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Tha study of quarkonium spactroscopy (i.s., the spectyoscopy u
nonrelativistic positrontum-like bound states formad by heavy guark-
antigquark syetams) bagan in 1974 with the simultenacus discovery of
the 179(3095) 1n the resction! p+Be s o’ ¢ ¢ + X and {a o'e"
annihilations iuto hadrons.2 A second w.rrow rescnsnce was subssquently
discovered? wirh a mass approxisately 40D MeV gresrer than the mass of
the J/¢. Although there vas some uncartainty as to the origin of these
natrow tesonances at firat, it is now well-sstablished thet thess and
other relsated ststes avs bound states of & fourth quark, the ¢ of
charmed guark.

The naxt chapter began fn 1977 what evidence for the T(5460) wes
obssrvad in proron-nucleus collisions," Better statisties provided
svidence for at lesst one more related pasticle.’ The T vas subsaquent-
1y cbsarved 1n e'e” anuibilations.®*? The T resonsnces have been fden-
tified as bound states of a fifch quark, ths b or bottom gquerk, ‘!II
nemt batton is Bused on the sssumption that tha b quark is the lower
{i.¢., charge -1/3) meuber of ths third veak iscspin doublet of quarks.

1t is likely rhatr thare %2 at least ons mors systam o&f guark-
antiquark bound states dus to the sxistance of z sixth querk. This
quark, the t or top quark, is expected to b the chargs 2/3 partnar
of the % quark.

In this review, reacant results on charmoniue and hottomonium
spectroscapy are prasentad, The current ststus of the ssavch for top
is slso discucsed.
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I1. CHARMONIUM

Figure | ahows a level diagrzn for the charmonium system. The
standavd specrtroscopic notatica nzsﬂ L, is usad where n is the number
of Tadial nodes Plus one, S is the total q+4 spin (D oxr 1), L is the
orbital angular momentus of the gy, and J 12 tha tatal angular momentum
of the resonance. HNote that nor all possible states sre showm, In
parcicular, the Y awa 3p states are ot showa. Soiid linas indicate
establighed states or transitioms. Experimental identification of
astablished scates 16 shwwm, Dashed lines indicats unobscrved states or

trennitions.

Ay _Inclusive Photon Spostra

Uf the statas shown in Fig. 1, enly the J/y and zhe ¢'(3683) can be
svoduced dizectly in e¢'e” annihilations, The other statas arc produced
vis photon gtransitions from the J/¥ or the ¥'. 1n Pig, 2, which shous
the inclusive photon spectrum from the ¢, nearly &1) of charmenjum
Mn;cm is displayed. The data ia btaged on BUD,D0D ' badronic
dmn from the Crystsl Ball experiment.® To clesn w~ the spectvunm,
pﬁmw:s:humumm:mem to form a 2° have been Temovod.
In ddil.t:l.m. only phorons sufficiently separated from other tracks
{both charged amd aeucral) s0 that there i3 no shower ovarlap have been
used.

Pesks corresponding to radiative transitfons are fdentifled in the
insere. Pesks labeled ), 2 and 3 result from transitions butween the ¢*

and the three y states. The broad enhancement laboled 4 and 3 results

from tha transitions x(355Q) ~ ¥J/¢ and x(3510) = yJ/y. Tha transition
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x(3415) » y3/¢ (labelad &) cannot be seen in phis distribution due to fts
small branching ratie, Finally, the peak at 7 corresponds to the trans-
itdon ' » yn (2980},

In eontyast to the $° inclugive photon apectrum, the 1/% inclusive
photon spectrum {based on approximmcely 900,000 J/% hadronic decays),
shown 4n Fig. 3, is elatfvely structureless,® The arrow st 112 Mev
indicares the locstion of the photon transition from the J/¢ to the n.
The enhsncement usar 200 HeV results from minimum-icnizing charged
particles vhich wire uot tagged ag chacged by the tracking system.

B Jie s yn. i gl s yn,

— i

Figure 4(a} shows the ¢ inclusive photon spectrun in the region
of the teansition to ths fg The covresponding distribution from the
3/% is shown in Fig. 3(a). A simultanecus fit was performed to deter-
wine the zass M and width I' of the n, Erom both the J/¢ and ' inclusive
photon distributions. The two obsexrved signale were Fit to a Brwit-
Higner 1ine shape conveluted with a Caussian ensrgy Tesolution function,
Indepandent quadrstic forms wvere used for the backgrounde. The pavaw-
eters vhich vare determined from the besc Fit are M = 2881 % 15 MeV ond
T« 20'1% mev. Tho value of T vas deterined primarily from the J/¢
inelusive spectrua and oo wddicional uncervaiuty due to the ¢holce of
the functional form which was used for the backgromnd was intluded 4n
the erzror. Figuras 4{b) and 5(b) show the photon energy distributions
afeer background sudtractiem. The curves represent the vesults of the

Lest £ir to the data.
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Based on the rasults of this fit, the branching ratic for the
Process
¢+, @)

1s measured to be? B(¥'+yn) @ 0.431 0,080,188, vhere the firat
arzor e staciatical and the second is systematic. The branching ratio
for the procass

Je - n, {2)

is not teliably kaown dus to uncertainties in the shape of the background.
Praliainary sstimates of the branching ratic? are between 0.4 and 4X,

The exclusive process

Jiy + m, s on > i 3)

has basn obsarvad directly by the Crystal Ball.® Figure 6 shows the
photon smergy discributien for events which satisfy conutrained fits to
tha hypothasis

Iy sy, newy

A clear signal is sean which corrssponds to a mass for the e of

M= 207429 MV, The width of the observed signal is marrow and consis-
tant with tha sxpeccted énergy resolution. Whan thase results are com-
bined with the previcus results frow the incluaive photon opectra, the
bast valoes of the N, FesOnAncE paTAnSters are detearmed to be

MWa 207829 MaV and I’ < 20 HeV (90% confidence level). The branching
zatto product for (3) is measured to be BCI/Y + yn ) xB(n > ¥ € ) =
3,12 1,22 1.5)2 20", Depending on the branching ratio for (2). this
leads t0 & branching ratio for n_ » ' x n on the order of 1-10Z.
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The ¥ark 11 experiment haz observed the 0, in transitions from the
¥' by analysis of final hadronic states which satisfy fits to the
folloving hypotheseal®

¥+ pp

eyt

AR Y

¥+ v pp

W - YRtw:xs . kg e

The analysis wag based on a study of one million ¥’ decays. Tha combined
fitted hadronic mass distridbution for these five processes is showvn in
Fig- 7. A background subtraction has been made for contamination due

to events with single 7°'s cvather than single ¥'s. A pask at the mass
of the n, is cbserved. A fit to the distribution gives M = 2980: § MaV
and T < 40 MeV (90X confidenca level), in agresment with the Cryaeal Ball

results. The branching vactlo products for

vy, n, * badrons

are given in Table I. From the measured inclusive branching vatio for
(1) from the Cryatal Bail, the n, hadronic branching ratios can bs
extracted. They sre siuc given in Table I.

The experimental parameters wvhich have bdeen measured for the n, aTe
not in gross disagreement with theoretical expectations. EstimateslirlZ
for the ground state hyperfine splitting (i.e., the J/¥=n, muss differ-
ence) are cthe order of 100 Ma¥. This is to be compared with the
experinentsl value of approximately 120 MeV. Estimates!? for the total
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width of the LB (based on & Coulomb + linear potential) are on the order
of 5 MaV. The present experimental upper limits are still conciderably
larger than thie pradiction. Ko detailed estimates for branching ratios
of hidronic staten from the e have besn publishad. However, satimates
of branching ratios for radiative transitions to the n, have been made,
The cheoretical expectations!* according to a Coulowb + lipear porential
are B(J/¥ ~ yn,) ™ 3% and B(y' + yn_ )} % 0.5%. The ' branching ratio
pPredictiom i3 in excellent agresment with the experimantsal measurement.

The predicted J/v branching ratio is within the range of values covered
by experiment.

€. ¥' + v, x =+ 1.]‘]!
As shoun in the level diagras in Fig. 1, all chree y states ara

vroduced in the double-cuscade process
LI 3 M 11 T (4)
The hadronic transitions

¥+ ndly (5)

and

A 1 (6)

can also be observed .n this process. Both the Mark II!5 and the
Crystal Balll® have new results from an analysis of (4) based on sub-
stantially grester statistics than were availakle o previous experi-
ments. In both experiments, the J/¥ 1is identified by means of its
decay into u+e‘ or u+p-.

Figure B shows the low mass vs. the high-nass YJ/¥ invarizat mass

combinations from the Mark II for svents which sarisfy constrained fitm
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to (4). Events consistent with (5) have been eliminated. Vertical

bands due to the Xy and Xy produced in the double-cascade process
oy, x tvIfe n

are obssrved. [For simplicity of notation, it will be assumed that the
x(3415) ie spin O, the x{3510) is spin 1, and the x(3550) is spin 2.
These ara the theoretically preferred assignments. These states will ba
referred to as Xgr X and Y respectively. A review of the currant
experimantal situation with regard to the spins will be discussed later.]
Peaks due to these two states are clearly seen in the high-mass projec-
tion, Kinematic reflections of these peaks arising from combirations of
the J/¥ with the initially emitted photon dominate the low-mass projec-
tion, The curvas in Fig. 8 represent the results of a fit to the X; and
X9 pear. plus backpround.

Figure 9 shows a similar scatter plot freom the Crystal Ball., Again,
bands dus to the Xy and X, 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 be plotted in a different manner to make the processes involved
more spparent. This is shown in the Dalictz plot in Fig. 10. The puter
curve shous the phase space boundary. Cute due to0 the detector {e.g.,
shower overlap cuts) reduce the phase space as shown by the inner curve,
Plotted in this manner, the correct ¥J/V mass combinations (in the right
half of the plot) appear as vertical bands. The wrang vJ/y mass combin=-
ationg daviute from the vertical. Horizontal bands due to (5) and (6)

can also be seen.
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The vI/¢ iuvariant sass projection (high-wass combination only)
from the Crystsl Ball is showm in Pig, 11, Events consistsnt vith (5)
and (6) huve besn eliminsted. In addition to clemn peaks at the massés
dﬂaxlnd&uxz.thuuilnmuolcmuu:heuuaftln
Xge A poseible background to {4) 1s the process

R A T (8)

where & reasonable Eit to (4) can be made with observatfon of oaly two
of tha photons from the »° decays. Although the process (8) has s large
branching ratie, the contaminstion due to this process is quite small
as showm by the dotted curve in Pig. 11 vhich represents one hundred
tiwes the expected background from (8). This background does not
account for the obmarved Xp signal, thus it i believed to be zaal,

The solid curve in Fig. 11 shows & £it to the data including peaks at
the x; aod x,.

Bvidence for the x, is marginal in this double-cascade process.
The fact that it is a well-sstablished state is shown in Fig. 12. The
exclusive processes ¢' -+ y + hadrons have been analyzed In detail hy
the ¥ark II.}7 Tha hadronic invariant mass distributions for evants
vhich satisfy constrained fite to the processes v' -~ 72n+2w' and
A 1-3:"'3!' ara ahown in Figs. 12(s) snd (b), Clear peaks at tha
mzsses of all thrae x states ars seon.

The new mass determinations of the x states are more accurate than
praviously cessured values dus to the larpe event canpies available
fzom the Mark II and Grysral bal) experimemts. The x; and x, masses
have basn determined from firs to (4), The x; wass has been determined
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fxﬂf:ltamhldronicdeﬂysofﬂnxn. such 88 thoge shown in Pig. 12.
Thase rasults are susmarized in fable II,

Tk~ branching ratio products B(§' + vx) » B(x + vI/¢) wera detarmivad
from fits to the invariant aess distributions shown in Fige. 8 and 11,
The resulté are given in Table 111 along with previcus measuremants from
other experiments. If the averagt measursd branching rario products are
divided by the zeasured ' » yy branching ratios [B(p' -+ yx) = 72 2% for
all three x states?l]), the x + v3/¢ dranching ratios can be datersined.
They are given in Toble IV. The small Xg * yJ/¥ branching ratie aceounts
for the difficulty in vbaerving the Xg in the double cascade decay (1),

In texrms of theoretical comparisons, the vadiative widehs of the
states ars more relevant than the tranching raties, To calculats thess
partisl widths, it is necessary to know the total widtha of the X statss.
A preliminary maasurenent of the total widih of tha Xp has been made
from s fit to the inclusive photon Bpectrum at the ' (sese Fig. 2). The
result is Plxp) = 1043 Hev,22°23 The torsl widths of the Xy nd x,
have been méasuved by firring the peaks in Tig. l1. This data is showm
again Iin Fig. 13 as a function of photon enargy vather than invariant
mase. The dats were fitted to two Brait-Wigner pesks convoluted wvith
the Nal energy rasolution function. The best fit is shown by the solid
curve. The X; pesk (E'r = 170 MeV) has a wadth consiatent with che shar=
gy resolution wich 90X econfidence level upper limit I < 2.6 MeV. The
X, peak (xvz 130 MoV} 15 Dest fit with a natural width of T = 421 MaV,
The error s statisticsl only. 1f one forces the width to be O, the
best fir is showm by the dashed curve. It is clear that the nonzero
value for the width is being forced by the 4xcens of events batwesn the

R, Ml TH IS ¢ T .
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two pesks. Thus, if thore were an unknown background which populsted
this region, the fitted width might be unnaturally high. Therefore,
if systematic uncertainties are considered, the measurad velue of the
wideh of the x, Should be taken as an upper liwit.

Table V summarizas cthe x total width measurements and the X
radiative width measurenents which vere determined from the products of
the x tozal widths and vadfarive branching ratics. Also ghown are the
theoretical expactations as determined from several theoretical
wodels, 1412428 Considering the uncerrainties in both the experimencal
numbers and the theoreticel oradictions, it 1s @ifficult co clsiw that
the nushers ars not in sgreement.

RMaped on gluon-counting assumptions (i.e., hadronic decays of the
Xp #od the x, procesd vis two gluons in lowest ordar), the Tatio of the
Xy and xy hadronic videhs 1gl?

f(xg = hadrons

- 2
Xg * hadrons 5 “ 0.27 *

From the difference batween the experimencally determined total widchs
amd vadistive vidthe, one determines

I'(]:2 - Illdrnu)
W £0,3.2 0,13 .,
Tha Xy 58 expected to have a hadronfc width smaller cham either the x,
or the Xge This is consistent wich experisental msssurements.
Previous experimental results on the spins of ¢he x states are in
agreamant with the theoretical assignments .l' - o*. I."' and o* for the
Xgr X3 W4 yge respectively. On the other hand, the axparinental
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assignments cauld not be made unambiguously. A recent Cryatal Ball spim

analysia of the process

'+ yxe x - WME, Mo s T 9

provides wnmbiguoue assignments for the x; amd X) as discussed below.

The x, bes previously been cbserved to decay inco ¥ v and E'K,26
Since both decay products are pseudoscalar, thexzmbm.lmﬂoﬂ.
Y~ or 2%, (Higher spin states are not considered.) Since the X, is
produced in a radiarive cransirion from the §* (as ave the other two
states), the C-parity tust be aven, thus eliminating JF%e 1™, the
c:oseY distribution, whers QT is the angle between the pacton produced
in the ' = yx trangition and the beam axis, 1s shown in Fig. l4{s).
This distribution alone 1is not sufficient to separate the spin 2 {a2liid
curve) and apin O (dsshed curve) hypotheses. A maximum likelthond fit
to the dara inwwalving the five pelar and azimuthal angles antaving the
full decay proccas (9) has baun made. The resnlts, given in Table VI,
clearly favor the spin 1 hypotheais,

Nonobservation of ths decay of the % into pairs of psaudoscalare
suggests an unpetwral spin-parity aseigament 3°C « 07%, 1, 27,
Farthermore, the x; is chavrved to decay into ¥ K'Rg, S thus aliminat-
ing the possibilicy of a I = 0" asstgument, The cosd discribution fa
shown in Fig. 14(b). The spin 1 hypothests (solid curve) provides a
better f£it than either spin O (3mshed curve) or spin 2 (the expgoted
distribution is similsr to the spin O distribution). The rasults of the
ful) maximum likelibood fit, also givan in Table VI, fxvor the spin 1
hypothesis.

.......
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The x5 b I » 0™ or 3" wince 12 has aleo been cdasrved to
decay nto % 403 K'¥"s The cosd, distribucion, a4 shown 1n
Fig. 14(c), 15 consistent with spin 0. Dus to the limited statistics
svailable, it i3 inpossibls te do a maximm 1ikelihood £it ¢o the dsta.
Bowever, If w2 conelder the evidence from hadronic decays of the x,
vhich shov the sagulsr distribution to be conpimtent with § + mze,f. 26

the Likely ssosprment for this state 1o 30 = 0'F,

D. 9 > nily

Figures 15 and 16{s) show the yy invariast macs dfstributions for
(&) from the Mark JI35 amd the Crysts) Ball,?” respectively. A cleer
n peak from (5) is observed in both distributions. In addition to the
beckground from (7), thars is also background from (&) whers only two
of the four produced pholons are obasyrved, The feeddown from this
process has beasn astimated by both the Mark II and Crystal Ball axperi-
ments and Is shown by the curves in Fige. 15 and 16(a) situated near the
upper end of the yy sass spestrun, (For the Crystal Ball, tha curve
represents ten Cinas the estimatad background from (8).] Clearly, it is
Imporrant to yndevstand this background 1f yellsble branching ratios for
{5} ave to be extractad.

Branching ratios detarvined fron these discributicns ere pgiven in
Table VII along with previcwsly messured brauching ratios, The new
Eeasurepents are souavhat lover thes older measuvemcnts. This may he
due to & move careful snalysis of che background from {8).

The decay ¢' + nJ/é ie psculiar in that che branching ratio is nuech
larger than would be naively expacted. If one compares this branching
Tatio with the ¢' + s33/¥ branching ratio, 2! one gets
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B(p" = nI/3)/B(3" » wnl/p) = 6, This level of suppression relative ta
the »v transition <en be explained by phase gpace alone. (Tha dacay
wust be p-wave and hence 8 factor k- enters iato the width.) In addi-
tion, there is the fact that only an SH(3) singlet stats can ecouple be-
tween the two charmoniun states. Since the n is wostly oetet, this
contributes an additional suppression of at least a factor of ten.

There are two poesible aslutions to this problem. One can assume that
there 15 a cc sdalxture in the n =0 that it can couple directly to

the §" = J/4 system. Such m0dels?®*?] are capable of explatning not
only the large rate for %' + n3/P, but also the rates for J/¥ » yn amd
J/b -+ yn', Alternatively, one can acsume that there is & large 2=-glusn )
component to the n.32 Thus, the OZI suppression is overcome. Thims moadel
is also successful in sxaplaining the J/y = yn and J/Y =+ yn' rates.

E., ¢'+nMy
Figure 16(b) shows the yy invaricnt masg distribution fox (4) from

the Crystal Ball after elimination of events conaistent with the proces-
ses (5) and (7). A clesn signal at the mams of the w7 is cbserved. The
branching tatio is messurad to be? B{y' + w°J/¢) = 0.09£ 0,02, The
Mark 1T has also cbasrved this trecsition?S snd finds BGY’ =+ v%3/g) =
0.152 0.061.

This tramsition i¢ of particular interest as it violates isoapin,
There 15 a nonrescnant, eclectromagnetlc process

ele” ~ O3y (10)

which does not violate isospin, but the contribution from this process

at the ¢' 15 expected to be small. In fact, an analysis of procass (10)

Ahm e g

} e
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by the Crystal Bail at 3.77 GaV canter-of-mass enorgy leads to an uppsr
1imit of < 0.01X (90X confidence level) for this proceas at the §',
Several papsrs have made thacretical predictions for the ¢' = x%J/y
branching Tatio.33-36 The calculations involve the mixing of SU(2) and
SU(3) eigenatates to form tha physical ¥°.n and n' staces and also
consider the effects of SU(2) and SU(3) symmerry breaking in the decay
suplizudcs. Xecent calculetionsd?-3% lesd to branching ratic valuss in
the oeighbortwod of 0.1%, cospatible with sxperimental resclce.
. 9" - 9l

Ope final transicion Xinking the ¥° and J/¥ has been observed, that
1s 9" + v7]/¥. This is a vall-satsblished transition with B(y' » wrJ/y)
» 502 4%, 2 !.l;. 17 showa tha 72 invariant mass squared for the procas=
sas ¢' + 72 3/y (Frow the Mark YI'7) and ¥' + 7°¢°J/¢ fros the Cryatal
£211%7), The two distributions are consistent in shape (ths normalisa-
tion is arbitrary) and cleatly fncomsistesnt with the phace gpace diseri-
butdon {the deshed cyrwe), This will be discussed later when 3 coupari-
sou to T' dats can be mede.

I:. BOTTOMONIUM

Figure 18 shous a level disgram for mome of the more lmportant
bottomonium states and the transitions batueen them. The most signifi-
cant difference betwean this diagram and the charaonium leve]l diagran
shown in Fig. 1 is the scavcity of established states and transitions
for the battowmium system us compared to the charsonium system. In
fact, only those states which sta formed directly in ee annihilations,
the T(9460), T(10020), T9(10350) and T**(10570). have been gbsarved.
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Only one transition, T' + u'w T has been observed, This is not £oo
surprising, however, when one considers that data at the charmenium
resondnces can be accumulated at a rate approximately two orders of
magnitude higner than the corresponding rate for @& given bottomonium

TESONATNCE .

A. Bottowoniux Msases and Widths

Figures 19 and 20 show the hadromic croes section as a function of
center-of-pass enetgy W throughout the T vesonance vegion as measured by
the CLEO®"s%? gnd CUSEY2*%3 axperiments at CESR. In Fig. 19, only the
three lowsr T states, the T, 7' and T, are shown. In Fig. 20, the ™
and T'" gtatas ars shown. Note that the CUSE dacta shewn in Fig. 20(h)
has a thrust cut (T & 0,85) applied to the data to enhance the bb decays.

A sumary of the T resonance masses as measured by the CESR experi-
ments and the earlier DORIS experiments is given in Table VIII. The
first ecror in all cases i statistical and che second i systemstic.
(If only one axvor i given, it is the combined statistical and system-
atic evror). In the case of My, the systemartic errors are due to the
uncertainties in the abaolute energy calibrations 0f the two machines.
For DORIS, ths uncertainty is 0.1Z and for CESR, the uncertainty is
0.3%. Nota that the difference between the DORIS and CESR determina-
tions of M of appioximately 30 MeV is consistent with the uncertainty
in the ensrgy calibration.

Also of primary importance in the understanding of the bortomonium
systen are ths lsptonic wvidrha oF the resonancas as they are propartion—
al to the squares of the wave functions at the origin. To lowest order
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in annlllhlti

2
r, - 3% 9} wo]? , an

vhere $(0) is the wave function ar the origin and M 1s the uass of the
tesonsnce. (The charge of the b quark is assumed to be -1/3, a question
vidch will ba addvessed shortly.) Experimentally, the leptonic width
mummmummmmcmmmhmof

the resonance
T _F HZ
¥ .ﬂ._fq,m‘m 1)
[T Teot e he 4

vhere T, 10 the reduced Jeptonic wideh, T, , is the hadvonic width,
and oot is the total width.

Measurements of the reduced leptonic widehs for the four T ramen~
ances are given in Table IX. Firet, concentrate on the 'f“(i‘) column.
The sverage raduced leptonic width is Fu(r) = 1,0820,06 kaV. To first
order one can aseume thac most of the width of tha T fe fntc hadronic
dacays, sod hence from (12), the true leptonic width is approxisately
ofual to the vaduced leptonic width. To next order, the total width
caa be broken down as follous

rm - "m + ree + rml + r“, .

Assoming e-y-t universality,

Fror ® Thoa + 3ee (13)

r r

had/Teor ™ 17 B 0 (14)

£
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uhere B“ is the leptenis branching ratio. PFrom Eqs. (12) and (14),
the tzue leptonic width can be expressed in terms of the reduced
leptondc wideh and the leptonic branching ratio

Foo * T [ (2-38) . 5

Sote thot this fe volid for any vesonance for which {13) applies.
[Depending on the sxpsriment, thers may be a mmll correction to (13)
due to the fact that soma of the T'1" decays of the T nay be fomd in
the hadronic data sempls. This correction is neglected in all calcula=
ticns and is small compacred to other etrrors.]

The leptonic branching ratic of the T has been measured by detex-
mining the rate of efe” or yhu” production at the T compared to hadronie
production (after subtraction of the monresonant background contributien).
The measuted valuss ate given in Table X. The average of the ssasure~-
ments (assuming o=p undversality) ia nee('r) = 3.420.7%. Thiz is to be
compared with B (3/9) = 741X at the J/¥. From Eq. (15) snd the
measured value for i‘“('r). the true leptonic width can be calculated,
?“(‘l') « 1,202 0.07 kaV. From these tw weasurements, oné can aleo
calculate the toral width of the T, T, (T) = T, (TM/B (1) = 35.3}5 4
ke¥, This is to be compared uith Pmt[JIO) = 6329 kev,

The hadronic decays of the T are agsumad to proceed via an inter-
mediate state consisting of three color-oerer gluoms in lowest ornder in
QCD. The partia} width for this prosess is predicted to hell*®®

3
2 L)
0 \r"=9 B 2
fy = 8 (—-2, = on? (16

H!
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whate &, is the stroog~-coupling constant, As'in the case of the
laptonic width given im (11), the 3-gluon partisl width is proportional

to the square of the wave function at the origin, DMviding (16} by (11),
we clixisate this factor

2"

3
-%gi'ﬁz';’):% . an
a

With an experimental neasurament of sz’ it is possible to detar-
duu.. Tha total width given in Eg. (13) can ba rssxpressed ss

l‘m - 1'3‘ + l'm + 3!'.. N (18)

vhere r_ is the partial width for secoad-order alsctromagnetic decays
of the T into hadrone. In this approimation, all direct hadronic decays
of the T ara ldentified with the 3-gluon decay. In addition, radiative
tarma (0.8, Yig decays) are neglected. Since Tem 18 the resule of
oonresonant hadron production, l‘m = RF .+ Vhere R = cmfuw off=

vesopanta nsar the 7. From experieent, R & 3,7. Thoa, frem {18),

l‘ﬂ,t - PB. + ﬁ.ﬂ'ee

T
2 .5l 67 19
il (19)

Equating (17) and (19) ani wring measured valy w for I _(T) and 8,.(7),
ons determines o (T) = 0,162 0.02. This 15 to bs compared with
c.(JHr) = 0,19 0,02, calculated in tha came msaner, Since higher-
orday QCD ¢orrections have not been lncluded, the actual valuzs of g

vhich are detcrmined in thie way way not be meaningful. However, the



snall varistion that ig observed between the J/y and the T is coaeistent
with expectations from QCD for a running coupling comstant.

Returaing now co the data in Table IX, the raties of the reduced
leptonic widths of the 1!, 1" and T'" to rhe leptonic uldth of tiw T
are givén, These ratios can be determined wore accurately from the
experizentsl data than csn the reduced leptonic widthzs themselves 8
syotemat?e uncertaintiss tand to cancel in the ratios. Also, theorati=
cal estioates of the ratios are probably subject to less umcertainty
than the vidthe thenselves. TFinally, note that the denominator in tha
ratiom is rmm vhereas the quantity directly accesible to expsriment
has T, (1) in the denominator. Ratios given in this Table have baen
corrected by the factor ?“(T)IP“(T) as determined from the averags
value of B“ {sce Table X),

In contrast to the aituation for the T, thera have been no direact
measursnents of the laptonitc branching ratios of the other T resonances.
For the 7°, tha LENA group has sat an upper limit B (T') < 3.8% (0%
confidance level).“? However, based on nome measurements to be dis-
cugsed later, a wodel-dapandant calculation permits the determination
of the leptonic branching ratic of the 7°, B (') = 2.0:0.47, From
the daca in Table IX and Ey. (15), T (T") = 0.5720.06 keV.

B. _Fotanrig) Model Compsrisons

A vumber of theorists huve attempted to understand the § and 7T
family mass differerces and lsptonic widthe baned on a varietry of flavor
and spin indepandent potentials, The standard treatvent is to consider
the heavy quark-antiquark binding in the nonrelativistic approximacion,

mich ths same way as positronium,?? The potentials vary from arbitrary
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fusctional forms, empivically £it to ths data, to potentials inwpived by
.

The siatlarizy of the ec aud LB laval spacings suggests that the
potential is appooximdteiy logerithode vhere tha wava function of the
bound stare iz large. The most crivial example of such a potential

V() = Aftaz ,
vhere r i the radius, hac besu propossd by Quigg and Rosuer.¥ An
equally ad hoc power lav potential

W) = A+ B’

has deen propomed by Martin,5® A good £1t to the data is achieved with
v (.1

From OCD argunents, one=glucn axchange, leading to a Coulombie
1/r depsndence, is expectod to dominats the form of the pntantisl at
small distances. Long-rangs confinemant cen ba sttained by requiring
the potantial to be lipear at lsrgae distances. The aimplest such pnten-
tial, origlually proposed by the Cornal’ Group,l? dis the sum of a
Coulonb and linear ters

Ve = -% ar + 5 -

Bhanot and RudazS® have proposs2 a plecevise comdimetion of » Coulosb,
Irgaritizsdc and linesr potential

a
v(:)--%;'- FsT
-bm% nSTST,
(1]
-Lz 'arz *
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where r; = 0.12 fa and r, = 0.87 fa. The potential and its fivet
dmminmmmdmumumurlnirz.

Bichardson®? has attespted to divectly incorporate first-order
D 1n the potential. In somentum space,

") -4 pl & -
£q u(l + &

)
uhmufu:mmrotqurkfmonmnuamhmw.
The Foutrier transfora V{z) matches the einglo gluon exchangs form At
small T and join5 &moothly to & linuar behavier at largs ¥
Richardson’s potential has sincs beet modified to take sscond-order XD
into accovnt explicitly,®?

In general, the paranetare of these models ars fixed using
ciizrmonium and/or bottomenium mavaes and leptoniec widthe as inputr.
Figure 21 shows each of these five potentiala as a funetion of r. Also
shown are the mean values of the radius for the 3 ¥ and T rasonancas.
For the range of r covercd by these rosonances, the potuntials srs seen
to be fairly sipflar. 7Tsbls XI gives a comparison of sxperimsntal and
theoretical masses and leptonie widths for the § and T systems. Values
3a parenthesis are inputs to the modals. 1t is clear thet all of the
models agree reasonshl+ well with the data. This 1> ro be & Jncted
alnce the potonrials ara all fairly sisiiar in the intermsdists yegion
of r vhich is most relovant. The major disagresment i for the mess of
the Ti.i) state, but ag it 18 above threshold and cam coupla tr other
chmmnels, the bound atate models ave Dot sxpected to provide good
predictions for cthis state.

e R o S -.-.g.-;n_.-m

R L AT
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The data now available 15 not sufficient to differentiate amang
the various models. Hopelully, information from the topenium system, or
from the heavy quark flavor dependence of the fine structure, will help.

§a b Threshold

The T'" state shown in Fig. 20 is clearly wider than the T" scate.
Table XI1 gives the msasured widihs of all four 7 yesounances assening
“srouian resolution fonctions. The decs is frow CLED.50 The widths of
che fivst three rescnsoces are consisctent with the expected CESR mechine
sasolution., The T' has a width approximstely twice the expscted resolu-
tion. 7The narural vidch can be unfolded from the msasured distribution.
CLIO finds T = 9,62 2,3 MeV. A similar analysis by the CUSE axperiment
msaauras ' = 12,62 6.0 HeV. The fact that the wideh of this atace is
mors than two ovders of magnitude larger than tha wideth of the T indi-
cates thar strong decays can proceed directly from the 7' without 021
suppression. That is, pairs of particles with b qusntum number 11 are
belng produced in che decay of cthe T,

The numbey of bownd states helov chreshold caw be obtatined semi-
classicuily from the Bohr-Sommerfeld quantization condirion

n-%'l- b-: . )

Mcnohthnuofthhmquukﬂbllnwem con-
stent. Quigg and Rosner®2 calculated b from the known charmonium
thrashold energy and predicted n = 3 for the bottomonium system (before
the ocbsarvation of the 7" and T'"). Previous anslyses®? have slso
pradicted a aimilar incresse In the nunber of bound states as the guark

miss incremssn. Figuvre 27 shaws the energy of the heavy quark continuus
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threshold ae a function of qulle Telative to the 5 onius bound state
levels. The actual level apacings arc based on a Jogarithmic potential
and hence are indspendent of quark mass. However, Eq. (20) is more
gen:ral snd applies to a wide range of porentisl models,

D. of

Based on the pattarn cbserved for the u, d, 5 and c quarks, it is
logical to conaidar the b quark as the boctom member .o!' a third lefi-
handed, wesk isospin doublat of quarks. Thus, the charge of the b quark
iz axpected to be -1/Y, 1t is very important to verify this assignment.

Baned on very general assumpticos about the nature of the g poten
tial, theoratical lovar limits which depend on the charge eq of tha
heavy quark can be astablished.®™ As applied to the T system, the

linits are au followa

3 » 1.4 ke .

Figure 73 shovs the allowed regions for charge aspignments of 2/3 and
~1/3 as functions of T (T) and £ (T'). The experimental result (based
on nusberys presented hers) lies just cutside the sllowed vegion for a
charge 2/3 quark snd well within the allowed region for a charge -1/3
quark.

Figure 26 oshows T qu 88 & function of mass [Ir ine well-
establighed vector meson rosonances. For the T resonances, o = -i/3

wak assumed. 1t is observed chat T h.-a is approximately constant far
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the nonradially excited resonsances, Likewise, r.eleg for the ' and T'
are approximataly equal. This provides additional, slthough somewhat
circunstantisl, evidence for the charge ~1/3 asclgnwent of the b quark.
The most convincing evidence for this charge assignment i{s obtained
from the hadronic cross saction measuremsnts in the T resonance region.
According to the naive parton model, and to leading order in QCD, the
ratic of the hadropic crosa section o te the y-pair point cross

had
section is

a Ny

had

R = _c_..._zg z e
up Q=1

2

Q »

where ng ig the nusber of quark flavors. Thus, as threshold is crossed
for production of a new flavor, an incrcase in the hadronic cross

saction

bR % 3.: 21

is expacted. If the b is a charge 2/3 quark, an incrcase of AR = 4/3
is expected and 1if 1t 1p & charge -1/3 quark, an increase of only
AR = 1/3 is expected.
Pigure 25 shows R in the region of the T'™ as measured by CUSB.S5
Pits to the measured cross section below and above the resonance give

the following results
R = 3,73 20,08 ¢ 0,37 N L NTM¢
R = 41220062037 , W->*» Heau '

where the :irst error is statistical and the second is systematic. The
change in R ap threshold is crossed i R =« 0.39:0,10¢ 0.06, zoneistent

with a charge -1/3 assignment for the b gquark,
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One can aiso invoke duality arguments which imply that the
"smwared” cross section due to the narrow bound state resonances should
contribute a similar locrease in B below threshiold. This incresse can be

expressed in terms of the integrated cross sections®®

H
i f Uhadm) dM

o
H

AR =

or in terms of the leprrnic widths of the resonances

Gn e
R = —= .
Zuz AM

For & given resonance, I take MM to be the average of the zass difference
between the resonance and the next lower resonance and the oass differ-
encye between the reschance a2nd the next higher resonance, For example,

for the T
I [CRRE S I CYRI |

The resulting contribytions to R ar: as follows

3

SR{T'Y = .34 = 8.03

AR(T") = 0.3}

"

0.06 .

These results pupport the —1/3 charge assignment and disagree with the

2/3 charge osyignment.
E. T' + 1!'*1!"1'

The observation of the transition

L | (22)
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is Important as it estmblishes chat the T and T' are related states and
their proximity to each other in masz is not purely coincidental. The
v’y missing mass from a sawple of T' hadvonic events fyom CLEO® 1a
shown in Fig. 26. Also shown is the nissing mass from 1ike-gign et
paixs. The " nissing mass distriburion shows a cleay eéxcess at the
mass of the T which is not observed in the like-sign wn missing mass
distribution. (The two distributions wre normalized in the mass region
outside the T psak.) Also shown in Fig. 26 (dashed curve) 1s the »

wissing mass from

T - a l.*l.- R {23)

vhere L im either an ¢ or & 4. The T signal is very clean in this
topology,

In addition to the CLED experiment, the T' = »'7"T transition has
aleo been ocbasrved by CUSE®® and LENA.®7 The results of their messure-
ments are given in Table XIILI. In general, except for the CLED oessure-
ment, decays corresponding to process {2)) wara ussd for the branching
ratio messuremernits. Note that some messureaents may be different than
the published values. I have made corrections to the publighed values
based op the measured T leptonic branching ration, B, (T} = 3.410.72.
Rote sleo thac B _(T') = O vas seeuaed for all calculaticns.

Figure 27 shows v'x invariant mass distribucions from CUSB and
CLED bastd on their sanmple of events satisfying (23). Both distributions
are oheatved to pesk at large valuse of invariant sass, such iLike the
Ar sass distribuciou for ¢' » =9 J/¢ (sce Fig. 17). As in the case of
the ¢’ Jecays, the distriburions are inccasisteant with phase space (showm
o3 dashed curves). This has bean axpisined by Brown and Catn®® and wore
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recently by Yan.F? The solid curve in each case iz based on tha QCD

calculation of Ref. 69 sand sgrecs with the daca.

The total widths for the T and 7' con be expressed ap

Teoe™ = l'u(‘l') * T

Teor(T') = Ty (T} # Ty (10 & T (1) + T (T

For aimplicity of notation, T ep BV includes Loth leptonic decays and
the second-arder electromagnetic dacays into hadrons.
itions at the T' correspond to hadronic transitions from the 7' tc the T.
All contributions from this disgram are expected to be small axcept fov

the wn transition (22), r,ﬂ,u') corresponds to the sum of the radimtive

transitivnas to the 3? states. If it is assumed that a, is the sams at

the T and T', theplle¥d

r (™)
- ee
TJS(T') + I‘en('l"} —Trl'“ T rmm
reetT')
B__(T) *

From Eqs. (24) and (25)

T (™
28 T T
n“('r) ¥°

rtot(T') *

1= B+ anT){1 - 38,,(T)

(24)

The 2«gluon trans-

(23)

(26)

femember that the weasurements of the branching ratio for (22) were

based on s“f.‘l") » 0. This weasured branching ratio will ba dencted by

B(T* + *9T). The true branching vetio is

B(T' + 7eT) = B(T* + wwl) (1 - 38,,(T))

—'
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Thiz correction iv vhet led to the complicaoted denem’aator in Eq. (26),
[Note that by isospim B(T' = =af) = (3/2)B(T* » v’ 1).3
The only unknown in Eq. (26) benides !‘m(‘r') (ranamber, n“u") =
l'e.('l")ﬂm(‘l")] i I'“,(T'). The messured value for the ¢' can be
scaled?™  to give
2 z
r.(T = (:'i-) (:‘-) F 00" & 4.2 kev .
w € m w
To aceount for the uncertainty in scaling this nuzbar, a 150X error has
been Included in the calculations, WNow Eq. (26) cen Be solved ko give
the fina) widths and branching ratios

s“ﬂ") = 2.0:0.4 X
1'“(T') = 0,572 0.04 keV
B(T* »xaT) = 27,1221.6 2

I"“(T') w 28.8+6,1 keV .

Of particular interest is a comparison of tho T' total widin with
the wideh of che y', rw:(w') = 215 40 keV, The reason for this large
difference is that most of the large transitions frem the ¢' or T'
(1.¢., the v transitione to the J/¥ or T and the El cadlative transi-
tions) very as Uot. Heace, while approxiracely 90X of ¢' decays go
into other charmonium states, it is axpected thar over half of the %'
decaya ave divect.

A theoretical prediction fur the vatio of the partial widehe for
the decays 7' + waT and »* + x5 J/¥ can be made which depends on the
apin nf the gluon (assuwing that 2-gluon sxchange is responaible for
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the transition), For the case of spin | gluone??

v m 2 m 2
TP+ 23w | -S) o (e = 0.1 .
T{e' ~ sxJig) 'h .1,
For scaler gluwous, the vacio is sxpected to be near unity.b? The experi-
==atal retio is 0.072 & 0.023, consistent with expectations for epin 1
glions,
+

Recently, the CLEO collaboratfon Las observed evideace for the

transition T + %75 T, but the results are preiiminary.”! Mo obssrvations

of radiative trgnsitions have yot bann re srted.

IV, TUPDNIYM

In analogy with the three vaok iwcspin lepton doullees (i.e., the
e, u and 1 doublets), it iz gunarally oxpacted that a third guark doublet
contalning the b and a8 new quark t (for tep) existr. There are no firm
predicrions for the mass of the t quark. However, one can invole gtane
dard ouperplogy based on the ratio of the mAsses of the 8s, cc and bE
bound states ({.€., HJMIH’ ® J and H\.IHJN 2 3) %o predice a mass of
28 GeV for the first ¢tE bound state. uther estimares®® range from
20-150 GeV,

There are o aunber of methods for establishing the existence of a
new quark., Fiyst, 38 discussed In regord to the bottomonium sysfem, an
increase In R = owlv“ is expactad vhen & new flavor threshold s
crossed. From Eg. (21), an increase of 4/3 unics of B 18 expected as t
threshold is croseed. Figurs 28 shows R as a function of center~of-mass
enargy up to the highest PETRA energies.”? (Only statiscical errors are

shown. Systemotlic errors are estimated to ba approximately =10%.)

—
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PETRA data from PLUTO, TASSO0, Msrk J, JADE acd CELLO are shown as well
as lowsr emergy data from the Mark 1,7% PLUTO™ and DASP.75  1n order
to discrisinste hadronic anmnihilsrion events from tuo-photon and beam-gas
batkground, the PETRA . tperiments require that at lssst 501 of the total
csnter-of-mass energy is observed in the detector (258 for the case of
charged parcicle detaction only). In addition, sach event is required
$0 have ar lesat four charged tracks, and t'r topologies are explicirly
senoved from the four-ctrack dsta smmple. The quoted cross sections are
corracted for acceptance and radiative affects (including hedronic vacuum
polarization). The solid corve In Fig. 28 shous the QCD pradiction for
five quarks (u,d,a,c and b) and the dashed curve shows the six=-quurk
prediction (u,d,8,c,b, and t quarke). Thess predictions’S include QCD
carractions to second order with

tos 3 [ e (3]

1

vhars n, is the number of quark fiavors, 4 (s) = 12¢/(33~2ng) !.n(nh\z).
and A 1s che QCD geale paraneter. The data is cleawgly in much becter
sgresmant with the five-quark prediction than the eix-quark prediction
o0 to the saxisun center-of-mass energy of 36.5 CeV.

Table XIV gives the average R values for sll data above 20 GaV,
The. average axparimental vslue agrees quits well with the theoretical
sxpnctation. From the variition of the four experimental Jdeterminations

of R, the error on aach measurement can ba sstimated

o = [%i(i-ni)’]k . 016 .

i=1
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This error (approximately 43) corresponds roughiy to the quoted statistis

cal errots, Thus, if =10% systematiz aormalizacion ervors are hidden fa
the data, they have to work at least partly in the same direction in
different experiments. Remexber, hosever, that the trigger bdbiases
(e.g., the total encrgy rejuivement and the charped particle requirement)
are oimilar in all experiments,

It is slso expected thar the event topology will change significapt-
iy uhen a new flavor threshold 1s crossed. As the center-of-mass emergy
increages, events become Fore and more collimated into jers. Production
of a pair of heavy-quark hadrons is expected to lead to an isotropic
disteibution for a mizable fractlion of the avents, One seasure of che

event topology is the spherisity
2
=in Z lpul
-3 1
2 5]
1

vhere Bi ate the parcicle soments and p,, are the transverse momencs

relative to the jet axis. Very jet-like events will have sphericities
near 0 wheress isortropic evants will have sphericitios mear ). Thus,
the onset of t threshold is expacted to result in a sigalficant increase
in the aversge sphericity of avoents.

Figure 2§ shows average sphericity measurements’? as a function of
center~of-geas energy fvom JADE, PLUTO and TASSO. The distribucion is
absarved to decrease monotonically with energy, The solid curve repre-

aents the expected distpibution for five quarks and agrees wel) with

e N TV g A e
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the data, The dashed curve shows the wepected increase in ophexieity
from t decayw. There 1n no wvidencs for new querk prodoction.

A more sophisticated stufy incorporates the ssalysis of the tuo-
dimensionsl sphericity-splanseity plot.’? Aplaparity {s defined as

“ 2 |

; Ay

3
.l.""z-

vihure p, #rv the particle transverse wolints relstive to a plane (rather
then relative to sn axis as for spherdedty). Tvo-jer and gluon
bremsstratilung evears populats the plot in s different manner than tE
avents. An analysin’? of TASS0, JADR and Mark J evants finds that cf
threahold is excluded by 12 staadard deviatious at 35.3 GeV and five
standard deviarions at 36.5 GeV. Hote that thess limits ara based on
the assumption that the t guark decaya via the sequenca t + b + g + 5

&8 supgested by the Yobayashi-Maskews genaralized Cebitbe matrix,’é

Anocthexr consequence of vhis aceusnd decay scheme fo that & decays
Bz a rich mource of Ieptons. An zaalyste?® of che yfeld of wacns with
SoMmum grester than 2 GeV by the JADE, Mark J and PLUNO groups shous
no svidence of A t guatk chreshold wp to 6.5 Gev,

As In rhe case of ¢ and b quarks, s series of narrov bound state
Tesonances is expected to praceds the t quark threshold. As: satag thar
the mess of the lowent tf bound state is at leapt 30 GeV, ond sess fioa
Pig. 22 that ar lesst six Dayrow sCates ave expected to be produced.
Prom Fig. 26, asmming the wuﬂot-cmtmruh;mmmpm
the sses of the lowesr tt bound etats, I',, = 5 keV for the lowest tf
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bound state. This would lead to a peak with a uross section of approxi-
matoly geven ondts of A based on an enuvgy resolution of 20 MeV.

A search for marrow bound states over part of the center—of-mass
energy venge abova 10 CeV has been porformad by scanning in 20 MeV ateps.
A Gsusolan curve, corrected for radiative effecea,’® was fitred ar each
energy point to give 40 upper Limft on To @ TGl = ot r6xd) fo, o g O,
Figure 30¢a) ohovs the resuits of a scan’? by the JADE, Mark J, PLUTO
and TASS0 groups from 29.9 o 11.5 GeV. Figurs 30(b) shows the reswlts
of a giniler acen?? by the JADE, ¥Mazk J and TASSO groups from 35.0 to
35.6 Ce¥. The limite oo T eve given In Teble XV, JADE has atso
presented vosults®® on a scan over the entivs canter-of-muss region
from 33,0 to 36,72 GeV. They set an upper limit of T « 1.3 ke (903
confidance leval) over thiz catire range.

Thess exparimantal limite are all considerably lower than the naive
theoretical pradiction. [Note chat cho thaoretical prediction is for
I, Vhercas the experimental limits are for I . However, it is expected
thae B, {¢ 4t least $0Z sod hence T o & Ty .1 Thus, experimeutal
Tesults swes to Yule out the exiateace of & narrow bound state with
charge 2/3 in the avergy range vhich his been scanned.

The possibility exists that thers ars narrow bound states in the
center-pf-pads snatgy regions which have not yat been scanned. Kowever,
froe Pig. 22, it is expectesd that the shreshold for ¢t production is
approxinately 2 GeV above the mass of the lowast tt bound state
{aapeming & bound state in the neiglborhood of 30-A0 Ce¥). There is no
evidence for a threshold below 36.5 GoV, and no avidence for a boumd
state between 33.0 and 36.5 GeV (a rvange of 3.5 GeV). Thus, it is
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lizely thst there is no bound atate for a charge 2/3 quark below 36.5
GeV, Limirs for an additional charge ~1/3 quark are nor eonvincing,
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Sty (57 B pacs 13ty
e (302530 R R
T < 5x 10'5“ <12?
t’a‘is (st :‘):m"' 85123z

“nasad on B » va,) froz Crystal Ball.
9908 confidenca level.
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TARLE I1. X waes medsurénunts.

T

Yoss Qlav) 2
Stats Mark 11 ° Crystal Bal) € Average
S — e eepe——
x{3415) 3412.5+ 0.6 3412.92 0.6
¥(3510) a508.1+ 0.6 3308,4 £ 0.4 3508.3¢% 0.3
x(3539) 3555.32 1. | 3883.9: 0.5 3554.1 % 0.9

'munmralltk!vanhtymallmm-
doa to the uncertainty in the absclute energy normalization.
All sawses arc based on 3095,0 for the mass o'. the J/¢.

'lt!mm 17.
“Rafarence 16.
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TAMLE ITI, ' + vy, x~ v3/¥ branching ratic wessurements.

B(H' + X)X B{x++I/¢$) (X)

Experiment x(3550) x(3510) x(35135)
Mk 13 1.0 20.6 2.4 20.8 0.2 20.2
ner ¥ 1.6 +0.4 2.1 20.4 0.3 20.2
DESY-Heidelberg © | 1.0 s0.2 2.5 20.4 0.142 0,09
Mark 31 9 1.1 20.3 2.4 £0.6 < 0.56 ®
Cryseal Bal2 ¥ 1.2620.22 | 2.3820.40 | 0.06%0.02
Mm 1.16+0.12 2,34% 0131 0,072 0.02
Spetarance 18,

‘bll!lum 19,

“peference 20,

“Naference 17,

®002 confidence level.

‘hhunu 16.




TABLE IV, y + 4J/v branching ratio measurements.

mlde

.
4 s s e sy
B P i, oo

B AR

State

x{3510)
x(3550)

Bix = Y}y (D)

A(3415) 1.0£ 0.4

332 10
17z 5

A am

e gl Tl SES.TD.ID -ae

TR
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TABLE V. ¥ total and radiative widths.

State

{3415}
x(3510)
x{3550)

Plx + vI/9) (keW)
rt.ot {Hav) Expatrinent Therry N

1643 100+ 50 ~ 100
<2b < 700" 200300
421 < 6802260  300-400

fgefarances 14, 24 and 25.
by o upper 1imte.
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TABLE VI. x spin determinations.

Spin Bypothesis Confidence Level

State
X(3I550) 1 .01
2 0.11
0 < 10°%
x (3510} 1 0.13

2 ! 0.02




TABLE VII. ¥* = ni/¢ branching xatid WezpUTEMRED.

Bxperiment Branching Ratio (%)
Mk 14 4.3 20.8
nase ® 3.5 £0.9
DESY-Beidelberg © 3.6 0.3
ek 12 4 2.5 £0.6
Crystal 2all * 2.182 0,38
Avarage 2.9 20,3
'Mm 2B.

hlnfm 29.

CRaferance 20.

dnfcnnc.s 15

®geference 27,




TASLE VIlI.

=6

T resonance masses (experimentat).

B L TLAE T

My ta¥)

sus0210"
9460210°

9463, 120, 7220%
9461.620,6:10°
9433,620,2:207
9434, 520, 228"

pés2, 2220705
9433, 828"

oy = 0

560+10°

553.721.71207
r
552.01,3410

560.8:0.4237

55921298

559.9:2,9%

889.520,5247

889:125"

£89.424.0

HT“- "T(HGV) l E:....-H.,Ohv)

—

1114,081, 1257

11143235‘

1124,025.1

"iaference 6.

“Referance &6.
dlufernnnn &7.
®Refezance 48.

P DESY-Hanbyrg-Beidaiberg-MP] Minchen.

fﬁef.tunce 49.
TReference 50.
hnefcrence 42,
IREEGEI“CI 43,
Inorzs onty.

and DM results are not used in thia averasgs.
1001 resules are wot used in this average.

"cesn only.

—————— - e,
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TAMIE IX. T vesomance reduced leptonic widths (experiaeatsl).

T.D0a [F s o |F o, m f_ecr"'m,aﬂ

1.2410,13%

1.00:0.23% | 0.33¢0.16%*°

DABP 11 1.2320.22° | 0.4550.107

LEWA 1.2000.23% | 0.43s0.07%

cLZo 0.92540.157 | 0.4650,077 | 0.2820.087 | 0.22:0.0¢7
cuEs 0.97:0.16"*%| 0,460,055 | 0.2000.04% | 0.2320.067
Average | 1.0820.06 | 0.45:0.03 0.29£0.03 0,22£0.03

Scalculated by ms bassd on quoted values =7 Tea and L from experiment,
Ppoterence 51.

“pEsy-Hamburg-Reidelberg-MPT Minchen

“gaterence 52,

®caloulated by me; no velative systematic sryors dropped in the ratio.
*aatezence 33. Ipeterence 50.

Raterence 47. Xpeferance S4.

”lcfoﬂnu 48, IReterence 42,

dpeterence 49, Bpeference 43,
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TARLE X. T leptonic branching ratio,

Exzerivent 'uu )y B )
PLUTO 2.202.0° | s.1:3.0°
DASP X1 2.9¢1.4%

LEWA 3.821,5¢
CLED 3.9:1,17
Average 3.£u:£1.7'f

%Reforence 51,
bRafuenca 55,
“Reference 53.
dleferenae 48,
®Refercnce 56,

£
Bml and Bu are combinad.
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TABLE X1.

-hg-

Besonance masses and leptonic widchs

{comparison of experiment with theory).

Potential Model

Toga- Conloub +
Paramatver Experizent :11:2- m'b' m¢ 1—?::::::13 qcp®
My = My Cla) 58841 (589) | (389) | (388) (586) 593
B -My (V) | Stoe 590 | cs60) [ s60) | ser-ses” | (seo)
My My GU¥) 88924 910 | as0 | oo sa1-879° | 80
MMy 000 | 11415 1o {1330 | 1120 | 1e1-u2sf fuz
T (VME (9 |0.4520.06 | 0.36 [0.35 | 0.4 ) |o.s
Tool™M/I, (M | 0.4820,03 | 0,45 0,42 | 0.39 | 0.44-0.43 [0,45
P78, (0¥ | 0.2980.0 | 0.29 [0.2t | 0,22 |0.32-0,29° |0u32
I (T (1F] 0.2200.03 | 0.22 |0.20 { 0.7 s.21-0.24% 0.2
hhf“l““m 57 Fpetarence 59.
°M-r:::: ::: "Reforence 61.

tﬂlnst of values depends an quark mase aseumad,
PExperimental numbers are based on the assumpcion B, = 0
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TABLE 11, Guuasian w«idthe
of T resonances (CLESY.

Resonance o (Ba¥)
T 3.1::0.20
T! 3.53¢0.22
™ 3.76:£0.24
™" 9.00£0.82
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TABLE XIII. T' + ' T branching
ratio memgurenents.

rimant BT + 2’y 1) (D
cLeg” 19.12 3,1

£

cosp® 192 6
LENAS 2027
‘w 19,2+ 2.6

“astarence 56.
bnnnm:e 5.
“rafarence 67.
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TABLE X1V, Hedvronic cross section measaremeats
for W a 20 GeV (PETRA).

‘tﬂ

Experimsnt R= owlaw
JADE 3.84:D.10
Mazk J 4.1720.10
PLUTO 3.82:0.14
TASS0 &.00=0.15
Average 3.97 - 0.06
Theory® 3,921 0.08
Ycalculation is based on ¥ = 30 GeV and
a, = 0,20¢ 0,04 vith five quarks.

[T SO

i
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TABLE XV. Limits on ?.. for narrow rescnance

production at high energy (PETRA).

¥ (GeV) Ty (keV)
29.9 - 31.5 < 0.7%®
35.0 - 35.6 < 0.4%0
33.0 - 36,72 < 1.3

Theory - Sd

‘Rctercncn 72.
b90! confidence leval.

“Reference 20,
d

'hnd is assumed to be ﬁpproxlnately 1.
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Fig. 1. Charooniun level diagram showlng states as a functian of T 7,

Solid lines indicate establip'ed stotes or trapsitiona,
Dashed lines indicate unobscrved States or tTansit!iznes,

Fig. 2. Incluosive ploton spectrun frow o' hadronie decays
{(Cryastal MHall}.

Fig. 3. Inclusive photon spretrun from Jf¢ hedronic decavys {Crystal Ball).

Fig. 4. Inciusive photon sportran from the ¢° in the realen of the 5
transiction (érystnl Balil: &) unsubzracted and b)) background
subtrullted specira are shown. {(urfves show reanule of best fig
to cornbined ' and J/t spectra.

Fig. 5. lnclusive photon spectruz from the If% in the regionm of the
" transltion (Civotal Ball): 2a) uasubtractivyd and by) back-
ground suntracted spectra are shown, Curves show reeul? ot
best fir Lo romdined &' ang /% kpectfa.

Fig, &. Fitted photon energy for events which satfsfy the hypothesis
Iy - 1nﬂ*=- {Crystal Ballj.

Fig. 7. Fitted hadronle mass distrivgtiog for Jdirect-photen transitions
from the &% (Matk 11).

Fig., B. Low v)/¢ mass vs. high 17/y masy for events which satiafy the
hyputhesls 7 = (vl t™Mase T100 Aoy shownh are tie 1 lf
mIss projections. - wrve tr, teart s fif 16 data.

Fig. 9. Low vJ3/, masa ve, high o2 v mans bop oewents Whheh satdafy
the hypothesis w' + stl.y t{rvstal Balll.

Fig. 10, ' » yyl/y Dalitz plat {(Crystal #ali,.
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Fig.
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13.

14,

15.

16.

17.

18.

19,

-hYy

y3/v invariant nase prujection (Crysta) Ball). Solid curve
ly tit to the data. Dashed curve 18 one hundred times the
expected background 1rom ¢° -~ %%y,

Hadronic invariant mass distributions for the processes

8) ¥+ y20 287 and b) ¢+ yIn' 3T (Mark 11).

(.vves represent fits to the data.

Photon encrgy spectrum for y' = yyd/y (Crystal Ball).

Curves represent fits to spectrum and are described in texc.
:onBT angular distributions for a) x{3350), b) x(3510) and

c} x(3415) {Crystal Ball). Curves show results of best

firs for specified spin hypotheses,

vy iovariant mass distribution for y' - yvJ/¢ (Mark II).

Curve is the expected background [rom y' =+ =°2%3/3.

vy invariant nass distributions for ¢' = yy3/¢ (Crystal Ball).
a) Curve is ten times the expccted background from vt 0%l
b) Distribution after elimination of ¢' = vx, x = vJ/¢ and

' + nd/y events.

w¥x invariant mass &quared distribytion for ¢' + n+n'le {solid
points--Mark 11) and ¢'~+ SR RATEY (open points— Crystal Ball).
Dashed curve shows expected phase space distribution.
Bottomonium level diagram showing states as & function of Jpc.
Solid 1ines indicate established states or transirions.

Dashed lines indicate unobserved states or transitions.
Hadronic cross sectior as a function of center-ol-mass enevrgy
showing the 7, 7' and 7" resonances observed by a) CLEC

and b) CUSE.



Fig. 20.
Fig. 21.
Fip. 22
Fig. 23.
Fig. Ma.
Fig. 25.
Fig. 16.
Fig. 27.
Fig. 28.

~50-

Hadronic cross section as 4 tuncrion ot center-of-sass cnergy

- (R

showing the and T resonances observed by aY CLEO and

b) CUSB. A thrust cut (T = J.B8%) han heen applied tu CUSB dara.
Potentials of References 57 (logartthziee, S8 (pover lavdy,

14 (Coulomb + linear), 3% {(coglombd » lopg « linecar), and 6!

(U - modifled Aichardson). Mean rad:it for iS states (i the

s and T systems are alse showmn.

Hoavy (uark continuum threshold 43 a tunction of Bqlzc relative
to the JS levels,

rcctT) vee DO (TTY an mwasured experimentally. Alse showr are

o

allowed reglons for chatpe 203 and Jharge -1 ) quaras,

\
7 /“6 ve. mass for hnowm ved1oT TeRon resonances,

ot
R as a function of mass in the reglon ol the T°7 (CU88),
Solfid curve shows tiL t.o distribution helow and on the
resvnance . lDarhed vurve shows £t alove Lhe resovahee,
Missing mass froum 17 = =a¥ recoiling againgt oppoditoe-sign
plons (data pointe} an! ithe-~fgn ¢loms (soltd bastograz) from
CLEC tlers ordlna v, . wula i a 1t 20 the Jata, Dashed

. . _” . - ¢ -
histograr represents * 7 mdssing "ans from o0 = & 1 0
(right ovdinatel.
4+ - . -
% fpvariant mane Jgistrtb tins tor 77 o« mow 0 b dpom
a) CUSH and b)) CLbv (x = H_F'Ennn.

B as a !tunction o! rinteg-~of =tuse ehefgs m. Lufves afe
K

desceribed in texs.
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Fig. 2%.

Fig. 30.

_5"_

Avarage srharicity as 8 function of center-of-mame energy .
Curves are described in text.

Energy scan whowing combined R data for a) JADE, Mark I,
PLUTO and TASSO fox 29.9% < W < 31,5 GeV and b) JADE, Mark J

and TASSO for 35.0 s W 5 35.6 GeV.
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