near to the T(1S) 

resonance. Squarks here are not necessarily the supersymmetric partners of normal quarks; 

the only requirement is that sqnarks are scalar particles. A necessary prerequisite for this 

model requires that the two Crystal Ball data sets were obtained at (slightly) different beam 

energies. In particular, the second DORIS measurement should have been at the nominal 

T(lS} mass and the first one at a CMS value displaced by a small amount on the order of the 

CMS energy resolution of DORIS. This is confirmed by the average hadronic cross section- as 

e.g. measured by the Crystal Ball experiment. 25) It indicates a possible shift in CMS energies 

of up to 8 MeV. The non-appearance in the second data set then implies25 ) this squark

antisquark state to exist between about 16- 26 MeV above the T(1S). The experiments at 

CESR might not have been in a position to excite such a state due to CESR's superior energy 

resolution. It has to be noted though, that the ad hoc nature of the assumptions render this 

explanation rather unlikely. Given the negative results obtained by ARGUS, CUSB and the 

second run of the Crystal Ball, the existence of the (' seems very unlikely. 

All groups have derived upper limits25- 28 ) for the branching ratio BR(T-+ 'I+X) where 

X is any narrow state. To illustrate the strength of those limits we present the determination 

by the CUSB group as their analysis is based on t~e largest data sample. Fig. 7 shows the 90% 

confidence level upper limit plotted versus the mass-squared of a particle recoiling against the 
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radiated photon. Also in Fig. 7 is plotted the theoretical expectation (dashed curve) in lowest 
order17) for a light neutral Higgs boson. Including QCD radiative corrections and mixing 
efFeets18) such a particle is ruled out up to masses of about 2 GeV. As has been stated above, 
the theoretical lower limit on the mass for the Higgs in the standard one·doublet model is16) 

about 7 GeV, but is completely unconstrained in models with more than one doublet. 

0.15 

0.10 

0 .05, 

90:1: C.L. U.L. ,,, 

20 

CUSB PRELIMINARY 

FROM ALL OATA 

--- STANDARD .MODEL 

" 60 ao 
M (X) 2 (GaV2) 

FIGURE 7 
CUSB result on the 90% upper limit 
for the branching ra_tio BR(T ----t 1 + 
X) (solid line) where X is any nar
row state. Data from the BGO and 
Nal parts of the detector have been 
added to obtain the upper limit. Also 
shown (dashed line) is the prediction 
for the production of a Higgs in the 
one-doublet minimal standard model. 

M (X) 3 4 5 6 7 B 8.5 GeV 

38985 

Summarizing we note that none of the exciting T(1S) radiative decay modes in the 

Standard Model have shown up yet. This is expected due to the rather small branching 
ratios predicted. No extension of the Standard Model is required by experiment. The ~ 
seemed like a nice candidate for several theories but its existence seems now very unlikely. 
The 150 state has not yet been seen, and it is expected that significantly more data are 

needed to allow its discovery. 

POTENTIAL MODELS 

At the present time, QCD processes can be evaluated only as a perturbation series 
expansion. The first few terms of this expansion should provide a good approximation as long 

as the expansion parameter a.(Q 2 ) is small, which happens when Q2 is large. However, many 
interesting questions about hadrons belong to the regime of small Q2

, where the perturbation 
series breaks down. To describe for example the static properties of hadrons it is therefore 
appropriate to use models. These models could either be inspired by QCD or be purely 

phenomenological. 

11 

Heavy quarkonia provide direct evidence for the quark structure of hadrons. As the 

strongly interacting constituents are heavy, relativistic efFects are small and a sufficiently accu
rate approximation is obtained by a non-relativistic treatment. It is based on the SchrOdinger 

equation with a static potential Vn.r. 

1 [--V2 + V,,,,(r) J ,P(r) = E,P(r). m, 

The main problem consists in choosing the correct non-relativistic potential and determining 

the free parameters of the potential by a fit to the data. So far the potential cannot be 

computed in QCD from first principles and we have to rely on models. However, numerical_ 
studies of the interquark potential have been started30) using the lattice gauge theories of 

QCD. The results obtained are in good agreement with the potential models discussed below. 

Given the nearly e_qual splittings between the 2~51 and the 1 381 in charmonium and 

bottonium it has been suggested to use a purely phenomenological potential with a logaritb .. 

mic form~ 1) V(r) = Cln(r/r0 ) or with a power potential~2) V(r) =A + Br(. The latter 

ansatz reduces to a logarithmic form for small E. The value obtained from the fits turns out 

to be small, t: ~ 0.1. Both of these models are quite successful and they will also be used 
later on for comparison with experimental data. 

One of the first attempts21) to fit the heavy Jj,P mass spectrum used a potential of the 

form Vn.r. = -! ~ + kr. This form is suggested by lowest order QCD. The Coulom])..like 
form arises from one gluon exchange between quarks and dominates at short distances. At 
large distances the linear part is important. It is motivated by the string (a chromo-electric 
tube) picture of quark confinement. In later work~~) the short-distance Coulomb and the 

long-distance linear potentials were connected logarithmically at intermediate distances. 

The QCD inspired potentials discussed so far do not incorporate asymptotic freedom. 

This can be achieved by either softening the r-dependance34
) of the Coulom])..like term or 

by establishing the potential in momentum space making e.g. direct use of the results of the 
QCb .8-function. A particularly simple and successful example with the latter approach was 

suggested by Richardson35) 

V(q') = 4 1211' 1 

S33-2n1 q
2 ln(q2/A'+1) 

which depends only on a single scale parameter A as it should be the case for a true QCD 

potential. Note that this parameter can be related 36
) directly to the scale parameter AMs in 

the QCD minimal subtraction scheme. Most of the models to be used below for comparison 
with experimental data are based on this ansatz in momentum space. Although the procedure 

of constructing a potential is not unique, all approaches lead to very ~imilar potential forms 
in the region of distances under study from about 0.1 to 1.0 fm, see Fig. 8. The models 
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begin ·to differ substantially for inter-quark separations less than about O.lfm. Therefore, 
as long as the expected very heavy quark tl system is not observed, we have to search for 
effects which probe the very short distance region. In order to verify that QCD really governs 
the interaction between quarks, tests are needed which distinguish the QCD from the purely 
phenomenological approach. One such probe is the fine and hyper-fine splitting of bottonium. 

Unfortunately, theoretical calculations are not free of problems. All potential models are 
in some sense phenomenological as they have not been strictly derived from QCD. An excep
tion are lattice gauge theories which, in the near future, will yield quantitative predictions 
for heavy quark systems.Mlcurrently, QCD corrections for the potential and decays of heavy 
quarkonia can only been calculated in next-to-leading order. Due to the large size of the 
strong coupling constant a 8 these corrections are not always small enough to give confidence 
in a rapid convergence of the expansion series. As a result QCD predictions often have an 
error of 20% or more even in the perturbative regime. Another problem concerns the correct 
choice of the QCD scale at which to evaluate the running coupling constant cx 8 • This choice12

) 

seems to depend more on personal intuition than on stringent physics requirements. Finally, 
a fully relativistic treatment has only been done for the spin-0 Klein-Gordon equation;~7>so 
far relativistic corrections were incorporated into the hamiltonian up to order ( v/c) 2 • Today, 
all these problems are under close investigation. 
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FIGURE 8 
The radial dependence of some typical 
quark-antiquark potentials for heavy 
quarkonia systems (from Ref. 36). The 
potentials have be_en shifted to agree 
at a radius of r = 0.5 fm. The average 
radii(~) of the observed &and 
bb states are indicated. The potential 
models used are by Bhanot and Rudaz 
(Ref. 33), Buchmiiller, Grunberg and 
Tye (Ref. 36), Eichten el al. (Ref. 21) 
and Martin (Ref. 32). 

Spin-dependent mass-splittings -an intrinsically relativistic effect - are incorporated into 
the non-relativistic treatment by means of the Bethe-Salpeter and Breit-Fermi equations, 
where the latter is the most popular approach. The method chosen is analogous to the QED 
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analysis of positronium. The general resultM) is given by 

v,,,.(<) = 2~, (£ · s) ~ (v~·'· + 2v; + 2v;) 
' 
1 ( - )( - - -) - -

3 
, 3(s,. r s,. r) - s,. s, v,. m, 

1 ( - -) + -2 81 . 82 v. ' 3m0 

where the prime denotes differentiation with respect to the radial coordinate r. The three 
terms are the spin-orbit, the tensor and the spin-spin interaction potentials, respectively. The 
3 PJ states, which have orbital angular momentum L = 1 and total spinS= 1, are split by 
the spin-orbit and tensor forces only. The spin-dependent potentials Vi obey the important 
equation39) Vt(r)- Y2 (r) + Vn.r.(r) = 0. Together with this relation the properties of the 
confining and Coulomb potentials under Lorentz transformations can be determined. The 
Coulomb-like potential arises from the exchange of a vector particle, the gluon, and therefore 
transforms like a Lorentz-vector (Vv ). The confining part is required to be purely scalar (V8 ). 

With Vn.r. = Vv + V8 , V2 = V11 , and V~, V4 given in analogy to QED we obtain:~9) 

V () 1 (" • (3V'-V') 
spin r = -

2 2 L · S) 11 8 

'"• ' 
1 ( • • • • V' - -3 , 3(s, · r)(s,. r)- s,. s,) (v:•- -") m, ' 
2 (- - ' + -

3 2 S1·S2)V Y11 • m, 
For comparison with experimental mass splittings we need to take the expectation value 
of this spin-dependent potential. We introduce obvious abbreviations a, b, c and write the 
general spin-dependent energies 

(v,,,.(,)) =a(£. S) + b (s(s-;. . r}(S~ · r)- s-;. . s~) + c (s-;. s~) with 

a= _1_ {av:- v; )· 
2m~ r ' 

b = -=!.._ (V''- v: )· 
3m~ v r ' 

c= 
2 

3n.g (V'V,) . 

In the case of the 3P1 states the hyperfine term ,St · s; does not contribute to the mass
splitting and we need only evalute the matrix elements of£.§ and the tensor tenn (see e.g. 
Ref. 40}: 

{ -2} 1 av-:- v:} - 1 + 
{VspJ) =2m~ ( r +1 

-1 
3m2 {Y:' - v:} 

' ' { 
+-1~2 } for J = { ~}. 
- 1/10 2 

H 



With the help of these expectation values and the mass values from experiment we can derive 

the parameters a and b und thus gain information on the potentials. As b is proportional 

to derivatives of the vector (Coulomb) potential, it yields direct information on the short~ 

range behaviour of the force acting between two quarks. The a term is proportional to 

the expectatio~ value of both the vector (Coulomb) and scalar (linear) potentials. It may 

therefore yield information on the confining part of the potential. 

Of great interest would be the discovery of the 1 P1 state. Its mass, compared to the 

center-of-gravity of the 3P1 states, reveals the hyperfine part of the spin force. As shown 

above this part is a contact term (V2V11 ) and thus would give information on the very short 

range part of the potential accessible otherwise only with a much heavier quarkonium system. 

How do we obtain information on the fine-splitting in the bottonium system? The easiest 

way consists of searching for the radiative transitions from the 381 to the 3P1 states. The 

rate for these electric dipole transitions is given by21) 

4 
r(T(2S) ~ 1 +' P,) = 21(2J + 1) q: a,m k' lEu I'' 

where Eif is the transition dipole matrix element involving the overlap integral of the 38 1 and 

-:Jpl wave functions. Due to the sensitivity to details of the wave function, in particular the 

position of the nodes, predictions are most reliable for non-relativistic systems like bottonium. 

We therefore may expect good agreement between data and theory. As mentioned in the 

section on T{lS) radiative decays, current experimental sensitivity is not yet sufficient to 

detect the 180 state of bottonium. 

RADIATIVE DECAYS FROM THE T(2S) 

All four experiments have obtained results on the radiative transitions T(2S)--+ "1 +3P1 . 

This can be done in two ways, either by studying the inclusive photon spectrum in hadronic 

events or by analyzing the fully exclusive decay chain. In the latter case the 3P1 is required 

to decay radiatively to the T(lS), which is detected in its known leptonic decay modes: 

T(2S) --+ "1 +3 P1 --+ "'f"YT(lS) --+ "'f"'ft+ t-. As mentioned above, only the non-magnetic 

detectors are in a position to study this exclusive reaction. 

The first results on the 3P1 states came from the CUSB 41l detector (Fig. 9) and later 

from CLEO. n) Note that CLEO has re-analyzed their data~n); Fig. 10 shows their latest 

spectrum. Both experiments agree nicely on the position of the two lowest photon energies 

at about 108 MeV and 128 MeV, which, in analogy with the charmonium system where the 

'P1 spins have been measured, are assumed to correspond to the states with spin J = 2 

and 1. The agreement for the third line is not so good. CUSB determined the line at 
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FIGURE 9 
Results on T(2S) --+ 1X decays from the CUSB experiment. Fig. 9a shows the 
inclusive photon spectrum. The background subtracted spectrum (Fig. 9b) is fit 
with four Gaussians, three for the initial photon lines to the sp, and one for the 
secondary transitions. The result on the exclusive decays after a constraint fit is 
displayed in Fig. 9b. 
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3098' 

Results on T(2S) ~ 1X decays from the CLEO experiment using e+e- pairs from 
converted photons. The spectrum is from a re-analysis27) performed this year. The 
bump at 149 MeV in the fit is forced to Coincide in energy and branching ratio with 
the corresponding CUSB measurement. The fit prefers a photOn energy of 165 MeV. 
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about 149 MeV. In contrast, CLEO found it around 160 MeV, but with less than 2 standard 

deviation significance. The bump in CLEO's spectrum (Fig. 10) at 14:9 MeV is forced in 

energy and branching ratio to coincide with CUSB 's measurement. Clearly the data are 

inconsistent with these assumptions. Due to the {expected) rather small branching ratio for 

the secondary transition from the 3P0 to the T(1S), the analysis of the exclusive final state 

cannot shed light on this problem. More experiments were needed to resolve this discrepancy. 
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' l(2$)- y•X 

60~ 
ARGUS I''P. 

1'P. 

40L 1'P, 

20 

0 
'" '"" "" " 

'v [MeV] 
38971 

FIGURE 11 
Results on T{2S) -+- "'X decays from the ARGUS experiment. The curve shows 
the best fit to three photon lines with a shape given by the detector resolution for 
converted photons. Note the very good resolution of about (IE ~ 1.1 MeV. 

By the summer of 1984: both detectors at DORIS had accumulated enough statistics to 

search for these transitions. Figs. 11 and 12 show the results obtained by the ARGUS43) and 

Crystal BaltH) collaborations. Both experiments confirm the original CESR measurements 

on the two lowest energetic photon transitions. The highest energy line is firmly established 

with high statistical significance at about 162 MeV. Table 3 collects all the results on photon 

energies and branching ratios. A plot of these measurements is depicted in Fig. 13. The en~ 

ergies obtained in inclusive and exclusive reactions by the non-magnetic detectors have been 

averaged using weighted means. Statistical and systematic errors have also been combined 

in quadrature to allow an easier comparison. The last row shows the average of all measure

ments. The CLEO values on the third line are omitted from the averages as this line is not 

unambigously implied by their data. Although the ·CUSB highest energy line disagrees with 

the other experiments, the average energy and branching ratio change very little (within the 

errors) when the CUSB values are excluded. This is due to the very accurate photon energy 

determination from ARGUS and the similarity in all branching ratios for the third line. 
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FIGURE 12 
Results on T(2S) - "/X decays from the Crystal Ball experiment. Fig. 12a shows the 
inclusive photon energy spectrum. The background subtracted spectrum is shown 
in Fig. 12b. The primary transitions to the 3PJ states between 100 and 160 MeV 
and the overlap of the secondary transitions from those states down to the T(1S) 
are a.pparent. The result of the fully exclusive analysis is shown in Fig. 12e. The 
two primary transitions are nearly completely seperated. A similar spectrum is used 
to determine the spins of the 3P1 . 

Although all experiments agree on the energies of the two lowest transitions, the branch

ing ratios diff'er by more than 1 standard deviation. The magnetic detectors seem to measure 

higher values than the non~ magnetic detectors. This may be due to the diffi.culty for magnetic 

detectors to determine the photon efficiency at the very low energetic end where electrons 

·from converted photons curl-up and track-finding algorithm are less efficient {see Fig. 1). 

Non-magnetic detectors on the other hand provide a constant efficiency over the whole en

ergy range. Using the displayed average values on the energies we calculate the world~average 
of the 3P1 masses. Table 4: gives the result. With these values the spin weighted average 

of the P-states, the center--of-gravity (COG), defined by Mp
00

• = l(L:{2J + 1)MJ), yields 

Mpu" = 9900.6 ± 0.6 MeV. 

The angular distributions of the photons emitted in the decay of the T(lS) and the 3p 1 

depend on the spin J of the latter state. The large background under the photon lines in the 

inclusive analyses prohibit a spin determination. The exclusively measured decays, however, 

have very little background contribution; see Fig. 9 and Fig. 12. Due to the very good energy 

resolution of the Crystal Ball Nal detector the two low·energy monochromatic photon lines 
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Experiment Photon Energy (MeV) Branching Ratio (%) 

110.6 ± 0.9 9.8 ± 3.2 
ARGUS 131.7 ± 1.1 9.1 ± 2.8 

162.1 ± 1.5 6.4 ± 2.1 

109.0 ± 0.7 11.4 ± 2.1 
CLEO 128.6 ± 1.0 7.8 ± 1.9 

(165.1± 2.8) (3.0 ± 1.8) 

108.2 ± 1.6 5.8 ± 1.2 
CRYSTAL BALL 131.4 ± 1.5 6.5 ± 1.4 

163.8 ± 3.1 3.6 ± 1.2 

107.7 ± 1.5 6.1 ± 1.4 
CUSB 128.0 ± 1.3 5.9 ± 1.4 

149.4 ± 5.0 3.5 ± 1.4 

109.3 ± 0.5 7.0 ± 0.8 
Average 130.0 ± 0.6 6.8 ± 0.8 

161.6 ± 1.3 4.0 ± 0.8 

TABLE 3 
Photon energies and branching ratios measured by the four experiments. Note that 
the results on the photon energies from the non-magnetic detectors are an average 
of their inclusive and exclusive results. Weighted means are used to calculate the 
overall world averages. The measurements by CLEO on the highest energy line are 
not included in the average, as their data do not unambigously imply this state. 
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FIGURE 13 
Results on T(2S) - 1 3P 1 decays from 
all four experiments. Plotted is the 
branching ratio versus the photon en
ergy. Where appropriate, inclusive and 
exclusive measurements have been av
eraged using weighted means. System
atic and statistical errors are added in 
quadrature. 

are resolved (Fig. 12). The feeddown from one line into the other and additional background 

is less than 12%. Unfortunately the total number of events for each decay chain is only about 

70. Such a small data set does not allow a model-independent determination of the spin. But 

according to the quarkonium model only three possible spin values need to be considered for 
3P1 states: J = 0,1 and 2. This fact is used in the analysis. 45lln addition, the multipolarity 

of the photon transitions are assumed to be purely dipole. 

Using the logarithmic likelihood a test function for definite spin is defined in terms of 

the theoretical angular correlation function. 46>In a first step both lines are tested for a spin 0 

assignment. The confidence level for this hypothesis is smaller than 0.2%. In a second step a 

combined test on both lines is performed under the hypothesis that one of the states has spin 

2 and the other one has spin 1. The confidence level for spin values opposite to expectation 

is again smaller than 0.6%. This observation effectively determines the spin assignments as 

given in Table 4. 

State 'Po 'P, 'P, 

MASS (MeV) 9860.5 ± 1.3 9892.6 ± 0.7 9913.5 ± 0.6 
----

TABLE 4 
The world-average values for the masses of the 3P 1 states in bottonium. The photon
energies from all four experiments are included in the average. The mass of the 
T(2S) obtained by several depolarisation experiments is taken from Ref. 47. The 
center-of-gravity is calculated with these mass-values to Mpe.,, = 9900.6 ± 0.6 MeV. 

Supporting evidence comes from an analysis of the branching ratios T(2S)- 1 +3 PJ. 

As shown in the last section, the rates for these processes are related to the spin of the 3PJ 

and to the third power ~f the radiated photon energy: r o: (21 + 1) k~; the dipole maxtrix 

element should be the same for all three cases. Dividing the experimental branching ratios by 

the factor (2J + 1) k 3 and the branching ratio of the second line, we obtain for the expected 

spin assignments a ratio of {0.9 ± 0.2: 1 : 1.0 ± 0.2), in agreement with the theoretical ratio 

of reduced widths 1: 1: 1. Any other spin combination yields significantly different ratios. 

COMPARISON WITH THEORY 

As discussed above the averaged spin-dependent part of the potential can be written 

(V,,;. H) =a (i · S) + b (T12 ) + c (S~ · 5;) 
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Indicated is the splitting of the 3P1 states from the center-of-gravity (COG) due 
to the relativistic spin-orbit and tensor forces. The mass splittings are obtained 
using the world-average of the 3P1 masses (see Table 4). In addition, predictions 
are shown from some potential-models for the COG and the individual spin-triplet 
masses. The following abbreviations are used: B = Bnchmiiller, Ref. 49; C = 
McClary and Byers, Ref. 23; G = Gupta et al., Ref. 48; K = Khare, Ref. 50; M = 
Moxhay and Rosner, Ref. 51; 0 = Grotch et al., Ref. 52; S =Bander et al., Ref. 53; 
T = Ono and TOrnqvist, Ref. 54. 

where the last term1 the hyperflne part, is constant for the 3P1 states under consideration. It 

is also customary to define a ratio r = (M2 -M1 )/(M1 -M0 ) where M1 are the masses for the 

states with total spin J. In terms of a and b this ratio is given by r = ( 2 a - 0.6 b)/( a + 1.5 b). 

We feel that, given the accuracy of today's world average value for the P -masses· it is more 

appropriate to study the individual parameters a and b instead of the ratio r. This way the 

full information is kept for a deeper understanding. 

With the above given world-averaged 3P1 masses we obtain the following values for the 

parameters a and b: 

2
\ ( 3V~- v;) = 14.1 ±0.4 MeV 
m0 r 

a= 

-1 (V." v~) M v -
3 2 11 - - = 12.0 ± 0.9 e . 
m0 r b= 

For comparison with theory the corresponding values of the expectation parameters are in

cluded in Table 5. Also given are the values determined for the cl! system and the 2 3P1 b(, 

states. The mass values used are from the Particle Data Group47) and from Ref. 26. The 

model by Gupta et al. 48) which includes higher order QCD corrections is in excellent agree

ment with the data. Also the model by Grotch ef al. .52 ) predicts a and -b rather accurately 

but fails in the prediction for the center-of-gravity. 
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If we were to set the long~ range potential to zero we would retain the spin dependence as 

in pure QED. With the standard Coulomb force this yields the relation a= l.Sb (QED). The 

experimental values in Table 5 indicate that the heavy bb system is close to this value. For 

the cl! system the relation a < b reveales the importance of the long~ range component of the 

force. This can most easily be seen by evaluating the expectation values with the standard 

potentials Vv = -4a,f3r and V, = kr. We obtain a= 1.5b-~ (k/r). It is therefore quite 

reasonable to assume that the parameters a and b from the 3PJ indicate the approach of the 

spin dependent potentials to their perturbative form. 

ORIGIN a (MeV) b (MeV) r 

1 3P1 (bb) (Expt.) 14.1 ± 0.4 12.0± 0.9 0.65 ± 0.05 

Buchmiiller et al., Ref. 49 10.3 7.7 0.73 
McClary et al., Ref. 23 17.3 21.1 0.45 

Gupta el al., Ref. 48 11.3 9.1 0.68 
Khare, Ref. 50 9.0 10.0 0.50 

Moxhay et a/., Ref. 51 8.9 11.3 0.42 
Grotch et al., Ret 52 14.0 10.0 0.76 
Bander et al., Ref. 53 17.1 11.9 0.77 

Ono et al., Ref. 54 12.0 6.7 0.91 

2 3P1 (bli) (Expt.) 10.3 ± 1.2 8.2 ± 3.3 0.70 ± 0.23 
1 3P1 (co) (Expt.) 34.9 ± 0.3 40.1 ± 0.8 0.48 ± 0.01 

TABLE 6 
Expectation values of the spin-orbit (a) and tensor (b) potentials as determined from 
the experimental and theoretical 3P1 masses. Included are also the corresponding 
values for the charmonium system47) and the 2 3P1 of bottonium26) for comparison. 
The ratio r is defined ·in the text. 

Using the expectation values as determined from experiment we find that the state with 

spin J = 0 is shifted downward from the center-of-gravity by about 28 MeV due to the f. S 
term and by another 12 MeV due to the tensor term. On the other hand, the state with spin 

J = 2 is mostly aJfected by the f · S term and shifted upward by about 13 MeV. See Fig. 14: 

for a sketch of the influence of the spin-orbit and tensor forces on the P states. Also indicated 

in Fig. U are the predictions from several potential models. As stated above, the prediction 

by Gupta et al}8 ) reproduces the experimental results best, but also some earlier models 

do not fare badly, although some miss the COG substantially. This is due to an over/under 

- estimate of the long-range force component and not of the spin splittings. It has to be 

noted though, that the purely pb_enomenological model by Khare,50) based on Martin's32) 
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original approach, reproduces neither the COG nor the splittings correctly. This fact can be 

viewed as a success for the potentials based on QCD. They seem to have the right ingredients 

like one-gluon exchange, asymptotic freedom and linear confinement. Therefore these models 

should in principle allow a determination of the only scale-parameter in QCD, AMS' 

Indeed Buchmiiller ct aJ.M) have found a lower bound on the scale parameter of QCD, 

AMs > 100 MeV, from an analysis of the charmonium and bottonium data. Recently, 

Hagiwara el ·al. have re-analysedM) these data including both the 1P and 2P measurements. 

Of course they could not include the final masses discussed here and doing so should improve 

their results significantly. They obtain AM§= 250±100 MeV, a value equal to that obtained 

by an analysis of all processes which measure the running coupling constant of QCD. 12) 

Their study also shows that the observation of the expected tf system would not increase 

significantly the precision on the QCD scale parameter. Therefore an important approach to 

a more accurate determination of AMs seems a precision study of the bottonium system. In 

particular we need more precise masses of the 2 3P1 states and more precise leptonic widths 

of all 351 states. Given the relative ease of experimentation at the T (over a tl) system this 

route seems to ofFer many prerequisites for a detailed understanding of QCD and it's scale 

parameter. 

HADRONIC WIDTH OF 3P1 STATES 

As has been mentioned above, both non-magnetic detectors have measured the fully 

exclusive decay chain T(2S) -+ 1 +3 P1 - JJT{lS) -+ 11l+t- and obtain the branching 

ratios listed in Table 6. With the inclusive branching ratios given in Table 3, the branching 

ratios for the decay of the 3 P 1 states can be calculated to 

BR('Po ~ ~T(IS)) < 6% 

BR('P1 ~ ~T(IS)) ~ (29 ± 6)% 

BR('P, ~ ~T(IS)) ~ (21 ± 5)%. 

Each radiative branching ratio can be converted into a hadronic width for these states 

with rhad = r "!'( B~-; - 1) if we use some estimate for the El width r "f· It turns out that 

in potential models the prediction for this radiative width is rather stable, especially for the 

bli system. This is demonstrated nicely in Ref. 23. To further justify the use of theoretical 

input for r "~'' we compare the El-widtbs for the transitions from the T(2S) to the P-states. 

The results are given in Table 7. The agreement between data and prediction is satisfactory. 

The differences between difFerent models are due to relativistic corrections which, for the bb 
system under consideration, are on the order of 10%. 
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Experiment BR('Po)(%) BR('Pi) (%) BR('P2 ) (%) 

CRYSTAL BALL < 0.2 2.1 ±OA 1.6 ±0.4 
CUSB < OA 1.9 ±0.4 L3±0A 

Average < 0.2 2.0 ± 0.3 1.5 ± 0.3 

TABLE 6 
Branching ratios for the fully exclusive decay chain with the leptonic BR T(lS) -+ 

~~t+l- divided out. The notation is: DR('P1 ) ~ DR(T(2S) ~ ~+'P1 ~ ~~T(IS)). 
Experimental values are from Refs. 26 and 44. Systematic and statistical errors are 
added quadratically. The last row shows the average BRs obtained by taking the 
weighted means of the individual results. The upper limits on the 3P0 branching 
ratios are at the 00% confidence level. 

WIDTH (keY) r(T' ~~'Po) r(T' ~~'Pi) r(T' ~ ~'P2 ) 

Experiment, see Table 3 1.2 ± 0.2 ± 0.2 2.0 ± 0.2 ± 0.3 2.1 ± 0.2 ± 0.3 

Buchmiiller et al., Ref. 49 1.5 2.3 2.3 
McClary et al., Ref. 23 LO 1.9 2.2 

Grotch el al., Ref. 52 1.1 2.3 2.6 
Gupta et al., Ref. 48 1.4 2.2 2.2 

Moxhay et al., Ref. 51 1.5 2.9 2.5 
---- -------

TABLE 7 
The r"~' widths for the radiative transitions from the T(2S) to the 3P1 states. The 
experimental values are detennined using the average branching ratios from Table 3 
and the total width of the T{2S) from Ref. 47. The first error is the total error 
on the branching ratio, the second error reflects the uncertainty in the T{2S) total 
width, rtot = 29.6 ± 4.7 keV. The theoretical values from the cited references are 

' adjusted for measured photon energies. 

The secondary transitions from the P-states to the T(lS) are affected very little by 

relativistic corrections as the overlap integral is insensitive to the detailed form of the wave 

functions. 23 l To obtain r '1( 3PJ -+ JT(1S)) we use recent QCD-type potential models {Refs. 

48, 49, 51, 52, 53) which p1·edict the COG and splittings of the P-states adequately. We find 

r('Po ~ ~T(IS)) ~ 27 (±3)keV 

r('P1 ~ ~T(IS)) ~ 33 (±3)keV 

r('P, ~ 7T(IS)) = 39 (H) keY 

where the errors in brackets give an estimate of the spread between theories. Combining 
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these width estimates with the experimental branching ratios yields the results in Table 8. 

r.,, (keY) EXPERIMENT LO-QCD 

'Po >340 "'550 
'Pt 81 ±25 "'30 
'P, 147± 47 "'146 

... . - ------ -

TABLE 8 
Comparison of the 3P1 widths as determined from experimental branching ratios 
with theoretical input with lowest order QCD predictions.66lNote that the predic
tions for the states with spin J = 0, 2 are more reliable than the one for J = 1 due 
to the different decay mode of the latter state (see text). 

Also given in Table 8 are lowest order QCD predictions. Barbieri et af:'>6) calculated 

the two gluon decay width of the 3P0 and 3P'J states in lowest order and including radia

tive corrections . .57) The annihilation rate of the 3P 1 state was also estimated by Barbieri et 
al.t>e) Although this state can decay into three gluons, the leading contribution results from 

a gqi[ decay. With estimates58> on the derivative of the 3P wave function and a value11> of 

a,= 0.165±0.005 the predictions stated in Table 8 are obtained. The overall agreement be

tween data and theory is striking given that we use theoretical input for the P wave function 

and the radiative width. It is certainly much better than the predictions for the correspond

ing ~ P-states. The failure of this QCD calculation in the charmonium system is assumed 

to be due to relativistic and wave--function effects. These effects should be much smaller in 

the heavier bb system as the b quarks here are more non~relativistic. It is therefore of great 

importance to measure more accurately the ha.dronic width of the P states, in particular the 
3P0 width. Second order QCD predicts for the ratio 

r(o++ ~ hadron•) = 15 (1 + 9.5"') 
r(2++-+ hadrons) 4 7f 

which, evaluated with the above given value of a 81 yields r o++ jr 2 ++ :::::::: 5.6 to be compared 

to the lowest order prediction of 15/4 = 3.7. The current experimental limit on this ratio is 

> 1.6, insufficient to test even the lowest order QCD calculation. 

SUMMARY 

The T(1S) states discussed here have been shown to be a well suited testing ground for 

the theory •Of strong interactions, QCD. Theoretical predictions are much more reliable for 
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the bottonium states than for the charmonium system, and thus better agreement is obtained 

between data and theory. Results are presented on radiative decays of the T(IS) and T(2S) 

resonances and the mass spectrum of the 3P1 states. 

Radiative decays from the T(IS) allow to search for the spin-singlet 180 state of botto

nium and for new states in the form of gluonium, supersymmetric p~tieles or Higgs bosons. 

Considerable excitement was caused by evidence for a particle called } found in 1984. Since 

then much more data was taken by all experiments operating at CESR and DORJS. Given 

all the negative results the existence of the ~ seems very unlikely. The 1S0 state has not yet 

been seen, and it is expected that significantly more data are needed to allow its discovery. 

The search for the Higgs boson has yielded a lower limit on its mass of 2 GeV, still far away 

from the theoretically lower limit of 7 GeV. 

The 3P1 states have been observed in radiative decays from the T(2S). A very high 

precision in mass determination of better than 10-4 has been; achieved. In addition, the 

spins of the 3P1 have been measured to be consistent with the expectation from potential 

model<J. The fine-structure splitting between these states yields information on the force 

acting between quarks. Based on this splitting it is shown that models inspired by QCD 

possess predictive powers superior to purely phenomenological approaches: a clear success 

for the potentials based on QCD which incorporate one-gluon exchange, asymptotic freedom 

and linear confinement. In comparison with charmonium the splittings also indicate the 

approach of the spin dependent potentials to the perturbative regime. 

Of great importance for the future will be the discovery of the 1P1 and the 1S0 state. 

They will reveal the hyperflne part of the spin force, accessible otherwise only with a much 

heavier quarkonium system. As long as the tl system is not available, a precision study of 

the 2 3P 1 states and the leptonic widths of all 381 states are of high priority. They will allow 

an accurate determination of the scale parameter of QCD, AM'S. Due to its high mass and 

na.rrow width the T(1S) state offers itself as a unique laboratory for the search for unexpected 

effects within or beyond the Standard Model. Although theoretical calculations are not free 

of problems, it is hoped that advanc~s e.g.· in the lattice gauge theories will be made in the 

near future to allow an even more quantitative comparison between theory and experiment. 
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