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X. XNMUUHTHB 

Tb* atudy of quarkonSw apaetroacopy ( i .n . , the apectToaeopy of 

wmralatlvlatie poaitronlw-llka bound atataa foraad by haawy quaifc-

aatlquark ayatana) bagan in 1974 with eha aftaultauona dlacevwry of 

tha J/t(3W5) In tha raaetloa1 p + «a + ** + « ~ + l « a d t o * +«" ' 

anaihilatlona Into hadrona.2 A sacoad awrow raaonanca ww •ubaaquantly 

dlacovarad' with a aaaa approalaataly 600 Ma? graatar than tha aaaa of 

Cha J/*. Alttmogh that* wa* aoa* taoaf talaty aa to tha origin of thaaa 

narrow rcaonanea* at flrat. It la am v*U-**tabUnbed that thaea and 

otter ralatod statas «ra bound state* of a fourth *>ark* tha c or 

chanad quark. 

Tha n*xt chapter began in 1977 tfhaa avieanc* for tba T(9*t0) aaa 

obaarvad In procon-nuclaua coUlaloni,1* battar itatiatlea provldad 

•vldtnct for at laaat we aort related pitelel*. 5 Tha T va* aubaaquant-

ly obaerved la « V aanttitlattona.*^ la* t taaowanraa turn oaaa Idea-

tiflad a* bound atatca of a fifth quark, t te a or bottom qoark. The 

M M Mtcoa ia baaad oa tha aaauaptloa that tha b qoark la cha latnr 

(l .a. , ebarga -1/3) aaabar of tha third vaak laoavln doublet of quatka. 

It la likely that chart la at laaat oa* aore ayataa of quark-

ant Iquark bound atataa dua to tha axlatenc* of a aixth quark. Thla 

quark, tha t or top quark* la expected to ha tha charge 2/3 partner 

of tha b quark. 

In thla review, raeant raaulta on chamonlua and bottoaonlun 

aptctntcepy arc preeentad. The current statu* of the eearch for top 

la also discussed. 

wsrmnmw * m wmst is « " « * - . £ 
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XI. CHARM0N1UM 

Figure 1 attain a level diagrsa for the charmoniun system. The 
2s+i standard spectroscopic notation, u Lj is used Mhere n la the owner 

of Tedlal nodes pins one, 5 is cite total q+ 4 «Pln (0 or 1), L is the 
orbital angular aoaeotun of die qq, and J la the total angular nroentun 
of the resonance. Hot* that nor. all pnsslbl* states are shown. In 
particular, tbe V and ^p states are not shown. Solid Unas Indicate 
established states or transitions. Experimental Identification of 
established states Is sham. Dashed lines indicate unobserved states or 
transitions. 

A. Inulualve Photon Spectra 
Of the States shown in Fig. 1, only the J/*- and the *'(3C83) can be 

efoduetd directly In e B" annihilations. The other stiEBi aro produced 
via photon transitions from the J/* or the *•. In Pig, 2, which shows 
the Inclusive photon spectrin t » a the $', nearly all of charaenium 
spectroscopy la displayed. The data la t<ased on 800,000 *' bsdronlc 
decays frea the Crystal Ball experlnent.0 To clean w> the upectrun, 
v 

pnoton'palrs that can be reconstructed to fon a t° have been renovoJ. 
III addition, only phocons sufficiently separated from other tracks 
{both charged and neutral) so that there Is no ahowec overlap have been 
used. 

Peaks corresponding to radiative transitlone are Identified in the 
insert. ?esks labeled ), 2 and 3 result Iron transitions between the *>' 
and the three x states. The broad enhancement labeled A and 9 results 
from the transitions x(35SQ) * YJ/« and x<3't0) * yJ/9, Tht transition 
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xtJ415)-* V-l/'V (labeled o> cannot be seen in this distribution due to ies 
snail branching ratio. Finally, the peak at 7 correspond* to the trans­
ition *' * TffleWMOi, 

In eonttUBt to the •* inclaslwe photon spectrin, the Jt/* laclntttae 
photon apectrun (tweed on approximately 900,000 J/* nadronie decays)* 
shown in Fig. 3, in relatively struetareleiM,,* the arrow at 112 MeV 
Indicate* tlw location of tt» photon transition front the J/t to the n c* 
The enheacdaent n u i 200 KeV result* fCOB adniattn-loalxing charged 
parti«ls* which ware not tagged as charged by tlw tracking systtn. 

Figure 4(a) thews the $* inclusive photon spectrin in the region 
of tha tsanaieion to the n,. The corresponding distribution iron the 
J/V ia ahswn in Fig, 5(a). A slaultaneous fit vaa perfomsd to deter­
mine the sate H and width r of the n c f*o» both tha J/* and #' Inclusive 
photon distribution*. Tlw two observed signals «ete fit to * Brett-
Higner line ahtp* convoluted with a Gaussian energy resolution function* 
Independent quadratic font* tier* used for the background,:, jfce pann-
cteta which war* datemined fre* the best fit are H - 2W1 *. IS MeV and 
r • M*J* Hat. Tttt «*1»* of r m determined prinerily fro* the J/f 
Inclusive specwun and no additional uncertainty doe to Che choice of 
the functional fern Which was used for the background was included in 
the error, flguraa 4(b) and 5(b) ahow the photon energy distribution* 
after background subtraction, the curvet repreaent the raaulta of the 
beat fit to tha data. 
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Based «n tin result* of this f i t , the branching ratio for the 

process 

• ' * H\ (!) 

Is •tewnired to bt a B(** + YHC) • 0.43* 0.06*0.18%, where the first 

•rrer 1* etatlatlesl and the second 1* systematic. The branching ratio 

foe the pne iN 

J/* + Y»fi <2) 

ia not reliably known due to uncertainties In the shape of the background. 
Preliminary estlastes of the branching ratio9 are between 0.4 and 41. 

The exclusive proeess 

J/* + vn„ , n. * n » V (3) 

haa been observed directly by Che Crystal Ball.8 Figure 6 show* che 
photon energy distribution for events which satisfy constrained fits to 
the hypothesis 

J/* + tn» •" 1 n * YY 

A deer signal is teen which corresponds to a a m for the n c of 
H » 2974 ± 9 HftV. The width t>f the observed signal is narrow end C O M la­
tent with the expected energy resolution. When theae results are com­
bined with the previous results froa the Inclusive photon spectra, the 
beet values of the n e resonance psraneters are deterned to be 
H - 2«8 t 9 HeV and I* < 20 HeV (90X confidence level). The branching 
ratio product for (3) 1* Measured to be B(J/v * Yne> * B(n c * * «~n) -
O.I * 1.14 1.5) * JO . Depending on the branching ratio for «)» this 
lead* to • branching ratio for \ * * *~n on the order of 1-10Z. 



The Mask II experiment has observed tha « in transitions froa tha 
*" by analysis of final hadronlc states which satisfy flea to tha 
following hypotheses 1 0 

•* *TTPP 
*' * n V t V 
*' * Yit+a"K+K" 
** + v» ir~ap 
*' + YK'^Kg , Kg + n V 

The analysis was based on a study of one million p' decays> Tha certified 
Fitted hadronlc a«ss distribution for these five ptfceaaaa is shown la 
Fig. 7. A background subtraction has been made for contaoination due 
to events with single n°'a rather than tingle y't, A peak at tha asse 
of the n c is observed. A fit to the distribution jives H > 2960x8 HaV 
and r < 40 HeV (90Z confidence level). In agreement with the Crystal Ball 
results. The branching ratio products for 

*• * Y H C I n * hadrons 

are given in Table I. Front tha Measured Inclusive branching ratio for 
(1) from the Crystal Bail, the nfi hsdronlc branching ratio* can be 
extracted. They are aiao given in Table 1. 

The experimental parameters which have been acaaured for the n era 
not in gross dlsagreeaent with theoretical expectation*. Estlaatei 1 1' 1 2 

for the ground state hyperfin* splitting (i.e,, the J/p» n e aasa differ­
ence) are che order of 100 HaV. This ie to be compared with the 
experioental value of approximately 120 HeV. Estiaacaa** for the total 
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width of the n (baaed on a Coulomb + linear potential) are on the order 
of 5 HsV, Tb« prevent experimental upper limits are still considerably 
larger than this pradiction. Ho detailed estimates for branching ratios 
of hidronic state* from the n have bean published. However, estLaatee 
of branching ratios for radiative transitions to the n have been Bad*. 

c 
The theoretical expectations11* according to a Coulomb + linear potential 
are B(JJ"* + vn c) « 3X and B( ¥' * Yn c) * O.SX. The •' branching ratio 
prediction is in excellent agreement with the experimental measurement. 
The predicted J/v branching ratio is within the range of values covered 
by experiment. 
C. «' •«• YK. t •*• iJflt 

Aa shown In the level diagram in fig. 1, all three x etetes era 
produced in the double-cescsde process 

** + YYJ/* • (*) 

The hadrotuc transition* 

** + nJ/* (5) 
and 

*' • »°J/*> (6) 

can also be observed .n this process. Both the Hark I I 1 5 and the 
Crystal Ball 1 6 have new results from an analysis of (4) based on sub­
stantially greater statistics than were available to previous experi­
ments. In both experiments, the j/*> Is identified by neans of its 

+ - + -decay into e e ot p y . 
Figure 8 shows the low mass vs. the hlgh-naaa YJ/* invariant mass 

combinations fro* the Hark. 11 for events which satisfy constrained fit" 
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to (4). Events consistent with (5) have been eliminated. Vertical 

bands due to the x^ and Xj produced in the double-cascade process 

V' * YXr X * TfJ/4> (7) 

are observed. [For simplicity of notation, it will be assumed that the 

XCHIS) la spin 0, the >{3510) la spin 1, and the x(3550) is spin 2. 

These ara the theoretically preferred assignments. These states will be 

referred to aa x„» X t
 a n d x2> respectively. A review of the current 

experimental situation with regard to the splits will be discussed later.] 

Peaks due to these two states are clearly saen In the high-mass projec­

tion. Kinematic reflections of these peaks arising from combinations of 

the J/* with the Initially emitted photon dominate the low-mas* projec­

tion. The curvaa In Fig. 8 represent the results of a fit to the x> and 

*2 pea».i plus background. 

?i|ure 9 shows a similar scatter plot from the Crystal Ball. Again, 

bands dua to tha x, and X 2 are seen. In addition there is a band along 

the lower edge of the allowed region of phase space due to (5). The 

data can ba plotted In a different manner to make the processes involved 

sore apparent. This is shown in the Dalitz plot in Fig. 10. The outer 

curve shown the phase space boundary. Cute duB to the detector (e.g., 

shower overlap cute) reduce the phase space as shown by the Inner curve. 

Plotted In thiB manner, the correct VJ/v mass combinations (in the right 

half of the plot) appear as vertical bands. Thu wrong -yJ/<|> mass combin­

ations daviate frora the vertical. Horizontal bands due to (5) and (6) 

can also be seen. 
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The y*/* invariant ansa projection (bigh-aass combination only) 
from the Crystal tall is shown la Fig. 11, Events consistent with (5) 
•ttd <6) tow b a n ellsdnsted. In addition to dean peaks at the masses 
of tfes Xi *«d **» Xj* *•***• ** * B «*«••* of events at the mass of tha 
Xg. A possible background to <4) la tha process 

where a reasonable fit to (4) can be a*de with observation of only two 
of tha photon* from the «fl decays. Although the process <S) has a large 
branching ratio, the contesdnation due to thla process is quite snail 
as ahoim by the dotted curve in Pig. II which represents one hundred 
tiass tha expected background fron <o). This background does not 
account for the observed XQ "Agnali thus It is believed to be teal. 
The solid curve In Fig. 11 shows t fit to the data Including peaks at 
the Xi *°d X2> 

Evidence for the Xg ia marginal in this double-cascade process. 
The fact that it la a well-established state is shown in Fig. 12. The 
exclusive processes •' + i + tiadrons have been analysed In detail fay 
the Hsrk I I . 1 7 Tha hadronic invariant anas distributions for events 
which satisfy constrained fits to the processes *' * y2n*2iT end 
v< + v 3 * 3f" arc shown in figs. 12(a) end (b), Clear peaks at the 
•esses of all three x states are sesn. 

The new mass determinations of the x states are more accurate then 
previously Beeswred values due to tha large event ssaoles available 
from the Mark XI and crystal ball experiments. The x L and x 2 "asses 
hsv* been deteralncd from fits to (4), Toe Xn M 6 B b a s b e* n determined 
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frea fits to hadronic decays of Che j^, such as chow shown, in Fig. 12. 
These results w e aussuurixed In table IX, 

Th> branching ratio products B<** * yx> * B(x * YJ/*) wera detenlnsd 
from fits to the Invariant O M I distribution* shown la Fig*. 8 4wJ 11. 
The results are given in Table 111 along with previous Masuveaaate fro* 
other experiments. IE the avenge Measured branching redo product! are 
divided by the measured *' •* y X branahing Mtioe [»(#• •* -»x) " ? ± M for 
all three x states 2 1], the x * Y-I/t branching ratios can be daeeralned. 
They are given in Table IV. The seal! x Q * YJ/* branching ratio aaeaunta 
for the difficulty in observing the XJJ In Che double cascade decay (7). 

In teres of theoretical coapariaona, the radiative widths of the 
states are more relevant than the branching ratios. To calculate those 
partial widths, it la necessary to know the total widths of the x states. 
A preliminary measurement of the total width of the x 0 has been made 
from a fit to the inclusive photon epectrun at the v' (see Fig, 2). The 
result is r(x0> - 10i 3 HeV. 2 2'" The total widths of the X l snd x 2 

have been measured by fleeing the peaks tn Fig, 11, This data is shown 
again In Fig. 13 as a function of photon energy rather than invariant 
aasa. The data vara fitted to two Bwit-Wlgner paaka convoluted with 
the Nal energy resolution function. The beat fit is shown by the solid 
curve. The Xj peak (E Y ~ 170 MeV> has a width consistent with Che ener­
gy resolution with 9QX confidence leva! upper licit F < 2,& MeV. The 
X 2 peak (E Y Z 130 HeV) la beat fit with a natural width ef V - *t I MtV, 
The error la statistical only. If one forces the width to be 0, the 
beat fit is shown by the dashed curve. It is clear that the nonsero 
value for the width la being forced by the axeeaa of events between the 
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ttn peak*. Thue» if there were on unknown background which populated 
thia region, tuc fitted width Might be unnaturally high. Therefoie, 
if avateaacic uncertainties ere considered* the aeattmd value of the 
width of the kg should be taken es an upper Unit. 

Table V w—arlTee the x total width •eaaureaenta and the x 
radiative width •easureaefits which were detetalned from the products of 
the x total width* and radiative branching ratio*. Also shown ax* the 
theoretical expectation* aa detenined xrea aeveral theoretical 
nodala.*1***1**** Considering the uncertainties in both the experimental 
uunbers and the theoretical oredlctlone, it ie difficult e» elala that 
the number* are not In agveeecnt. 

Sated on gluon-counting aesuaptlona (i.e., hadronlc decays of tha 
x 0 and the X2 P Me*sd via two gluon* In lowest order), tha ratio of the 
x 2 and x 0 Ikadronic width* la 1 3 

f(x a * hadrons) 4 

f j x 0 * hadrons) - Ti " °- W • r 
Item tha difference between the exnerlaencaUy deteradned total width* 
and radiative width*, on* detenlne* 

r^tj • hadroae) 
r f ^ W haarone) * °' 3* * °'« * 

The Xj i* expected to have a hadronJc width mailer than either the KQ 
or the Xj< ***• *• consistent with experimental anaaureaente. 

Previous experimental reault* on the spina of the x states are in 
.P + + + agreaeant with the theoretical aaeigvment* r • 0 , 1 and 2 for the 

XQ* XJ sod Xz* tespectively. On the other hand, the experincntel 



-12-

assignments could not be Bade unanblguously, A recent Crystal Ball spin 
analysis of the process 

provide* unanbignous assignewits for the X2 **& t\ *» discussed' below. 
Tbe X 2 has previously boon observed to decay lino * W~ and K K~* i 6 

Since both decoy product* ere psendoscalar. tbe x 2 n u n Iwvo 
1 or 2**, (Higher spin ststes are not considered. ) Sine* tha x$ ** 
produced in a radiative transition from the ** (as a n tha other two 
states), the C-parity oust be even, thus eliminating J ™ * l~*. Tha 
cos9 distribution, where 9y ti the angle between tha pnoton prodttesd 
in the <K + YX transition and the bean axis, is shown In Fig. 14{s)i 
This distribution alone is net sufficient to separate the spin 2 (solid 
curve) and spin 0 (dashed c u m ) hypotheses. A naxiaua likelihood fit 
to the data involving the five polar and asiauthal angles antsriag the 
full decay process (9) has been made. The results, given in Table VI, 
clearly favor the spin 1 hypothesis, 

Nonobservation of the decay of the xx Into pairs of pseudoscalars 
suggests an onnstural spin-parity asslgosent J*0 - (T*t 1 , 2 . 
Kurthersore, the X| *• <*s*r*ed to decay into v V K g , 1 5 tt»s slliBl&at-
inft tbe possibility of a J* • 0 + assigownt. The coss^ distribution In 
sheen In Tig. 14(b). lbs spin 1 hypothesis (solid curve) provides a 
better fit than either spin 0 (dashed curve) or spin 2 (the expected 
distribution is steilsr to tits spin 0 distribution). The results of toe 
full BBXIBWB likelihood fit, also given in Table VI, favor the spin 1 
hypothesis. 
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0 ox 2 since tt has also been observed to 
decay tato w V * and * V \ Tot cot»t distribution, •* shown 1 B 
Fit. 14(c), i» conaiataot with apia 0. DIM to the limited statistic* 
*v«li*hl«, i* la ineoaslbla to do a aaxlava likelihood fit to the data. 
However, if wa conelder Che «vidcnc« froa fcadronic decays of the x 0 

tnUcn afcow the angola? distribution to h» consistent wish I + « » 8 . M 

d e likaly oastfaasnt for this state la ̂  - O**. 

Flywrw 15 and 16(a) show the *mr invariant toss distributions for 
(4) tram the Hark » * * and the Crystal Bell.*7 respectively, A dear 
n peak from (9) it obatmd In both distributions. In addition to the 
background frc* (7), than is also background frost {8} whan Only two 
of the four productd photons era observed. The feeddova Ires this 
process ham bass sstlaefced by both the Hark XI and Crystal Ball experi­
ments and la shown by tha curvaa la Figa. 15 and 16(a) aituated near the 
upper end of tha yy aaat spectruM. tFor the Crystal Ball, tha curve 
represents tell tlaas tha eetlaatod background from (8).3 Clearly, It is 
imaotemtt to mdavatand this background if reliable breaching ratios for 
£33 ore to be extracted* 

Branching ratioa dotemlned froo these distributions o n given in 
W O * VII Along with previously Measured branching ratios, Tha new 
•eaeurewente a n aoaavhat lower than older measurement*, thia nay be 
doe to a aorc careful analysis of the background from (3). 

lite decay *' •* sJ/s la peculiar in that the branching ratio i« much 
larger than would bo naively expected. If one compare* thia branching 
ratio with the *' ** mtf/« branching ratio, 2 1 one gets 
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B<** •* *)/*)/*(»' • ««J/«) s tt. This level of suppression relative to 
the wa transition c m be explained by phase space alone. (The decay 
Mist be p-vave end hence a factor k enters into the width.) In addi­
tion, there is the fact that only an 30(3) singlet state can couple be­
tween t:ie two charaoniun states. Since the n la noatly octet, this 
contributes an additional suppression of at least a factor of tan. 
There are two possible solutions to this problem. One can asanas that 
there Is a ec sdalxture In the n so that It can couple directly ta 
the ** - J/+ system. Such •odels 3 -* 3 1 axe capable of explaining not 
only the large rate for *•* + «!/*> but also the rates for J/* * tn and 
J/+ •*• >!)'. Alternatively, one can assume that there ia a large 2-gluon 
component to the i . w Thus, the 021 suppression is overcose. This oodel 
is also successful in explaining the J/4> •* yn and J/41 "*• Tl' rates* 

E. y' •+ v°Jfy 

Figure 16(b) ihova the yr invariant mass distribution for £4) froa 
the Crystal Ball after elimination of events eoniiatsnt with the protea­
ses (5) and (7). A clean signal at the nses of the «° Is observed. The 
branching ratio Is MSsurad to b e 2 7 B<*' * s°J/t) • 0.0910.02J. The 
Hark II has also observed this transition" and finds B<#* * s*4/*) -
0.15 ±0.061. 

This transition Is of particular interest as It violates isospln. 
There Is a «wroreew*a»t, electromagnetic process 

e V * «°J/4 <10) 

which does not violet* isospin, but the contribution from this process 
at the *' is expected to be small. In fact, an analysis of process (10) 
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by the Crystal Ball at 3.77 OaV csnter-Df-aass energy leads to an uppar 
limit of « 0.D1Z {90S confidence level) for this process at e1» »' > 
Several papara have made thaeretlcal predictions for the *' * i8J/y 
branching ratio. 3 9 - 3 6 The calculations involve the nixing of 8U(2) and 
SD(3) eleenatate* to f o m the ehyelcal *°»n and <i' states and alto 
consider the effects of SO<2) and 80(3) aynnetry breaking in eha decay 
aapHrodca. lecent calralatioaa 8 7* 3 8 lead to branching retlo valves ia 
the neighborhood of 0.1Z. cossacfble with asaerinental resoles. 

t . •* •*• taJ/» 

One final transition Uniting the *' and J/* has been observed, that 
la %' •+ ffJ/*. Thia la a vall-eitsbliahad transition with *(+'•* mtJ/*) 
• 50i W . i J Fit. 17 shown the »• invariant mass aquared for the protea­
ses *' •+ T V J / * (froa the Hark ll 1 7) and Hi' * * V j / * froa the Crystal 
Ball 2 7), the two distributions are consistent in shape (the nonullaa-
tion la arbitrary) end clearly inconsistent with the phase apace dletri-
bntlon <tba dashed curse). Thla «111 be discussed later when a cenparlr-
son to T' data can be nade. 

i n . BOTTOHOBIUM 

figure 111 above a level diegraa for none of the sore Important 
bottononiua states and the transitions between then. The noat signifi­
cant difference batmen this diagrsa and the cheraonlun level dlagraa 
shown in Pig. 1 la the scarcity of established states and transitions 
for the bottoaonlusi syetea as compared to the cbaraonlua aystea. In 
fact, only those stetee which are toned directly in e e~ annihilations, 
the TC94&0), f (10020), T*(10350) and T*"O0570). have been observed. 
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Only one transition. T* + v i T has been observed. This 1* not coo 
surprising, however, when one considers that data at Che chanonium 
resonances can be accumulated at a rate approximately tvo orders of 
magnitude hignar than Che corresponding rate for a given bottonaaiuB 
resonance. 

A. Bottoaontm Masses and Widths 

Figaro* 19 and 20 show the hadronic cross section as a function of 
ceater-ef-nat* energy tt throughout the T resonance region as measured by 
the CWCf***** and CUSB^ 2^ 3 experlwmta at CESR. In Pig. 19. only tb* 
three lower T states* the T, 7' and T'\ are shown. In Fig. 20, the T" 
and T" 1 atatos are shown. Note that the CUSB data shewn In Fig. 20(b) 
has a thruit cut (T s 0,85) applied to the data to enhance the bE decays. 

A susnary of the T resonance masses as measured by the CESR experi­
ments and rhe oar liar DORIS experiments ia given In Table VIII. The 
first error in all eases la statistical and the second Is systematic. 
(If only one error Is given, it is the eosiUnad statistical and system­
atic error). In the case of Hf, the systematic errors are doe to the 
uncertainties in the absolute energy calibrations of the two machines. 
For BORIS, the uncertainty is 0.1Z and for CESR, the uncertainty Is 
0,3%. Note that the difference between the DORIS and CESR determina­
tions of H- of approximately 30 HeV is consistent vittt the uncertainty 
in the energy calibration. 

Also of primary importance in the understanding of the boKomoaiu* 
system are the Isotonic widths of the resonances as they are proportion-
al to the squares of the wave functions at the origin. To lowest order 
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in qgpii.*tiM 

r - " ? 73 l * < 0 > ' 2 • ( 1 1 ) 

•<0) Is the mm function at the origin and M Is the was* of the 

i. (The b̂rnxg* of the b quark la aa*ua*d to be -1 /3 , a question 

which wi l l be « M M W 1 shortly.) SxperlsentaUy, the Ixptoalc width 

be flalainlind fraa the integrated hadroolc cross section Q^jQQ of 

the 

^ - 4 f̂ 'Wd« . C12) 

where ? M It the ctduced leptonlc width, r . j . i s the hadronlc width, 

end r fc i t the total viath. 
Cot 

Measurements af the reduced leptonic widths for the four T raaon-
ennea arc given la Tabu IX. first, concentrate on the ? 0(*) eolvm. 
The average reduced leptonic width Is f c e<T) a 1,08*0.06 keV. So first 
order one can aatuae that noet of the width of the T le Into hedronic 
decays, and hence from (12), the true leptonlc width Is approximately 
easel to the resetted leptonlc width, lb next order, the total width 
can be broken Ann an follows 

'tot 'had ee 'MI *TT 

Asansdiig e-w-T universality, 
rtot " rhad + 3 f « < 1 3> 

or 

Wtot " l " 3 B « ' <»> 

. ! • • 
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vhere B p B IS the laptMiC branching ratio. Frew Eqs. (12) and (14), 
the true laptonlc width can be expressed In tens of the reduced 
leptonic width and the Leptoalc branching ratio 

r « - 7ee / (* " *Bee) • <«> 

Bote that this la valid for any resonance for which <13) applies. 
[Depending on the *xaeri«ent» there say be a oill correction to (13) 
doe to the fact that tea* of the T +t" decays of the T nay be found In 
the hadronlc data eaaple. Ihia correction ia neglected in all calcula­
tions and is snail coopered to other errors.] 

The leptonlc branching ratio of the T has been aeaautred by deter­
mining the rate of e e" or u u~ production at the T compared to hadronlo 
productloa (after subtraction of tht nonresonant background contribution)> 
The measured values are given In Table X. The average of the aeasure-
menta (assisting e-n universality) la *, CD - 3.4± 0.72. This is to be 
compared with B^O/*) - 71 U at the J/». Fron So. (IS) and the 
measured value for ̂ ( D * the true leptonlc width can be calculated, 
Tit) • 1.20± 0.07 kaV. From these two awasureaeat*. one can aim 
w 
calculate the total width of the T, f ^ C D - TeeO/a^Cr) • 35«3!£* 
keY. This Is to he ctwpared with p

t f t t(J/*) - M s 9 fceV. 
The hadronic decays of the T are assumed to proceed via an inter­

mediate state consisting of three color-octet gluona in lowest order in 
QCD. The partial width for this process Is predicted to fee11*1* 

.3 
(16) ',. ' J? ^ =f l.»l 
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vhere « la the atra^-coupllng constant. As in the eaas of the 

leptosie width given la (11)» the 3-gluon partial width ia proportional 

to tha aqoan of the nave function at tlw origin. Dividing (16) *»y (11), 

v* aUadaata thla factor 

With an axperinental raaaauranent of r_ , i t i s potilble to deter-

atan o g» Xh* total width given i s Eq. (13) can be reexpreased a* 

' t o t " P 3 8 + r « . + 3 r „ * <"> 

tthcr* r M ia tha partial width for secortd-ordar clMtroMgaatlc decays 
of tha T into hadron". In thie approinatlon, all dlraet hadxonlc daeays 
of tha T ara identified with tha 3-gluon decay. In addition, radiative 
tana (e.g., tgg decays) are neglected. Since r - a ia the reault of 
nroraaonant hadron production, r ^ - Rr f i e. Whara * - ̂ j^^yj, »' f" 

name the T. From experlnent, R s 3,7. Sma, from (18) » 

r t o t " r 3 g + 6 * 7 , ' * e 

r3« -1 
r " B«a " *'7 ( l 9 ) 

Equating (17) and (19) m i <sstng aaaavxed v«U » for r^flr) and B^tt), 
on* aataminaa » S(T) • 0.16 ±0.02. ibis la to he cOBnared with 
*_{>>/*> • 0.19 ±0.02, calculated In tha same manner. Since higher-
order QCD corrections have not been Included, the actual, values of a^ 
which ara detorolned In this way may not be meaningful. However, tha 
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small variation that is observed between the J/+ and the T is consistent 
with expectations from <]C0 for a running coupling constant. 

Returning now Co the data In Tabl« IX, the ratios of the reduced 
leptonic widths of the t', T" and f *" to the leptonie. width of the T 
ere given. These ratios can be determined moan accurately from the 
experlsfintal data than can the reduced leptoulc widths themselves OS 
systematic uncertainties tend to cancel in the ratios. Also, theoreti­
cal estimates of the ratios are probably subject to lees uncertainty 
than the widths themselves, finally, note that the denominator lit the 
ratios la ^ ( T ) whereas tin Quantity directly accealbl* to experiment 
has r <T) in the denominator. Ratios given in this Table nave bean 
corrected by the factor r - -(T)/r (T) as determined from the average 
value of B „ (see Table X) • 

OB 
In contrast to the situation for the T, there have been no direct 

measurements of the leptonlc branching ratios of the other T resonances. 
Tor tha T*« the LEHA group has set an upper Unit B M(T') < 3.8X <90X 
confidence level),1*9 However, based on none measurements to be dis­
cussed later, a model-dependent calculation permits the determination 
of the leptonic branching ratio of the T', »„(T') - 2.0±Q.*Z, From 
the data In Table DC and ftj. <15), r M(T") - 0.57 ±0.04 keV. 
B. gotsntlol Hpdel Comparisons 

A number of theorists have attempted to understand the * end T 
family mass differences and leptonic widths based on a variety of flavor 
and spin independent potentials. The standard treatment is to consider 
the heavy auark-antiquark binding in the nontalatlvlstlc approximation, 
ouch the B O M way as positroniua.11 The potentials vary from arbitrary 
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fonedottal fonu, eaplriaally fit to tba data* to potentials inspired by 

The afattarlty of tne ee and bE leva! spadngB agggeat* ttwt the 
potential la appsnadsat*!; logarlttnlc vher* tin w » function of tbw 
bound state la large, lb* aoat trivial axaapla of •och « potential 

¥(r) • A tax , 
vuere x la the rmdlua, has been, proposed by <hilgg aad Rosner,'7 An 
equally ad aoc power leu potential 

¥<r) • A + Br v 

baa been proposed by Martini'9 A good fit to the data la achieved with 
v * 0.1 

Pros QCD arguentii one-gluon exchange, leading to a CouLonbic 
1/r dependence, Is expected to donlnata tbe foro of the potential at 
enall diataneaa. Losg-raoga confinement can be attained by requiring 
the potential co be linear at large dlatancea. Tho aiqplaat auch poten­
tial, originally proposed by the Comer. Group, 1 4 la the tun of a 
Couloab and linear tars 

tf(r) • - J y + JJ 
Bhanu and iadaz5* have proposed a pleceviat coablnetlMi of a Couloub, 

lAgaxittalc and linear potential 

V(r) - - | ^ 

• b(B f 

•4 

T S Tt 

• j * r t Xj 

r » r 2 , 
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where T } - 0.12 £* and r^ * 0.47 fa. Bw potential and Ita f irst 

derivative axe required to be contlnuou* a t r , and r 2< 

BichardEon60 baa atteapted u directly incorpoxata first-order 

QCD in che potential, la irawittai apace* 

nf«*\ . * ia*__ 1 1 

' -Fs) 
vhore n f i& the number of quark flavors and A la a scale paraaeter. 
The Fourier transfer* V(r) aatchea the single gluon exchange f e n at 
Email r and joins smoothly to a llnwar behavior at large r. 
Richardson's potential hae since been modified to take sscond-ordei QCD 
IntD a ceo uric explicitly,11 

In general, the parameters of these models are fixed using 
ciisroonium and/or faottononlua masses and leptonic widths ae inputs 
Figure 21 shows each of these five potentials as a function of r. Alio 
shown are the Dean values of the radius for the S fi and f rseooanees. 
For the range of r covered by these resonances, the potentials are seen 
to be fairly siollar. Table XI given a coBperisoa of axperiamtal and 
theoretical asanas and leptonie widths for the 9 and T syateae* Valve* 
ia parenthesis are Inputs to the Models. It ia clear that all of the 
•DdfOs agi^e reaaonablr wall with the data. This la to be e. ?act*d 
since the potentials are all fairly siaUar in the Interaediate region 
of r which is no«t relevant. The najor dteagnsnent it for the> a m of 
the Ti.J) state, hut as it la above threshold and can couple tr- other 
chimmftls, the bound state aodela are not expected to provide good 
predictions for this State. 



-23-

Tte data now Available Is not sufficient to differentiate among 
ttaa various models. Hopefully, information from the toponlun system, or 
from the heavy quark flavor dependence of the fine atructuret will help. 

C. t Threshold 
Ttaa T'" state shorn la Fig. 20 la clearly wider than the T" state. 

Tabic XtX give* the measured widths of all four T resonances aeauatflg 
&4.?»slaa resolution fonctloas. The data is free) CLCO. 5 0 Ton widths of 
Che first three resonances see consistent wfth the expected CESB. machine 
xase-Iutloa. Th* T M > has a width approximately twice the expected resolu­
tion. The natural width can be unfolded from the Matured distribution. 
C U O finds r - 9.0±2.3 HeV. A similar analysis by the OTSB experiment 
•assures r - 12.6±6.0 HeV. The fact that the width of this state is 
more thin two orders of magnitude larger than eha width of the T indi­
cate I that •trout, decays can proceed directly from the T 1" without OZI 
•uppreeelon. That la, naira of pertielee with b quantum number ±1 are 
being produced in the decay of the T"\ 

The number of bound states below threshold can be obtained aawl-
clsstic-nv f n n the Bohr-Soamcrfeld quantisation condition 

• •{ + baj . P*> 

where «* 1« the nana of the heavy quark and b Is an undetermined con­
stant. QoitS *•»> leaner 6 2 calculated h from the known chernoalvn 
threshold energy and predicted n - 3 for the bottoaoniua system (before 
the observation of the T" and T"'). Previous analyses" have also 
predicted a similar Increase in the number of bound states as the o.uark 
ass* Increases. Figure 22 shows the energy of the heavy quark continuum 
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threshold aa a function of B n ' ° c »•*Native to the H onlw bound scatt 
levels. Tha actual level spacing* a n based on * logarithmic potential 
and hence are independent of quark sass. However, Eq. (20} la nore 
general and applies to a wlda range of potential models. 

D. Charge of the ̂  Quark 
saved oa tan pattern observed foe the u, d, a and c quarks. It la 

logical to consider tha b quark as tha button neater of a third left-
handed, weak isospln doublet of quarks. Thus. tl.« charge of the b quark 
la expected to be -1/3. It la very Inporcaat to verify this aesignnent. 

Baaed on vary general aesuaptlcns about the nature of the QQ poten> 
del , theoretical lower Units which depend on the c W g e e_ of tha 
heavy quark can be established.''• As applied to the T system, ths 
Halts are as follows 

r.J T> * % - > 2.6 keV 
«b 

r <r) 
- * | — > 1.* keV 
*b 

Figure 23 above the allowed regions for charge asalgmenta of 2/3 and 
-1/3 as functions of T M ( T > and f M ( T ' ) . The experimental result (based 
on masbera presented here) lie* Just outside the allowed region for a 
charge 2/3 quark and wall within the allowed region for a charge -1/3 
quark. 

2 
Figure 24 shows % B / « Q *" * function cf mass I »r :ne well-

established vector nsson resonance*. For the T rcsetuuiccn, » b - - t /3 
, 2 was assused. I t Is observed chat r „ / e r t is approximately constant far 

ce IJ 
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2 the nonradlally excited resonances. Likewise, r^/e- f o r t h e *' end T' 
are approximately equal. This provides additional, although somewhat 
circumstantial, evidence for the charge -1/3 asclgnaent of the b quark. 

The nost convincing evidence for this charge assignment is obtained 
fro* Che hadronlc cross section aessureasnta in the T resonance region. 
According to the naive parton model, and to leading order in QCD, the 
ratio of the hadronlc cross section a. to the n-pair point cross 
section ia 

uu Q-l 

where n, is the number of quark flavors. Thus, as threshold is crossed 
for production of a new flavor, an increase in the hadronic cross 
•action 

fiR* 3«g (2H 

la expected. If the b is a charge 2/3 quark, an increase of AX - 4/3 
Is sxpscted and if it Is a chsrge -1/3 quark, an Increase of only 
a - 1/3 is expected. 

Figure 23 shows R in the region of the T"' at Matured by CUSB." 
Fits to the aeasured cross aection below and above the resonance give 
the following results 

R - 3.73 ± 0.08 ±0.37 . W « Hj,,,, 

R - 4.12 i 0.06 ±0,37 , W > Kj,,,, , 

where the .irst error is statistical and the second is systematic. The 
change in R as threshold Is crossed is R - 0.39* 0.10* 0.06, consistent 
with a charge -1/3 assignment for the b quark. 
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One can alio invoke duality arguments «liich traply that the 
"saeared" cross section due to the narrow bound state resonances nhould 
contribute a similar increase in K below threshold. This increase can be 
expressed in terms of the integrated cross sections 6 6 

AR / ' 
~ I a u AM) dM AM / had 

or ID terns of the lept^nic widths of the resonances 

For & given resonance, I take £H to be the average of the &*•• difference 
between the resonance and the next lower resonance and the aaes differ­
ence between the resonance and the next higher resonance. For exaaple, 
for the T" 

AM - i[(V-«r) + OV" V)] • 
The resulting contributions to P arj as follows 

4R(T») - 0.3A i 0,03 

flR(7") * 0.33 i 0.04 

Theae results support the -i/3 charge assignment and disagree with the 
It 3 charge a$»ignacnt. 

E. T* * * V T 
The observation of the transition 

V * TIVT (22) 
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1* Important as it establishes that the T and T* arc related states and 
their proxiaity to each other In M a s la not purely coincidental. The 
w V " ale»iag SJBSS frtm a saaple of T* fcadronlc events from CLEO 4 6 la 
shown In Fig. 26. Alao shown la the Biasing ass* froa like-sign * 1 » ± 

palra. The •* i~ Biasing nase distribution shorn a clear excess at the 
n a m of the T which ia not observed In the like-sign *" Biasing ua>s 
distribution. (The two distributions are normalized in the suss region 
outside the T peak.) Also shown in Fig. 26 (dashed curve) is the *%~ 
xisslng BIBS fron 

V * » V L V , (23) 

where l is either an e or a u. The T signal is very clean in this 
topology. 

In addition to the CLK> experiment, the V •* t n~T transition has 
alao been observed by CUSB5** and LENA. 6 7 The results of their aeasure-
asats are given in Table XIII, In general, except for the CLEO neaaure-
•entt deeaya corresponding to process (23) ware used for the branching 
ratio aeaaureaents. Note that sons aeastireaenCf say be different than 
the published values. I have atde corrections to the published values 
based on the aeaeured T leptonie branching ration, B € C(T) - 3.410.72. 
Dote also that 1„(I') - 0 vaa eeauaed for all calculations. 

If 

Figure 27 shows v V " invariant sass distributions from CUSB and 
CLEO based on their aaaple of eventa satisfying (23). Both distributions 
are observed to peak at large values of invariant M a s , such like the 
w BOS S distribution for *' * n J/* (*«* Fig. 17). As In the case of 
the *•' decays, the distributions are inconsistent with phase apa«« (shown 
ss dashed curves). This has bean explained by Brown and Cahn 6 S and BOTC 
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recently by Yen. 6 9 The solid curve in each case 1B baaed on the QCD 
calculation of Ref. 69 and agrees with the data. 

The total widths for the T and T' can be expressed a* 

'tot™ * V T ) + rc» ( T> 
(2*) 

r t D t(T') - r3g(T'> + r 2 g(T*) + *yT<V) + r^cr*) 
For simplicity of notation, r ^ now includes Loth leptonic decay* and 
the second-order electromagnetic decays Into hadrona. The 2-gltion trans­
itions at the T 1 correspond to hadrcnic transitions from the T* tc the T. 
All contributions from this diagram are expected to be snail except COT 
the ** transition (22). I" p(T") corresponds to the sun of the radiative 
transitions to the P states. If it Is assumed that o. is the sane at 
the T w d T ' , then11*1*1 

r„(T') r3giT«, • reo<x') - J l ^ r t o t(T) 
r

M < r > (25) 
B„(T> 

From Eq». (24) and (25) 

™ + r^T*) l M ( t ) *p" 
t 0 t 1 - 5(l" + « T ) ( I - 3B€,<T»)) 

fteaenber that the measurements of the branching ratio for (22) ware 
baud on B <T') » 0. Thi» measured branching ratio will be denoted by 
B(T* + esT). The true branching ratio ia 

B(T' * twT) - I(T* * *KT) (l - 3 B M f r ) ) 
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This correction i s whet led to eh* conpllcated deneff'-wtor in Eq. (26). 

[Not* thet by isospln B(T* + ™T) - (3/2>B(T' + t V t ) . l 

The only unknown In Eq. (26) besides I ^ t t 1 } traaaaber* B^tT') -

scaled11* to give 

V " -(«(%) *,»»>'> » 4.2 keV 

To account for the uncertainty In scaling t U l mafeer, a. ±5tt error has 

been included in cite calculations. Now En.. (26) can fee solved to *i*e 

the final widths and branching ratios 

! M ( T ' ) - 2.0* 0.4 I 

r - t C H • 0.5710.04 k«V 

B(T* + vnT) - 27.11 3.6 2 

r t o t (T' ) - 28.8+6.1 keV 

Of particular Interest Is • comparison of tho T 1 total width with 
the width of the **, r

c o t<*'> • 2151 40 keV. The reason for this Largo 
difference is that aost of the large transitions ftMB the •' or T' 
(i.e.. the «t transitions to the J/* or T and the SI radiative transi­
tions) v*ry « neoce, while aporoxlnately 9<tt of »' decays go 
Into other charaoniun states, it is expected that over half of the T' 
decays are direct. 

A theoretical prediction for the ratio of the partial widths for 
the decays V * w»T and ** * ¥• J/fr can be nedo which depends on the 
spin of the glnon (asswaing that 2-gluon exchange la responsible for 
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the transition)* for the case oE spin I gloons 7 0 

2 2 

For scalar glwns» the ratio la expected to be near unity. 6 9 lite experi­
mental ratio is 0,072 * 0.023, consistent with expectations for spin 1 
glions. 

Recently, tne CLEO collaboration J«» observed evidence for the 
transition T" * e *~T¥ but the results are preliminary.71 (to observations 
of radiative transitions have yet been re.^rted. 

IV. 1070N1UH 

in analogy with tha three weak isoipln leptor. Sublets (i,e., the 
e, u end T doublets) i It la generally oxpactet? that a third quark doublet 
containing the t> and s new quark t \,ter tcp) exist*. Therp are no firm 
predictions for the mass of the t quark, However, one can invoke stan­
dard nuraerplogj' baaad on chto ratio of thu masses of the as, cc and bE 
bound states (I,**, **,^./H * 3 and ̂ / M j , * 3) to predict a ma as of 
2fl GeV for the first tl bound state. Other estimates 6 6 range from 
20-150 GeV. 

There are a nunbsr of methods for establishing the existence of e 
new quark, First, as discussed In regard to the bottononlun system, an 
increase In It > o. ./o is expected when a new flavor threshold Is 
crossed. Frew Eq. (21), an increase of a/3 units of R Is expected as t 
threshold is crossed. Figure 2ft shows K as a function of eenter-of-aass 
energy up to the highest PEI8A energies* 7 2 (.Only statistical errors are 
shown. Systematic errors are esfloated to be approximately ±10Xt> 
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PETRA data from PLUIO, TASSO, Mark J, JADE «cd CELLO ate shown as wall 
as l«wi energy data fro* the M M * I, 7' PLUTO71* and BASF. 7 5 In order 
to dlscElnCiiate hadrooic amrthtlarfno events tarn two-photon and beat-gad 
background, the n t U * xparimentB require that at leest 5QZ of the total 
esater-ef-aass energy is observed in the detector (25X for the case of 
charged particle detection only). In addition, each event is required 
to have at least four ̂ y^g** tracks, sad t T " topologies are explicitly 
ra—Hnil from the four-track, data sample, the quoted cross sections arc 
corrected for acceptance and radiative effects (including hedxonic vacuum 
polarization). The solid carve in Fig. 20 shove the QCD prediction for 
five quarks tuid,s,c and b) and the dashed curve above the six-quark 
prediction (u,d,s,c,b, and t queries). These prediction*76 Include QCD 
corrections to second order with 

* - % r 4| I*-V+( I-"-' I UM(.-V' J 
2 whan Of is the auaber of quark flavors, « s(a) - 12i/<33-Znf) ta(s/A ) , 

and A la the QCD scale paraseter. The data la eJairly in touch better 
agresaent with the fl-vm-quark prediction than the six-quark prediction 
Dp to the aaciaaa centcr-of • ease energy of 36*5 CsV* 

Table XXV gives the average R values for all data above 20 Gey. 
thv evsttege experimental value agrees quit* well with the theoretical 
mpnctatlon. Froa the variation of the four experimental determinations 
Of R» the error on each measurement can be estimated 

• - [ i Z ( £ - R i / | • °-16 • 
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This error (approximately AX) corresponds roughly to the quoted statisti­
cal errors, thus, if ±\<3X syscautic aornalizstion errors are hidden la 

the data, they have to work at least partly In the sane direction In 
different experineats. Kenecber, however, that the trigger biases 
(e.g., the total energy requirement tad the charged particle rec|iiireaent) 
are similar in all experiments. 

It is also expected that the event topology will change significant­
ly when a new flavor threshold is crossed. As the center-of-aass energy 
increases, events become rare and sore colligated into jets. Production 
of a pair of heavy-quark fasdrms is expected to lead to an isotropic 
distribution for s sizable fraction of the events. One measure of the 
event topology is the sphericity 

-in E | P l i | 2 

where {L art the particle momenta and p.. are the transverse ooaenu. 
relative to the jet axis. Very J«t-llke events will have sphericities 
near 0 whereas Isotropic events will have sphericities near 1. Thus, 
the onset of t threshold Is expected to result in a significant increase 
in the average sphericity of events. 

Figure 29 shows average sphericity neasureMcnts77 as a function of 
center-Of-OBSs energy from JAPE, PUtTO aad TASSO. The distribution is 
observed Co decrease monotonies!ly with energy, The solid curve repre­
sents the expected distribution for five quarks and agrees well with 
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t te data. H* dashed c u m shows tbt expected increase la apherielty 

fxoa t decay*, there im no wttmet tor oca quark psoaactloa* 

A aora aopblexicatcd study incorporate* ttta analyst* of tha W6-

dlMUuloaal •ph«rlclty-»pl«iarlty p l o t . 7 7 Aplaoarity la defined as 

1 

«b*xa P ^ •«« the particle tYAnaverM eaatata t«Ut lK to a plan* (rather 

than relative to an aact* aa far sphericity). Mo-jet and glaoa 

breasatrshluug event* populate th* plot in a different wooer than tt 

events. An analysis 7 2 of TASSO, JADB and Ktrk J events find* that « 

thteahold la excluded by 12 attndard deviation* at 35.3 GeV and five 

•taadtrd deviation* at 36.5 $*V. Hot* that these l ia i t t ere beted on 

til* aeeunptlon that the t quark decay* vie the sequence t * b + e * • 

ae auftaeted by the &fcsv*ct&4Sa*fca«a ttafisxalited Cabiobo Batrix. 7* 

Another cnascqoeace of thi* aaeuaed decay aefaaaa io that t detay* 

ant a rtefc source of lea&on*. As aoalyai* 7 2 of the yi*14 of SNOB* with 

noMtntua greater thaa 2 GeV by th* JADE, Hark J and FUHO snaps anew 

a* evidence of * t quark threshold «p to 36.5 6e«* 

Aa la the case of c and h quarks, a aerie* of narrow bound state 

resonances Is expected to prated* the t quark threshold. Asi joint *»•* 

th* M M of the lowest tt bound atat* la at laaat 30 GcVk on* aeea t'toa 

Jig* 22 that at least nix narrow acate* ax* expected to he prodotad. 

fftoa Vis. 26, aaaiarfag the tread of a eooateat r

— / * £ eonttnaaa up to 

the aawa of the lowest t t boand etate, r t f » 5 fceV for the lowest t t 
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boond state, nils would lead to a peak with a ernes section of approxi-
"rtsly swan units of & based on an energy resolution of 20 lfev. 

A search for narrow bound states over part of the genter-of-oass 
energy tang* above 30 CeV baa been patfonttd by scanning in ZO MeV steps. 
A Gaussian curve, corrected for radiative effect*,'3 was fitted at each 
anergy point to give an upper limit on ? M - ^ " h a d " <H2/6"2)/«'had<M>«»''» 
figure 30<a> snow the results of a scan 7 2 by to* JADE, Hark J, FLHTO 
and 1ASS0 groups from 29.9 to 31.5 GeV. Figure 30(b) shows the resales 
of a atelier aeaa 7 2 by the JABE, Mar*. J and TASS6 er*n>* f re* 3S.O to 
33.6 GeV. tbft ltsdts on ? ^ «ce given to Table XV* JADE has also 
presented raSult»BQ eft a scan over thft entire e«nter-o£~aa*SB region 
from 33.0 to 36.7Z GeV. They set an upper Unit of F < 1.3 keV (90? 
confidence leval) ovei this entire tango* 

Theae experimental Units are all considerably lower than the naive 
theoretical prediction- [Note that the th«oretic*l prediction is far 
r whereat the experimental limits are for T , However, it Is expected 
that; Bbga it at least 90Z and hence r ^ * t ^ l Thus, experlneutal 
results see* to rule out the existence of a narrow bound state with 
charge 2/3 tit tin energy rang* which ha* been scanned. 

lite possibility exists that there are narrow bound states is the 
center-oC-awas energy regions which heva not y«t been scanned. However, 
fxtm Fif, 2Zt it i» expected that the threshold for t production Is 
approximately 2 CeV above the mass of the lowatt tt bound atete 
CaanoKlftg a bouoa state is the neighborhood of 36**4 CeV)- the™ ia so 
evidence lor a threshold below 36.5 GwV» and no evidence Cor a bound 
state between 33.0 and 36.5 GeV (a range of 3.5 CeV), thus, it is 
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U*«ly that there la BO bound state for a charge 2/3 quark below 36.5 
GeVr Ualta for as additional charge -1/3 quark are not convincing. 
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1WUS I . flc brandling Mtio a n te* (Hack i ) . 

D*C*yltote *(» f * * % ) * % * *> *K-*)a 

PP (e ^ W " 6 *2 ! !? * 
(»S!H* 1.3 *}'» 2 

»Wkr (»3d^* 
i t IP *5"10* < I X 

**,% ( • - * ! > * * 
a * 5 ! ! : ? * 

*tt**4 ea »(*' * tn c) £ r J 3 Cry*t*l s«U« 
*?0I eontldnca level. 
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faBif i i . x •«» neaauraawnts. 

Statt 

Haw QteV) * 

Statt Mark II * Crystal Ball c Average 

X<3415> 

X(3310) 

XOSSO) 

3412.9± 0.6 

3508.1 + 0.6 

3S55.3il- i 

3308,4*0.4 

3533,9*0.5 

3412.910.6 

350B. 3*0.3 

3554.1*0.5 

*T|WM la an overall ±4 IfeY uncartainty an all •emwranwnta 
dial to tha uncertainty In tlw abaoluta energy normal tratton. 
All aaaaaa am based on 3099.0 for tha aase o\ tlw J/f. 

*fc*fm»tt 17. 
^afaranea 16. 
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UILE XXX. *' +YX, X**TJ/* brinchl&g rttlo MiturtMBM. 

« « « 

!><•' + YX) *B<JC+irJ/*) (X) 

« « « XC3550) x(3510) x<»w> 

I M t l * 

2*S»* 

MtrkXX d 

Crystal Ball r 

1.0 ±0.6 

1.6 ±0.4 

1.0 ±0.2 

1.1 ±0.3 

1.26* 0.22 

1.16 ±0.12 

2.4 10 .0 

2.1 ±0.4 

2.5 ±0.4 

2.4 ±0.6 

2.3B±0.40 

2.34*0.21 

0.2 * 0 . 2 

0.3 £0 .2 

0.tt± 0.09 

< 0.56 • , 

0.0610.02 

0.07 ± 0.02 

*Raf t r u s t IB. 
fufartiict 19. 

cMfarenea 20. 
^tftrtnct 17. 
*90S eoafUmet level. 
Rtftrtnet 16. 
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TABLB IV, x * VJ/V" braaehlng ratio neasurementfl* 

State B(X*YJ / * ) 00 

X(35M) 

1.0* 0.4 

33*10 

17*5 
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W.BLE V. x total tod rt*ai*tive vldthi. 

St i tc r t o t <**> 

rex * rx/*) O»V) 

Stitc r t o t <**> Bvparltttnt Thtory * 
• - • • • 

x(3415> 

XO550) 

IQt 3 

< 2 b 

100 i 50 -x 100 

< 700 b 200-300 

< 680*260 300-400 

aK»£*r*m»s 14, 24 «nd 25, 
1-c upper l l o l t . 



<\ > 

-44- ."I 
TABLE VI, x spin determinations. 

Statu Spin Hypothesis Confidence Level 

G S x i o " 4 

JCO550) 1 0.01 

2 0.11 

0 <l<f* 

XO510) 1 0.13 

2 0.02 
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TftSIZ VII. +* -** *tf/* bnnchisg rmtio aufqx«M&tt. 

Experiment Br«whing Satlo <2) 

Mmkl J 4.3 ±0.8 

BASF* 3.9 ±0,9 

msr-BtUtfiiwy c 3.6 *0.S 

H t r k l l * 2.S ±0.6 

C m U l S l U * 2.1810.38 

Avwaft 2.9 10 .3 

*Befen*ce2B. 
Htefrraic* 29. 
eMfarane* 20. 
Mfutnct 15 

#8*f*mic* 27. 
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TABLE VIII. T resonance naasea (experimental). 

Zxperfcuat HytHeV) Hj.-HjOtoV) ^-(^(MeV) ^...-^(HaV) 

PLDTO 946OH0* 

HUM* 9460llOC 56Q±10C 

BASF I I 9M3,U0.7±10* S S 3 . 7 ± t . 7 ± 1 0 < I . 

U H *t*l.«ta.«±laf Stt.0tl.3±10 f 

cuo «33,6±0.2428* 560.8±0.4±3ff 8*9.5*0.5*4* l l U . t t l . t * 5 9 

CDSB W H . 9 4 0 . 4 S 2 B * SSteUS11 889*145* UUtfeS* 

Av*i**g« 
943J.U28* 

5».9±2.9 J 809.4*4.0 1114.015.1 

*&ef«rtsee 6. 
f 
Reference 49. 

*DESy-Hnfauri-Htldalb«|-M?X MOnchen. ^Reference 50. 
c X i f e n a u 46. •Reference 42• 
Reference 47* Reference 43. 

*Jt*fer«no« 48* -̂ DORIS only. 
PUT© end 938B4 remits are not wed In thle everese. 

'oflBJI Meultfl * » not wed 1 n t U i average. 
ĉeSR only* 

I; 

i 

http://WH.940.4s2b*
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TOta IX. * resonance reduced lcptoois widths (axperJaaatal}. 

— 
l ^ O M M ) 

• a s V5P y^cf^/p^cn ?^tr ,")/r l l i.<T) 

PUH© 1.24*0.13*** 

BBHtP 1.00t0.23d 0.33*0.16?'* 

SUP XX 1.23*0.22* 0.45*0.10* 

LZMA 1.10*0.13* 0.43J0.071 

GLEO O.«5*0.15^ 0.«6i0,07"f 0.28*0.05'' 0.22*0.04J 

I GOBI 0,57*0.1ft*'* 0,4**0.05* 0.2«t0.042 0.23*0.06* 

Avaraae 1.0B*0.06 0.45*0.03 0.29*0.03 0.22*0.03 

'calculated by • • based on quoted values <i2 r - # and B - from expertnene. 

Hefarenee 51. 
cOSn-Baafeurs-aeidelberft-MPI Mhtcheo 
'Warara 52. 
'Calculated by a»3 no relative ayateamtic errors dropped In the ratio. 

tafaranea 55. Tlefexenee $0. 
*fcaf«xance 47. *Refereac« 54* 
'faaffcrenea 48. 2Befe«ac« 42. 
^lataraaea 49. ^tetavane* 45. 
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7 - ^ 
r^ 

m4 

TABLE X. T lfloeonlc branching rat io . 

XxfMtmnt v» » « « > 

PLUTO 

MSP EI 

LENA 

CLEO 

2 .9t l .4 c 

3.3*1.5d 

S.ltJ.O*' 

3.921.1* 

Average 3.4±0,7 f 

Reference 51, 
Reference 55i 

^Reference 53, 
Reference 48. 
^Reference 56. 
f 
B and B e e are combined. 



-w-

UB1£ XI. BeBonance «ssa«« and laptonic widths 
ieaapariaon of experiaut with theory). 

P l I I M M l E*patlment 

Botantlal Model 1 

P l I I M M l E*patlment 

log*-
rltto-
m£e a 

pcwar 
law* 

Cotilenb 
+ linaar* 

Ctmloab + 
logarithmic 
+ linear * QC&* 

595 

<M0) 

890 

1130 

0.45 

0.45 

D.32 

0,24 

^ , - t y (ItaV) 

r w ( T « ) / r M ( T ) 

r M cr ' ) / r M (T) ' 

58B>1 

5*0» 

M»*4 

nuts 

0.45*0.06 

0.48*0.03 

0.29iD.DJ 

0,2210.03 

C5B9) 

590 

no 
1140 

0.36 

0.45 

0.29 

0.22 

(589) 

<M0) 

890 

1130 

0.35 

0.43 

0.2*, 

O.ZO 

(589) 

<560) 

89B 

1170 

0.44 

0.39 

0,2? 

0.23 

(586) 

561-5i6 f 

881-879* 

1141-1123* 

f.44) 

0.44-0.43* 

0.32-0.2?' 

J.27-0.24* 

QC&* 

595 

<M0) 

890 

1130 

0.45 

0.45 

D.32 

0,24 

* f e w i * * ' Vfortnc* to. 
ntefaronm 14. 

Rang* of valuta depends an quaik mass aiaumed. 
^Exparinantal numbers are baead on tht assumption B » 0. 
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TABLE - x l . Gwustan Widths 

of T resonmcM (CLE?}. 

Resonance » <B»V> 

T 3.14t0.20 

T' 3.5310.22 
»rti s.nto.u 
(Wit* 9.00*0.82 
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TMLE XtlX. ?' * I V T br*nehla« 

ZxperlMtit »{T * A~T> (X) 

art* 19.1 ±3.1 

cuss* 19*6 

LBtt e 20*7 

Avmn 19.2 ±2.6 

'tefarmet 56 
Ktftrtnce 54 

c k* fH«ce *7 
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TABLE XIV, Htdronlc cross ««ccl<m oe*s-jraent* 
for U a 20 GeV (PETRA). 

Cxperlaant had nu 

JADE 3,84:0.10 
Hark J 4.1710.10 
PLUTO 3.82:0.14 
TASSO 4,00:0.1 i 
Average 3.97r 0.06 

Thaory* 3.921 0.06 

'calculation 1* b*«d on V • 30 CcV and 
aft - 0.20t 0.04 vteh five Quarks. 
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TABLE XV. LlaUte on r for narrow resonance 
production at high energy (PETRA). 

11 (GeV) r H (k*v> 

29.9 - 31.5 < 0.7"'* 
35.0 - 35.6 < O.S'b 

33.0 - 36.72 < 1.3 b' C 

Theory - S d 

Reference 72. 
90S confidence level. 
Reference 80, 
J, . !• atBuaed to tie approximately 1. 



finiRt CAPTMKS 

Pr F ig . 1. Charewnium U-v*'l dl-'iyr.im should* M.i;«fi as a f uurt Um ni I ' , 

So l id l i n e s I n d i c a t e cm ah] tfi 'W i t i i i c s i r t r a n s i t i o n s . 

U.i shed l ine 's lndlt . l t>' unobserved r.t.itcs or t rndM t l a n i . 

F i g . 2 . I n c l u s i v e plieton s p e c t r u n f r o - *' h-vlronir dvrttyn 

(CryBtnl hall). 

f i g . 3 . t n t l « * i v e photon s p t e t r u n Irons .J/* tmdroni t sJecftyx (Crys t a l Bnl l ) . 

W g . 4 . I n c l u s i v e photon spvt r*«e . fjoo the * ' i« the r«st'»fi «* **>e rj 

t r a n s i t i o n (Cryst.nl B a l l l : .(• unsubtr- ic ted and h) background 

Bubt tuctcd GpCc:r,i a rc shown, Curve', siinv retr.il ( of bes t f ie 

to conblned i>' and Mi a ; . r ^ t r a . 

F i g . 5. I n c l u s i v e photon Kpi-ctrus fron the ! /* In the region of t he 

r\ t u m u l t Ion (Ci>-»ial S a i l ) : i j imsubt rftcti-J and \t) back­

ground s u b t r a c t e d s p e c t r a arc »hcrvn. Curves shiiw Tcnult at 

b e s t H e to cosfoinett * ' ati& J/-. KjH-ctr.t. 

F i g . 6 . f i t t e d photon after gy ' o r eventH vhl . h s a t f s t j the bypo thes ln 

J ' * -» in^ -~ (Crys ta l flail;. 

F ig . 7. F i t t e d hadron le smut- d u t r l j . j t i i ' i : fur J l r c t t - p h " i c n t r a n s i t i o n s 

f roo th* 4:* (H,irV. I t ) . 

F i g . 8 . Low r J / * ciass vo. h l sh > J/v laa:^ f " r e v e n t " «hich s a t i s f y the 

t iyputheuls t* » i l l ' . iw..i;f : '. . A.-. s!iL>wr. .*ri' tli> i-l.'t 

Bast> p r o j e c t i ons . .-.ivt- t r , ' : ' i '.:' u> da*.*. 

F i g . 9 . Low -i(J/. KBSH vf. hif>r, . : > -«•*> : T •••.'t.nt'. v*„i:h t a t t M y 

the hypo thes i s * ' + »'?!,* ' C r y s t a l S,»I1}. 

F i g . 10. (,' * t l r J ' * D a l l t i p in ; {Crys ta l S i K i , 

http://lndlt.lt%3e'
http://Cryst.nl
http://retr.il
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Fig. K. \J/»> invariant nia»o projection (Cryuial Ball). Solid curve 

in lit to the data. 1'aatifil turw Is one hundred times the 

expected background I rom ^' •» «0n°J/ij. 

Fig. 12. Hjdronic Invariant mass distributions for the processes 

a) *' * i2n 2»~ and b> (.• * yjit 3n" (Hark II). 

{\,tvcs represent fits to the data. 

Fig. 13. Photon energy spectrum for *' -* yyiji): (Crystal Ball). 

Curves represent fits to Bpectrum and are described in text. 

Fig. lit. COB6 angular distributions for a) x<3550), b) x(3510) and 

c) x(3415) (.Crystal Ball). Curves shou results of best 

fitB for specified spin hypotheses. 

Fig. 15. yy Invariant mass distribution for i/ - y-^J/ii (Mark II). 

Curve is the expected background fron> #>' •+ • • J/*-

Fig. 16. TT invariant ciass distributions for v' •• vr-I/* (Crystal Ball). 

a) Curve le ten times the expected background from / • " « J/C 

b) Distribution after elimination of 0' - TXi x "* > J ^ "nd 

¥>' •*• nJ/(i events. 

Fig. J7. an invariant mast squared distribution for i>' -» * fl J/<i (solid 

points-Hark II) and U>'» n 0*^/* (open points-Crystal Sail). 

Dashed curve shows expected phase space distribution. 
PC Fig. IS. Bottomoniuv level diagram shoving states as a function of J 

Solid line* indicate established states or transitions. 

Dashed line* indicate unobserved states or transitions. 

Fig. 19. Kadronic cross section as a function of center-of-aass energy 

showing the T, 1" and T" resonances observed by a) CLEO 

and b) CUSB. 



F i g . 2 0 . H j J r o n l c c r o s s s e c t i o n ;KS a 1 unci Ion nl . L-ntiT-of-aaSH e n e r g y 

showing t h e T" and V " rvs.inJilCi.-ri u b s c i v o d bv a 1 Cl.F.ll and 

b) CXSB. A t h r u s t t u t (T * LI .B ' , ) li.is bei-n a p p l i e d l u Ct'SB d a t a . 

FtR. 2 1 . P o t e n t i a l s o i Ri'f«Ti'Hii-> i r ( K ^ j r i i h s l i - 1 , "i.l ip.ivt-r l a v ) , 

14 (Coultrab + U I L M I ) , tt U i v i l o s ! ' * 1,>,: * l l n c i r ) , and t>l 

(t>CI) - m o d i f i e d K U l K i r d s o i i ) . MLMII r . id i i (nr S s i . m - h In t h r 

. iind T s y s t e n s a n Msi> shm-i i . 

F l u - 2 2 . HP.IVV v j j r k continun.- . ttirt'*tH>ld . i- .i t u n i t inn o: " n / ~ r e l a l l v r 

t o thi> ? l e f t I s , 

Fit; . - 3 - r „(T) v s . r (T 1 > at, TH . i sur^J m r i ' t i w i u i U v , Alsi» stitivr i n -

a l l o w e d r t p i o n . s f.>r ch.uju" J. 1 .md ^h:ir>:»L - I - * quar*.*, 

F i t . ?£. T /i'*" vj,. mass K'f knovn v « \ : OT TH-h.̂ n rt-son- incus. ° of Q 

F I R . 2S . R as .1 f u n c t i o n of njiKs In tin- r i^ i . ' t i u: t h«' T'" i r t 'SS) , 

S o l i d c u r v e shnvh 111 t . ' d i s t r i b u t i o n b t l o v .md un ti l* 

r u s u n a n c r . Dashed furv i nhovs !i\ >i! nvv t!ir rc'*.miaiirv, 

F i g . 2 6 . KitiblnK r - i s s {rum "" • - « v r c - . ' t I tn,; , i ,; . i i: ist .->pposlti>-slKn 

p l o n s ( d a t a p o i n t s ) . in ! i t^«- - •-1 *in I'.'i'rts [ s< . | i t i t<isti'xra£> iron 

CLELI U t i i ord ln . i >.-,. i ui '( : - -i ! ' t t' \ 'if d .n . i . !i,intif<! 

hlStO^IM?- it-pri-M-lit >. ' * ii lsslr.),: T-l.'.-. ! I ore . - - i ( f 

UlK'H ( i r d l n . i t f I . 

< . * - * -

F i g . 27 . * * 1 nv.tr l.int m.T.>. ,11 *t r i b .t I -n- '" i T' - - • • ' !r<>-

.i) Q'Sb .Hid b) H.h'i lx - M ' 2n. i . 

F l u . 2 8 . K an ^ l u n r t l n n o! n nt i - t - . i t - C I . . I . I'IUTI;-. »• l u r v c u a i r 
d f i c r i b t - d i n t e n l . 

http://rvs.inJilCi.-ri
http://nv.tr


-57-

W f . 2*. Average *"btrieity *• a function of center-of~tt»«« energy w. 
CUTVII arc d«»CTibed In text. 

Tig. 30. E«r$y scau ihoulng combined R data for a) JADE, Hark J, 
*UJT0 and TA5S0 for 29.9 s W s 31.5 CeV and b) JADE, Hark J 
«t>d tASSO for 35.0 S W & 35.6 CeV. 
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