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The photon spectrum expected for the decays of the T system is calculated using the 
logarithmic potentml model In order to estimate branching ratios, the leptomc and hadro- 
nic widths are estimated as well. The El branching ratios are found to be roughly double 
those for the qJ system, This is largely due to the expected absence of hadronic cascades 
The purpose of the paper IS to present the predictions of the quarkonium model for the 
entire photon spectrum in the T region 

1. Introduction 

The new resonance found in proton + nucleus ~ # + # - X  [1] can be explained by 
the existence of a fifth quark. The two peaks, observed at 9 4 GeV (T) and 10.0 
GeV (T ' )  would then be analogous to the ¢, and ~ '. There may also be a third reso- 
nance at 10.4 GeV (T"). This system can be represented as two quarks bound by a 
potential. The T,  T '  and T" are the 13S, 23S and 33S states respectwely We would 
also expect to find P and D states. Many features of the if-family of states can be 
reproduced using a hnear-Coulomb potential [2]. A natural way to describe the T 
fanuly would be to use the same potential as for the ~, and increase the quark mass 
This was done by Etchten and Gottfrled [3] prlor to the discovery of the T. For a 
quark mass of 5 GeV, Elchten and Gottfrled predicted that the energy difference 
between q" and T '  would be 420 MeV. This difference is observed to be about 600 
MeV We can correct this problem by using a different potential for the T. 

The purpose of this paper as to investigate the photon spectrum expected from 
decaying members of the T famdy. We use the logarithmic potennal suggested by 
Qulgg and Rosner [4] for all calculations The decay spectrum ~s expected to be 
dominated by electric dipole transmons and annlhllatmns, both electromagnetic 
and strong. We will only consider the triplet states The magnetic dipole transitions 
and the decays T '  ~ T + hadrons which would populate the slnglet state are expected 
to have small widths. Thus, the smglet states can be neglected m the first approxmm- 
tlon. Furthermore, the hyperfine structure of the ~-famlly is not a settled matter 
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so it would be difficult to make reliable predictions for the smglet states. We will 
also assume that the binding energy is small relative to the quark masses so that 
2m ~ M, m being the quark mass and M being the mass of the bound state m ques- 
tion. 

Our main conclusions are the following. The E1 and leptomc decays for the T'  wltl 
have branching ratxos about twice those for the ~' .  This is largely due to the lack of 
hadronlc cascades, which comprise about 50% of the ~ '  width. The T" will have a 
rich spectrum which will be difficult to resolve The P and D states will have large 
E1 branching ratios, in some cases virtually 100% 

In sect. 2 we discuss possible potentials and the masses of  the bound states. Sect. 
3 compares the logarithmic potentml calculations with the ~-data. The magnetm 
dipole transmons and hadromc cascades for the T-system are d~scussed in sect. 4 
Sects. 5, 6 and 7 present the formulae used to calculate the electric dipole transi- 
tions and the leptomc and hadromc decays 

2. Potentials,  energy spacing and fine structure 

Some general features of  the properties of  partlcle-antxparticle bound states will 
be useful in selecting the potential for our calculations. The radial Schrodlnger equa- 
txon for two particles of  equal mass, m, is 

m dr 2 + + V ( r ) - E  u ( r ) = O .  (1) 

The wave function is 

u(r) 
~lrn(r, ~ )  = Y l m ( ~ )  = R(r )  Ylm ( a ) ,  (2) 

r 

where u(r) has the normahzatlon 

[u(r)l dr = 1. 
o 

(3) 

We can derive scahng rules for potentials in the form 

V(r) = +Crv , ( - f o r  v < 0) .  (4) 

Substituting 

r = p ( m C )  -I1(~+2) , ( 5 )  

E = ~m-V/(v+2)C 21(v+2) , (6) 

into eq. (1) we have the dimensionless equation 

d2w(p) [ l ( l+  1) 
+ -+ o v - ~ w o o )  = 0 ( 7 )  

do 2 [_ 02 _] 
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where now 

SO 

and 

f Iw~)12do = 1 , 
0 

w ( p )  = u ( p ( m C ) - l / ( v +  2 ) ) (mC)  - 1 / ( 2 v + 4 )  , 

(s) 

(9) 

w(p) 
R l ( P )  - (10) 

P 

Results for the logarithmic potential, 

V ( r )  = Cln ( r ) ,  (11) 

will follow the scaling for v = O, except that E is changed to 

E = C~ - ln,v/mC - , (12) 

so that the energy differences do not change with m. 
We can easily find the scaling rules for various decay rates. Electromagnetic (El)  

transition rates scale by (see eq. (26)), 

F E  1 cc ( / f l  -- Ef)al(flrli)l 2 cx m - ( 3 v + 2 ) / ( v + 2 )  . (13) 

AnnlhilaUon rates for S-states are related to m by (see eq. (28)), 

IR(0)I2 cc m - ( 2 v + l ) / ( v + 2 )  (14) I~ ¢x ~ - -  

T h e  fine structure correction terms are proportional to 

1 d2V(r) 1 dV(r) cxm_(av+2)/(v+2) (15) 
m 2 d r  2 ' m2r dr 

Ezchten and Gottfned and others [2] have used a linear plus Coulomb potential, 

4 as __r , (16) 
V(r )  = -~ r + a 2 

to explain the behavior of  the ff system. This form is motivated by the expected 
asymptotic behavior of  the potential m color gauge theories. The extrapolation to 
the Y predicts a T '  - T mass splitting of  420 MeV where ~600 MeV is measured. 
The 420 MeV can be approximated just by scaling according to the linear potential 
(E ¢x m - l / 3 )  which dominates the potential m this region. This discrepancy and the 
fact that if' - ~k energy difference is also ~600 MeV led Quigg and Rosner [4] to 
try a logarlthmm potential. Machacek and Tomozawa [5] had previously consl- 
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dered logarithmic potentials to fit leptonlc decay rates in the ~. With a logarithmic 
potential the energy differences are independent of  the quark mass (eq. (12)). The 
dimensionless Schr6dlnger equation is 

d2w(P)dp ~ ' -  Fl(l + 1) _1 + [ _ ~  + l n p - ~  w ( p ) = O .  (17) 

The first few elgenvalues of  this equation are listed in table 1. 
There is no basic theoretical motivation for using the logarithmic potential" it is 

used because It is fairly simple and roughly fits the experimental data. Recently 
Celmaster and Henyey [6] have attempted to derive a potential from quantum 
chromodynamlc theory. Their potential is similar to a logarithmic potential in the 
region where the wave function is large. 

The average kinetic energy for the logarithmic potential is found from the Vlrlal 
theorem, 

r d V  
(T) = (2  ~ r  ) =  1C,  (18) 

and is independent of  the state. The speed is then given by (3) = vr(T-}/m = x/~/2m. 
With C = 0.73 GeV (to make m(T ' )  - re(T) = rn(ff') - rn(ff) = 0.59 GeV) we have 
/3 = 0.47 for t~(m = 1.66 GeV) and 3 = 0.27 for T (m = 5 GeV). Although this is 
quite relativistic the results should be useful, at least qualitatively. The non-relativis- 
tic model has been used on systems much more relativistic than this. The T will be 
the closest to non-relativistic of  the mesons we can presently study. 

The fine structure terms for a logarithmic potential are proportional to 177 -1 so 
the 3p splitting for the T should be a factor of  3 smaller than for the ft. This would 
make the differences about 30 MeV Although this small difference will make it dlffi 
cult to distinguish the different energies of  the P states experimentally, it can change 
E1 rates (e.g., T ~ 3P7) by a factor of  two (because of  the (E, - Ef) 3 factor in eq. 
(26)). 

Table 1 
Energy elgenvalues for the log potennal, eq. (13) and eq. (1) 

State Dmaenslonless Energy (GeV) 
elgenvalue (C = 0.73 GeV) 

1S 1.044 0.0 
1P 1.641 0.436 
2S 1.848 0.587 
1D 2.013 0.707 
2P 2.155 0.811 
3S 2.290 0.910 
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Table 2 
Comparison of properties of ~2Partxcles with calculations using the hnear Coulomb potential, 
V(r) = -0.30/r + r/(2.02 GeV) , and the logarithmic potential V(r) = (0.73 GeV) In r + 3.1 
GeV. 

Expernnent [7,8 ] Linear Coulomb [ 1 , 3 ]  Logarithmic 
Mass of 13p 3522 ± 5 MeV 3457 3531 
l~2s(0)/tPlS(0)l 2 0.62 ± 0.16 0.91 0 51 
r ( ~ - ~  4.8 ±0.6 keV 5.3 88 
r(~'  ~ 3p2,),) 16 ± 9 keY 27 36 
I'(¢' --'- 3Pl,,/) a 16 ± 8 keV 38 50 
17(~' ---, Po"r) 16 ± 9 keV 44 58 

3. Comparison of theory and data for the ~ family 

The reliability of predictions made for the T family with the log potential can be 
gauged by the degree of success of the analogous calculations for the $. Some pre- 
dictions one obtains for the $ family decays calculated using the log potential are 
compared to those from the linear-Coulomb potential and to experiment in table 2. 

The potentials used were fitted to the energies of the 13S and 23S states (~b and $ ') ,  
giving a s -- 0 23 and a = 2.07 GeV for the hnear-Coulomb potential (eq. (16)) and 
C = 0.73 GeV for the logarithmic potential (eq. (11)). The E1 rates were calculated 
using the measured energy differences for the (E i - Ef) 3 factor in eq. (26) and the 
calculated overlap integrals for the (wrl01wl) factor. The measured 13p energies 
[7,8] and the 23S1 to 13S1 wave function ratio at the origin (from measurements 
made by Luth et al. [9] and Bayarskl et al. [10]) are in good agreement with the 
calculations. However, the calculated E1 transition rates are too high by a factor 
of 2 or 3. This is a persistent problem in the non-relativistic potential model of the 
$. More detailed calculations taking into account the charmed meson continuum, 
done by Eichten et al. [11] achieve good agreement for some transitions but are 
still off by a factor of two or three for others. 

4. M 1 transitions and hadronic cascades 

The transition rate for allowed magnetic dipole (M 1) transitions is 

f'allowed = e ~  (2Jr + 1) (19) 
3m 2 

where k is the energy difference between the triplet and smglet states and we have 
assumed the radial wave functions to be identical. If the splitting between the trip- 
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let and smglet states were due to the normal hyperfine splitting process then 

k cc m - l  , (20) 

SO 

l~allowed ~ m - S  . (21) 

If we then use this to scale from the if-r/c (assuming that the ~c(2900) is the 11 So 
state) then [7,10] 

1.2 keV 
['allowed(q~(13Sl) -+ IIs0)<~ - 35 ~ 5 eV (22) 

This is much smaller than any other decays and so will be neglected. It should be 
noted that the formula for the transition rate works very badly for the ~-r/c, the 
calculated rate is 29 keV where the observed rate is <~ 1.2 keV [7,10]. 

There are also strong interaction transitions which can create the 1 ISo state, for 
example 

13p1  --~ l lSo  +21r. (23) 

It can be shown that because of  the strength of  the T '  signal relative to the T s~gnal 
(in p + nucleus -+ ~+/J-X) there cannot be a large rate for T '  -+ T + 2rr. We then 
assume that this is because of  a decoupllng of  the hght hadrons from the new quark 
and claim that all such hadromc transitions are small. The argument that T '  -+ T + 27r 
is suppressed was given by Cahn and Elhs [12] who also gave a possible alternative 
explanation, that there are actually two new quarks and the T and T '  are not 13 S I 
and 23 S 1 states. The ratio of  the/a+/a - slgnal for T '  to that for T is about 0.36. Let 
o r  and o r ,  be the total production cross sections for T and T '  respectively, not 
including T's  and T"s  produced by decays of  other members of  the T family. The 
/a+~ - signal ratio, R is given by 

= o r  ,BR(T' -+/a+U - )  (24) 
R (o r + o T,BR(T'  ~ TX))BR(T -+ U+/a - )  

Cahn and Elhs, using estimates for the cross sections and branching ratios, find an 
upper bound for P(T '  ~ Th) where h is any light hadronlc system (e.g. rrTr or r/) 

P(T'  -+ Th) <~ 1 keV for eQ - -  

<~ 5 keV for eQ =-~ . (25) 

These numbers are somewhat dependent on the estimates made but even with drastic 
changes the width is small (<~ 10 keV). 

In another approach Gottfned [13] has shown a multlpole expansion of  the 
color gauge field and claims that asymptotically (with large m) the two-pion transi- 
tion T '  -+ T + 2n would vary like m - 2 .  If this can be used to scale from the ~k then 
I ' (T '  -+ T + 2rr) ~ 10 keV. 
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All hadronlc cascades may not be small as 1s assumed m this paper. Aside from 
t . +  the T T transmons there is no evidence either way. In the case they are not 

small the results must be modified to take them into account. 

5. E 1 transition rates for T 

Ra&atlve transitions can be calculated using the usual non-relatwistlc rate formula 

4 2 1 ) S n [ ( n l l r l n ' l , ) l  2 (26) P = -joteQ(E~ - E l ) 3 ( 2 / +  

Table 3 
Behavior of  dimensionless wave functions from eq. (17) at the origin (R l IS defined m eq (10)) 

State Rl(O) State R)(0) State R~'(0) 

1S 0.830 1P 0.245 1D 0.122 
2S 0.593 2P 0.240 
3S 0.490 

Table 4 
Geometric factor for E1 transitions (eq. (27)) 

For 3pj --. 3Dj J J '  Sfi 

0 1 2/9 
1 1 1/18 
1 2 1/10 
2 1 1/450 
2 2 1/50 
2 3 2/25 

For 3S 1 ~ 3pj, Sf  I = 1. For arbitrary transitions Sf, : (~,/f}2 max(l, l ')w,thlls ~]'l's [18]. 
,Note that Sfi = Slf. 

Table 5 
Dimensionless radial overlap integrals requtred for E1 transitions (w IS defined in eq. (9)) 

(w2l Iw 1 ) (w21plw 1) 

1S 1P 2.15 
1S 2P 0.41 
1P 1D 3.56 
1P 2S - 2 . 9 0  
1P 3S - 0 . 1 0  
2S 2P 3.76 
2P 1D -3 .53  
2P 3S -5 .03  
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For the log potential we have 

F =  4txe~ C2 - -  ( ~ t  - -  ~ r ) 3 ( 2 1  " + 1)Sfil(wloIw')l 2 (27) 
m 

for an E1 transition from a state with l'l's going to a state wlthfls, eQ is the quark 
charge in units of  the electron's charge, a the fine structure constant and Sti is a geo- 
metric factor. The Sti factors are tabulated m table 4 and the dimensionless radial 
dipole overlap integrals <wlplw'), are in table 5. 

In table 2 we see that for the log potential the predicted E1 rates are about three 
times larger than the observed rates for f f ' ~  3p~. The theoretical rates were found 
using the same radial wave functions for all the lap  states. This discrepancy indi- 
cates that the analogous calculations for the T may also be high by a factor of  two 
or three. 

6. Leptonic decays 

The 3S 1 states can decay electromagnetically into a lepton pair. The rate for this 
process is [14] 

°~2e~ IR(0)I2 (28) 
I~+~ - = m2 

For the log potential, eq. (11), we have 

r~+~ - = a2e m IRt(0 ) 12 , (29) 

where eQ is the quark charge. The 3p states are forbidden to decay to a fermion and 
an anti-fermlon via a virtual photon but the 3D 1 may decay this way. Direct calcu- 
lation of  the 3D l state decay is difficult because it is due to second order relativistic 
corrections. By dimensional arguments we find 

IR"(0)¢ (30) p ~x ot2e~ m6 , 

and for the log potential 

[ C \ 7 [  2 ro:~2e2Q[-d) mlR;'(0)12 ~ 6 e V ,  (31) 

which xs quite small. Some properties of  the wave functions at the origin given by 
the log potential are given m table 3. 

7. Hadronic decays 

Annihilation into hadrons can be calculated by assuming the color gauge theory 
for the quarks, calculating the widths to free quarks and gluons and assuming the 
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free quarks and gluons turn into hadrons without influencing the rate. The triplet 
S states can anmhllate into three gluons. Except for the color factor the problem ~s 
the same as the analogous decay of  orthopos]tronlum into three photons [15]. The 
rate is 

40 3 
I 'had  - 8 ~  (/12 -- 9) as IR(O)[ 2 (32) 

For the log potential ,  we have 

10 2 a3(Ci  3/2 m IRt(0)l 2 (33) 
Cha d = ~ ( T r  -- 9) s \m] 

where as ~s related to the strong couphng constant g, (a s = g2/4n).  S-states can also 
decay electromagnencally into two quarks by the same mechanism by which they 
decay into two leptons. The leptomc rate is multlphed by a color factor of  three 

2 2 and a factor eQ1 eQ2 (Q1 decaying into Q2) because the quarks may have fractional 
charge. I f  we sum over two qua~k flavols with e Q 2  = 1 and two wath eQ2 = 2 we 
have for the logarathmxc potential  

F 3'*--*h = 10 I ~ + ~ _  . (34) 

The masses of  the hghter quarks are taken to be zero which may not be a good 
approximation for the charmed quark. 

For the P-states, the 0 ++ and 2 ++ states decay into 2 gluons whale the largest 
contr ibution to the 1 +÷ decay is to one gluon and a quark pair [17]. The rate for 
0 ++ and 2 ++ was calculated by Barblerl, Gatto and Kogerler [16] to be 

96~ [R'(0)I 2 =  6O?s(ClS/2mlR;(O,I 2 (35, 
P°++ (2m) 4 \ m /  

I'2++ 128 a 2 - -  s t 2 

5 (~m) 41R (0)1 

8-2[C] sr2 IR;(0)I2 
= ~u s ~ ]  m 

The 1 ++ rate was found by Barblerl, Gatto and Remiddl [17] to be 

3 
= n  256 a s ]R,(0)I2 in 1 

Pl++ 3 3n (2m) 4 as 

(36) 

n 1 6  , , n  1 
- - -  m l g ' t ( O ) l  2 ( 3 7 )  

3 37r as as 

where n is the number of  quark flavors with a mass smaller than m (for T, n = 4). 
To arrive at this form they had to approximate the binding energy. The binding 
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energy was estimated using 

4m 2 - M 
2 (38) M2 ~ O~ s , 

which should be a good approximation for large masses. 
The 3D 1 state rates have not been calculated because of  the difficulties discussed 

in the leptonic decays (sect. 5). However, we know that two gluon decays are for- 
bidden so the rate will be in the form 

/ C  \7/2 
r = Naas Ira} rn [R'/(0)I 2 ~ N(0 3 keV) ,  (39) 

where N is a numerical constant. This rate IS small I f N  IS of  order unity. 

8. Summary 

The formulae in the preceeding sections have been used to calculate the expected 
decay rates for the T family. The rates for a quark mass of  5 GeV and both -~ and 
1 charge are given in table 6. The logarithmic potential with C = 0.73 GeV to fit 
the T '  - T mass difference was used. The branching ratios are included assuming 
there are no other significant decays. Transitions between members of  the T family 
emitting light hadrons are omit ted,  because the present data indicate they have 
small widths. This indicates that experimenters must be prepared to find rather 
small rates of  plon emission. The E1 rates calculated here can be expected to be 
higher by a factor of  2 or 3 than what we can reasonably expect to see. If  it is true 
that the suppression of  ptonlc transitions is due to a general decoupling of  the new 
quarks to old quarks then the rates for anmhilation into hadrons may also be lower 
than the calculations. 

To get the total spectrum of  photons In e+e - anmhilation cascades must be 
counted. For instance, for eQ = - ~  the T '  has a widths of  8.5 keV to decay to the 
1P states emitting a 151 MeV photon,  with a branching ratio of  36%. About  16% 
of these l aP  states will then emit a 436 MeV photon,  so we have a 436 MeV pho- 
ton for 6% of  the original T ' .  If  the fine structure splitting is large enough these 
wall be split into three peaks. When the El rates are modified to adjust for the 
overestsmated E1 rates in potential models, 15% of  the T '  decay to 1P states, with 
only 2% of the original T '  producing T. 

The spectrum for the T" ts much more complicated than that for the T ' .  There 
are 29 different transitions with photon energies ranging from about 70 MeV to 
850 MeV, as shown m fig. 2. This spectrum will be quite difficult to sort out, as 

• I t  has many close hnes. The P-state energy sphttlngs shown in fig. 2 were scaled 
from the ~ system and the D states were split just to show the separate hnes. 
Although these energies are only rough estimates, it is clear that very good energy 
resolution will be necessary to resolve these lines 
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Table 6 
Decay rates for the T fam~y for the logarithmic potential V(r) = 0.73 GeV In r. 

State ( j /C) 

33S1(1 - - )  

23P0++ 

23P1++ 

23P2++ 

13D1 _ _  

13D2 - -  

13D3 - -  

1 2 Final state q = -3  q = 

F(keV) BR(%) l?(keV) BR(%) 

23p0(0 ++) 0.80 5(2) 3.2 7(3) 
23p1 (1 ++) 2.4 14(6) 9.5 20(11) 
23p2(2 ++) 4.0 23(14) 15.9 34(25) 
hadrons (strong) 7.7 44(59) 7.7 17(27) 
hadrons (e.m.) 1.3 7 (10) 5.3 11 (18) 
leptons 1.2 7(9) 4.8 10(17) 
total 17.4 46.5 

13D1 - -  2.7 0.8(0.3) 10.9 
23S1 - -  15.7 5(1) 62.7 
13S1 - -  8.8 3(0.7) 35.3 
hadrons (strong) 319 92(98) 319 
total 346 428 

2(1) 
15(5) 
8(3) 

75(91) 

13Dr - -  0.7 1(0.3) 2.7 2(0.5) 
13D2 - -  2.1 3(1) 8.2 6(2) 
23S1 15 7 25(33) 62.7 44(51) 
13St 8.8 14(18) 35.3 25(29) 
hadrons (strong) 34.3 56(47) 34.3 24(18) 
total 61.6 143.2 

13D1 - -  0.03 0.02(0.01) 0.1 
13D2 - -  0.4 0.4(0.16) 1.6 
13D3 - -  2.3 2(1) 9.2 
23S1 - -  15.7 14(8) 62.7 
13S1 - -  8.8 8(4) 35.3 
hadrons (strong) 85.1 76(87) 85.1 
total 112.3 144.0 

13P0++ 16.7 56(56) 66.7 
13P1++ 12.5 42(42) 50.0 
13P2++ 0.8 3(3) 3.3 
hadrons (strong) N(0.3) N(0.3) 
hadrons (era) N'(0.007) N'(0.007) 
leptons N'(0.006) N'(0.006) 
total 30.0+ 120.0+ 

1 3 P 1 - -  22.5 75(75) 90.0 
13P2 - -  7.5 25(25) 30.0 
hadrons(strong) N(0.3) N(0.3) 
total 30.0+ 120.0+ 

13P 2 - -  3 0 . 0  1 0 0 ( 1 0 0 )  1 2 0 . 0  
hadrons (strong) N(0.3) N(0.3) 
total 30.0+ 120.0+ 

0.05(0.03) 
0.8(0.5) 
5(3) 

32(22) 
18(12) 
44(62) 

56(56) 
42(42) 

3(3) 

75(75) 
25(25) 

1 0 0 ( 1 0 0 )  
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Table 6 (continued) 

23S1 - -  13Po++ 1.0 4(1) 3.8 
13PI++ 2.9 12(4) 1 1.4 
13P2++ 4.8 20(10) 19.1 
hadrons (strong) 11.3 48(54) 11.3 
hadrons (em) 1.9 8(9) 7.7 
leptons 1.8 8(9) 7.0 
total 23.6 60.3 

13Po++ 13S1 12.6 4(1) 50.3 
hadrons (strong) 330.0 96(94) 330.0 
total 342.6 

13PI++ 13S1 12.6 26(35) 50.3 
hadrons (strong) 35.9 74(65) 35.9 
total 48.0 85.7 

13P2++ 13S1 12.6 13(6) 50.3 
hadrons (strong) 88.0 87(94) 88.0 
total 100.6 138.3 

13S1 - -  hadrons (strong) 1 22.2 76 22.2 
hadrons (em) 3.4 12 13.8 
leptons 3.8 13 15.2 
total 29.4 51.2 

6(3) 
19(9) 
32(22) 
19(29) 
13(20) 
12(18) 

13(4) 
87(96) 

59(68) 
41(32) 

36(22) 
64(78) 

43 
27 
30 

The E1 ratios are expected to be too high by a factor of two or three by analogy to similar cal- 
culations for the ¢ family. In parentheses branching ratios are given using a sublectwe correction 
factor taken from the charmonmm spectrum, ff the reason for the discrepancies with experi- 
ment for charmonlum also hold for the T then the numbers m parentheses will be more realistic. 
N and N' are unknown constants, considered to be small. 

The most likely decay chains for T" are T(33S1) ~ hadrons (28%) (51%) and 
T(3351 ) --~ 7T(23p2) ,  T(22p2)  -+ hadrons (19%) (17%). The chain T(32 S 1 ) 
Y'1"(23 P2 ), T(23p2 ) ~ 3'(23 St ), q9(23 SI ) ~ 3'T(13P 2 ) ~ 3'T(13 S1 ) has a probabil i ty 

= +2: 1 ~ The D-states decay virtually entirely by E 1 but are of  1.3% (0.1%) for q 3~-~: .  
only created for about 4% of  the T". Most of  the T particles created will come 
from the T(23 p) _+ T(13 S 1 ) decays. 

In proton + nucleus experiments the production of  ~I" has a contr ibution from 
production of  higher energy states which then emit photons producing T. A rough 
approximation of the production scheme is to assume that all bound states m the 
T system are produced at the same rate from the initial reaction. The total  produc- 
tion can then be calculated from the branching ratios. If the initial production 
rate of  each state is 1, then the total production of  T IS 2.3 and the total  production 
o f T '  is 1.5 assuming eQ = 1 .  We see that some 56% of  the T and 33% of  the T '  ori- 
ginate at higher levels. Using the branching ratios for decay into leptons we can find 
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scahng from the ¢ system. These energy differences were not used m calculating the widths. A 
small splitting is shown for the D states only to separate the lines. 

the ratio of leptons from the T '  and T to be 

R = 0 .40.  

In good agreement with the experimentally measured 0.36. Using eo --~, R is 0.19. 
If we assume 50% of the 4 '  decay to ~ + pyons then a similar analysis for the ~ sys- 
tem has 60% of the ~ particles originating at higher levels and R = 0.05. 

As this work was being completed we became aware of work done by Celmaster, 
Georgl and Machacek [19] in which some E1 widths are calculated using a potential 
denved from data on several lower mass mesons. They used a generalized Fermi- 
Breit HamlltonIan to find triplet splittings, a method which gives splittings for the 

which are larger than experimental results. Their calculations of E1 widths are 
thus the opposite extreme from ours where no sphttIng was taken into account, 

ranging from ½ to 3 times our results. 

I would hke to thank Robert Cahn and Gordon Kane for suggesting and helping 

with this work and David Rubln for a computer program. 
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Note added in proof 

The a s s u m p t i o n  tha t  M ~ 2m has no  theore t ica l  basis In fact the t~ data  fit b e t t e r  

w i t h  2m < M  The cor rec t ion  can be made  by  lep lacmg m by 1 M  1i] eqs (28) ,  (32) .  

(35a) ,  (36a) .  (37a)  
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