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Quark~Antiquark Bound Staie Speotrascopy and QCD

3. tatroduction.

Spectroacopy is the xtudy of the energy lavels of s bound aystem and the
tranzitions among these levela. Freguenty it hap not besn clear that the
states and transitiony being observed were a realization of an underlying
substructure, 1In this initial phase of atydy the difierent particle states
were organized into "ynderatandable™ patterns, e.g., SU(2}, 5UL3), Color,

uhich then led to & deeper understanding.

There are at leaxt tuo imperiant uses st speciroscopic investigations,
The first is the search for nem substructure. Consider {or example, the
emetgence of the quark substructure of the hadron, In the late 195078 the
0012382, with 12372, had not yet been discavered, and soc one finds thia
statement in & well knoun textbook publdished in 1959: ™Let us now see what
kinds af partiole types can be formed by various choioes of [I1. A, and S,
bearing in ming that no experimental svidence has yet indicated the
existente of sultipie charges for elpmentary particles.™ The faot thai the
observed hadron churges ai that time were 8, 2!, uay made into a gwneral
rule for interpreting the underlying physigs, sng ergainizing &1l states,
Thus, as has heen stated by D. H. G. 3. Leith, knowledge ot the “chespmen,”®
the constituents characterized by their quantum numbers, iz one imporiant

3lm af specirascopy.

The gecond importaat use af - ~ctru- . opy 18 the unraveling of the
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dynumlcs.gf a nen_uybufiuojure’OQﬁe tt fias been discovered, This effort
. B -t 4 ! . . .

encnmpasiiéﬁwiﬁﬁiki the soubtiofxrof motipn and tho foross dhich gevern the
substructure. ts final outcome will hg,ﬁ'ngfiled understanding of the
spectroscopy Which led te th2 postulatiop of a subatructure in the first
place. 1the most successful past efforts of this type have uset non-
relativistic bound systems to explore the equations of motion and the
farces, 8.9., the stydy of the hydrogen atom, Thus the excitement
generated by the discovery of Quarkenium, of bound states in which the
exciintiens of the zonstituent heavy gquarks 95 & small fraction of theie
rest musg, is clearty justified. Through the careful study of the
spectroscopy of these quark-antiguark bound systems we shall almost

certainly gain o deep vnderstanding of quark dynamics,

1I. The Search for The Chessmen,

8}. The Quarks As Ue Wow Knew Them. After simost four decades of intensive
sork tho properties of the constituents of hadrons can uith foir certainty

be epumerated as shown in table 1.



Flavors d }] 4 c b
Guantun §
I i 1 [V} 0 1}
Is -} H g ] (]
a ~tr3 3 273 {-%r3 ) 271 |-/
S(Strangeness) 9 0 -1 a 0
titharmpess) 0 1} 0 1 0
B(Bottomness) 0 Q ] Q 1
Approxinate
Constituent aso 350 500 | 1500 j4900
mass (Me¥)}

Table 1. The guarks as ue now know them.

fach guark listed in the table comes in three colers, red (R}, bhlue (B)
and vellow (Y). Thus the tahle repesents 15 quarks. The top quark is also
expected, but has & masa ) 18.5 Gev', Consideration of quark-iepton
symmetry, and the GIM model? for charm, Teads one to organize the quarks

and leptons inte three groups or genaraltiona.



g |

teneration Geperation 2 teneration 3

Table 2. The three generations of leptons and quarks.
Hote that the three generations contain 24
elementary particics. 7 is presumably the
top quark, t.

Some remarks are in order. YThe organization shown in table 2 into three
generatiaons of pairs ot [SU(Z2) % U(1)] doublets (meak isospin) secems
fundamental. The success of weak isopspin implies that strong I-spin
symmetry, SUL2)+., is an accident of nature result-ag from the almost
degenerate masses of the u and d gquarks., Alse, the aprrotimate validity of
SUt3) ¢ is due to the closeness of the s guark mass to the v and d guark
masses. Thus, the old way of viewing the strong interactians is not
fundamental from the perspective of QCD, SU(4) ¢ and SULB) ¢ are even less
fundamental given the large mans differences of the b, ¢, to the u, d, oand
5 quarks. Hhat makes 5UCn}¢ work so well is the apparent flavor
independence of the qq force for mesons and the qqq force for Larvons., The

flaver independente of thrse foreers is certatnly fundomentnl (ol

true).
Houwever, the flavor independencr of inter-guark forces 15 called 'nto
question in the beaut1ful lcctures given Ly H. Harar: at the S.L.A.C.

Summer Institue of 168777, As stated by Harariv, "There s no explanation

Whatscever for the u - e, ¢ - u. and s - d mass difierences. Mhi.e the Ve
= e and p ~ d mass differences may well be of electromagnetic origin, the

Pp - W and ¢ - s differences are larger by 2 - 3 orders of magnitude. The

-5



ve = & and u-d dyfferences are essentially comparable order of magnitude
and equal in sign. the vy - W and ¢ -~ 5 ditferences are of diféierent orders
of magnitude and of opposite signs.” In the context of present ideas, this

suqgests a new force which is figver dependent.

b). The Classification of Ordinary Mesons in Terms of Lonstituent

Quarks.

In these lectures we will concentrate on the qf svstem. There are at
least two recasons to do this. Firstly, the qf system is a tus body sysiem
and so its dynamics can be modeled with relative ease. This is not true for
the qqq system which is 3 three body system having well knoun caleulational
difficulties. Systems with more than three constituent quarks present even
graver difficulties. Secondly. wn recent vears much has been Jearned about
the gg sysiem through the discovery of the ¢ - and b - onva, as well as
through many discoveriesd of neu particle states of the light mesaons.
Pragress with the ggq spectrum has tacn much slower. Thus [ refer the

interested reader to the literature for a review of the gyq svstem®™.

Given the bias of history we begin with the "non-fundomental™ group
theoretical approach in considering mrsons whese constituents are pairs of
u, d, and s gquarks and antiquarks. These are the “Yardinary"™ mesuns. The
spin f g and § Ve in a b and G rexpresentation of SULG) (v o, 5 x 2 sprn

states), For a qf system,

6% 6 =1Z 15 (11-1)



The 1 =nd 35 repreaentations of SU(G) can be decompowed into SU(3)¢ and

SU(2) ypin components where we upe the notetion,
(SU(3) g, 2s+1), (1i-%

% being the spin of the particlea belonging te i%> SP{upin
representation. We then obtain the decomposition into irreducible

repregsentationa shown in table 3.

SU6) | (SU(3) 4. 25+1)
t (i, 1
15 (8,1),(8,3),(1,3)

Tabie 3, SU{6) = SU{3)¢ ¥ SUI)ypin

Also, for each (SU(l)y, 2341} representation, there are orbital excitations

and radial excitations (VIir) from Qco).

A considerably mere transparent way to obtain the same result is to take
the qq model seriously. Figure 1 shous the essence of the model considered
here. The g and § are bound non-relativisticelly by a potential, Vir).
Part g) of the figure shous the singlet.spin state configurotion, part b)

shous one of the three triplet states.

In approximating the structure of mesons using this simple modei. the
strong forces betueen the q and § arise (rom color electrit and color
magnetic fields, There s no known way to apply on external field of these
types, so the consideration of the magnetic guantum number , m, can be
dropped khen uriting the wave tunction for the system. Thus, the mave

furction for the System can be written as follows.

=-7=



172 =m0

Sq 56 ‘§a ?gﬁ
-;4 0" I;C
$:5,+53
$=0 MR S=1
Single! (S2)=5(S+}) Triplet

(a) i=1+5; (b)y &

Figure {. The non-relativiatic quark model for mesons.
a). Single* State. b), One of the Triplet States.
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lad) @ kntr) R (cos8) |28+1,85> ¥1 Ve, (11-3
where n is the principle quantunh nulber, £ =2 0, ¥, ...(n~1) is the arbitel
engular mopentum quantum nurber, & = 0, 1 for singlet ond triplet states
resprotively. sz =0, 21, j = 2 + 85 18 the total anguler momentum quantum
nusber, ¥7 is the SU(3) ¢ Factor in the uave function (for ordinary mesons),

and %o i8 = color SU(3) singlet as dictated by quark confinement,

o = (KR + BB + YH)nf3 , (11~-4)

The spin eigenstates, |2s+1,3,3, are given in terms of the fadividual

quark and antiquark spin eigenstates hy,

Singlet: (6.0 = (|, rglbi~brg - [L.-Dol b bogdad2

1L hali by t1t-8)
t“'“!“"{’i + Ha'i’q“lh'«i)ﬂla
“"“ﬂl*v'l)ﬁ

Triplet: |1,8p

The label af the state in spoctiroscopic notation ia.

nz'lllxil'l: (11=-6)

uhere ue shall use the standard spectrogcopic notation, £ = 0. 1, 2, ... »

S, P, D, ..., and ayain. s = 0, 1,0nd, § =8 + 8,

As oan be shoun®, the parity. P, and charge conjugation, ¢, of the g

system are given by,

~(-1)*

-
u

(-2

€ = (-1)Rvs (11-8)
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Except for $lavor, this simple model yislds the fplloking aet of states,
L} 1
singlet: o', ~t-11 (-0 (-9

Triplet: n’i,.,-l-if .1-!"'|

Lal

n:gl-c-ll'.l-nn ,

n3gyq-t-1F ST

As ue shall see, essentially all the knokn mesuny cen be classified in

thin say.

The tlavor content of the uave function can be determined in tuwo uays.

The ald fashioned way iz to use SUCI)4 a8 is shown in table 4,

meson generie Quark Flaver SU(2)y SUC3) g
type atates reprosentation representation
LA LY di, luti-dd) ~f2,ud 3
K* , K° uf , dB 2 s
onk' sd, Ba 2
° (wu+dd-255)/J6 1
n’0 wiRrdd+ss) A3 [ 1

Yable 4, SU{3); Multiplets for the ordinary hadrons.

Houever, the singlet SU(2) 5 states. of the SV(W)¢ B and 1§
representations. frequently mix (magic mixing) to moke the physical meson

stetes almost diagonal in quark flavor: i.e.,

-10-



{uu+dd+anl Al (uiedd) 22
mix {11-10)

tuitddessINe ai

------ o ———

SUl2) s states Physical states

This experimental §a¢t. toupled with the structure of SUI6), ham led
to the grouping of the & and | representations of $UC3I)¢ into "noneis™ of

Another, more physically motivated, uvay to obtain the flavor uave
functiong is to use the inferred masses of the tight gquarks, i.w0 my o mg ¢
Mmy. Using our simple a8 model of meson strueurer only the following 9

tlavar states exist for the ocdinary mesons:

uiy da s
9 flavor

ud ¢d  sd (£31=-11)
states

us ds L]

Since my = my, und we have at least approximate flaver independence of
the QCcD farces, we expect uu and dd tu optimally aix, and se the physical

states involving ud and dd will be,

tul + ddIA2 , (ui -ad)sf2 . t1-12)

~1}~



The 88 state typically won’t mix Binve my fs quite & bit larger than the
u and d quork masses. He then uoe SUC(2)¢: and strangencos fobservation) to
asaign particle types to tho uppropriate ftavor wmvefunction. The resulls
obtained using SU(¥) ¢ + magic mixing are thus duplicated in a somowhat leas
"mugic® uwy.

Using al) the elenants of the gimple acde! we have developed, &
clasgification of all the observed ordinsry meson statas can be attempted.
The results ot such an attempt by Roper thashmore® (slightly modified) is
shoun in figure 2; it is quite suogessful. rost of the observed ordinary

mosons can be clagsified using the sieple qq wodel | have described.

The search for mesons whose quantum pushers don’t zatisiy the (£, s) <
(P, ©) relationships of equations (11-7) and (i1-3), so-oalled exotic
megons, has not yielded any convineing candidaies, alogo, sxotic mesocns of
the type having § = -1 and Q = { have not been found. Houever, there may
exist svidenoe {or a deviation froe the simaple qf classification in the 0**
mesons Spectrum. At present the folloning 6** ordinary mesons have been
fdentitiedY: £¢1300,300), €(1425,160), 2¢1500,=250), &(980,narrou),
(2890, arge), 5*(c990.narrou), whers the first number in the parentheses
iz the mass of the state in Mev and the second entry is the width, These
stutes ore all 2°Pp’* candidates (shown as “needs confirmation® in Figure
2). The nIP;** atates should be qlose in Mass. for fixed n, {or a non-
relativistic g system. This is bacause the spin-orbit interaction of the
qf iz the mechanism for this mass splititing. and it i3 supposed to be a
smal) perturbation in the mass, §,e., fine structure. The tirst three
states listed satisfy the oriterion of small splitting {rom the other 299,

and 2%P, states, and so are very likely 48 states with 299, Houwover, the

-12=



I [ [ | |
Q8 SPECTRUM
Well established Needs Confirmation
) See R Cashmore |
I=1 007 = (nonet) R

JEE A2/@rTTY
AE Al @
7L 1

n 2330

Figure 2. The observed ordinary meson spectrum clessified
uping the nom-rglativictic qf model developed in
the text. 2 vs n ¢Principle quantum number).
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Tust three states liated lie much Youer in mags than the other 27P) states,
tw/<m> = 0.35; tor eharmonium the 22P; states satisty Amstm> = 0.02. The
exptanation Tor thias is presently controversial, Hy feelting 13 that the
ordinary wmesons wre really quite relativistio q§ svsterns and thus the mon-
relgtivistic trcatment of the spin-grbit interaction. and other nan-
relativistic approximations made. are not applicable to these siates
{gerbage in. garbage out). Gthers, suech as Jaffe and Louv, helieve 2 more
acceptable explanation requires the aexistence of a new set of gqHiqq states
which tiney have predigted. They call these 0** qfqd states “eryptoexotics."
Hote that the crvptoexotic states are o complication, rather than a

reformation, of the 9§ model.

¢). Hidden tharm States and Charmed Mesons.

With the discovery of the of svstem, charmenium, the predictive power of
the siople non-relativistic qf modael can finaly be tented under realistic
canditions., This can easily be seen through the application of two basic
pringiples, the viria)l theorem and conservation of energy. For & non-
relativistic system, where the binding force can be expressed through a

poatential, the virial theorem ¢an be stated as,

2¢1> =¢¢-Tverdy . cLt-13)

The conservation of energy is given by,

€Ty + CV) = Ey E¥t=-24>

Y=



In the above equations. T iz the kinetio energy of the system. V(r) is
the potentia) betueen the g nnd § separated by r) Ep i the binding energy.

For ¥ir) @ r (confining potentisl which ue discuna later), we obtain,

W = (Ve ), (11-1%)

snd so,

WMTr = Ly OF) mplvid B [y (11-16)

where v ig the square of the g (M veloaity,
ror ordinary mesons, stotea are gquasibound at the 198, Jevel,
Ep o m{13§y) = mi11Sy) « 600 MeV, (I1=-17)

<vi) o 00071050 0,6, (=18

The full omaléulation using.

¥{r) = klogir/rg) {11=-15}

vields, <v¥) 2 1, The general fornuta for the petantial C(1I-19) ja?,

(vi) = kfz.qr ¥k z9.78 111-20)

In the case of hidden charm states, ¢ threshold is at the 370, state,

and our siwple analysis yields,

~15-




Eb = mi3704) ~ wmi{l'Sp) = 508 Yoy, 35-21)

or. <v¥) = 30074509 = 0.13, (11-22}

Equation (11-20) pielda, ¢vi) v 0,25, Thus the ¢& syotem opn be ireated
in reasonable approximation as non=relativistic, while ordinary mosons are

clearly quite relativistio systems.

Predicting the atates for charm is straightferuard [(measurind them is ’f/,»
another question). Efther SU(4)}¢ oan be used, &3 shoun in figure 3, or v

can simply guark count.

The hidder c¢harm and charmed meson speetrun ia mhown in tigure 4 a, b.
As ue shall discuss later, most of the lou=lying states which have beon

predicted have been abserved, and at clase to the prediated motsen,

d). Add Bottom Quarks.

In the case of the bb system, with my ¢ § GeV. th. non-relativistio
approximation is quits good, For this case, the beund state spectrua

extends to the 433, state,
Eb * mi438y) ~ m(i*Sp) = 1200 Mev, {11-23)

and, C(vi> = 1200715000 = §.08, the velue ilso cbtained using equation

(11-20). M: will discuss the bb systes in goma dotail later in thess
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figure 3. The hexadecimet of the pseudosealar nesons.
charm is plotted along the s-Ax15 , 1 and 1z
along respectively the y-Axis and the x-Axis,
The 12, #» and 797 mesens arp denoted

by the rpen carclus at the origun, 5¢ by
the black ecaircle.
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lectures. Figure § shous the incredibly rich Jound stato spectroscopy (alld

states tetont 43 gre probably bound) which should exist.

T11. The Interquerk Forcea and the Purticle Ypactrum.

a). The e’e” Bound System, Poaitronium, m Hodel for qf,

Positronium was predicted in 1934 by the well knoun Croatian (astro-)
physicist, S. Mohoroviaic?., It was f rst observed in axperiments performed
by M. Beuteh!® {n 1951, The "0y states werw tirpt seen by Milis, Berko and
Canter''! in 1975, and the 238y = 27P; finpe structure wuas mespured. This
measurement vertfied the QED predictions of Fyulten and Martin'? made in

1954. The time scale of charmonium looks instantenoous by ocompariaon.

Positronium is a non-relativistic QED bound state of an e* and an 27

that it is non-relativistic is easy to show. For posiironium,

Vir) = ~ase, Ep™ = =6.8/n oY, £11-0

Using equations (11-13) and (11-14} ue find,

2T> = —L¥(r)Y, » (v¥)eb.8/5. V1105 = 1,3x10°%, (-2

Even though pos:i.ronivm {8 suger aon-relativistic, a variant of the

bDirac equation plug other relativistic corrections are needed to obtain the

-19=
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bb Spectrascapy
83

45{+1146) +(1.4 £5 T{48}

4D
35{+886)+889 £4 T{35)
-=- I -
30(+685)
+560%3 ==
281+355) , 583+ 10 1(25)
- 2P({+436¢c.q.)
9433128
18 g4g2t10 THS
- 3--
15:07* 35:147 Put*~ 3pia** 1ps2-+ 3pio—-
1nagt a1IIAS

Figure 5. The bP spectrum tegether uith the
experimental volusg of maza differences.
the theoretical predioi.ons of J.R.
Richardson? are in pareanthoses.
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fine s rus*vre and hyperiine structure in lowest order. fthis is because
the fine gtructure gptitting of the nS -~ nP states involves spin-orbit
interactions i.acluding the so called "Thomas precesgion™ term (a
relativistic kinematic effect which is Vinear in v}, Also, the hyperfine
splitting af the a5y - n'Sy states involves an annihilation d agrem in

positronium, beside the usval spin-spin interaction.

The equation used is calied the Groutch-Yennie-Dirac equation'?. This
equation is basically the Dirac equation medified by 6-Y to include
relativistic two body kinematics!'Y. With thio equation accurate fine-
ctructure splitting is obtained. The hyper-fine splitting is obtained by

including as a perturbation the diagrams shoun in fFigure 6.

Hote that the f-s obtained is, f-5/8€, = 4x10°%, while kthe hf-s is
Varger for positronium. hi-a/0En o 10°%, (this is reversed for the hydrogen

atam),

The decay pattern of positrenium into photons is deterained by the 3PC

of each state'®,

nisy, - 27y
ndg, + 1y. (111-3)
n3Py, I13P° + 27

niPy = A7, (nIPy + 7 + (0-1)35,(37)}

The 'Sy .lecay is easy to calculate; referring to figure 7.

21~



Figure 6. The diagrams wsed to calculate the hyper-fine
splitting for positronium.
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Figure 7. Diggrammatic representation of the decay
185 -~ 2v.
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('S5 »27) = tprohability of e*»" contact)
#Hlayylvrez + 0)
#(flux tactor) (111-4)

¥(statistical faotor)

The Tirst factor in (111-4), the probability of e'e” contsot, w0 just
[2¢0)|%, the square of the uave function at the origin. The segond is tha
e*e- annihilation oross section to 2y taken in the Vimv:c of small ot

relative velogity, veglr

'”('r.'l - 0 ‘*n*n.ﬁ’""l 11-5

The flux factor is just vpel» and B0, Oyy x vre] I8 the transition
probability for the annthilation process with the "beam” normalized to one

particle per unit volume at the origin.

The statistical fsotor has the value 4, 3zince oyy has been vbiained as
an average over the initisl ¢ and e* spins and only the 'Sy and not the

three 73y states contribute to the 2r decay of positroniume.
The result of com 1g a1 the factors of equation (III-4) is,

TUS, + 27 = 16pad | o) | 2/m gt (I1-6

The '§3 =+ 37 decay is more difficuit to caloulate. The rate of this
decav is much lower than (ITI-6) due to two factors. The first 10 an extrs
factec of a due to the smivsion of & third phaton: this loners the rate by
a factor of = 137. The second faotor, of about another & reduction in rate,

comes from the smaller available phase space of the three photon fas

=2y
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compared to the two photon) fina) state. The formula for this positronium

decay is given by'S,

F¢I8y + 371 = 84(n2-9)a?| 0201 2/8m 45t t111-7)

tomparing (IlI=-6) to (1I1 7) we find,

Ie3s, =« 27) = B.98x10°"T'('Sy ~ 27} (111-8)

Figure 8 shous the czloulated energy levels and values of 1/T for the

nx? tevels of pasitronium,!¥

The teatures of the spectrum shoun in figure 8 relevant te the case of

charmonium are:

* The size of the splittings relative to the prineipal nuantum

number ecnergy dif{erencen,

.

The relative size of the fine and hyperfine splitting.
= The pattern of the splitting.

» The lifotimes of the € = & vs, € = - states.

The last three festures bear an uncanny regsemblance ta charmonium. One
‘ ghauld note, however. that t“e center of gravity, cog, of the 27P; states
16 ghifted below the unperlurbed valuc of 173 Py. This is nol the case for

ihe hydroge., atom., and iz e¢urrently assumed not to be the case for the qq

system,
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b). 4tp and fis roundation in Experiment,

Quantum Chromodynamica is the candidate theuey for the strong
interactions'®. It is a gauge theory under the growp $9C3)coler . We thus
believe that the color quantum nusber of the quarks 1o the charge of the
nen force which is generated by e Joca) gsuge groups SVE3I)celar . GCP is
nen=abelian, i.e, the tronsmitters of the polor force, massless spin one

gluens, also carry the calor gharge,

Thete are several ruasons based on experiment 1o believe that there is a

global SU(3) . 10r sysmeulry:
» The rate tor w?® + 27, The calcuinted docey rate

is wrong by 3 factor of 9 without eolorp with enlor incYuded,
Taxp * 7.8640.54 e¥'7, gompares well %o the
theoretical value of, [ihaory = 7.3 oV !4,
1he barvon uwave {unction. Hith eoclor, the ground stateg
aof baryons can be uaderstoed in the quark model, without
abanduning the conncction betueen spin § und Fermi-Dirag
statisties. In the casp of the 0, for example, there
are three s quarks in an orbital R w 0 state uith ali
spins a)ignped. This spatial-spin configuration has a
Symmetrio uavefunction, and, the R~ can’t have a 172
gpin (as it does) if consistency with spin-statiskies is
fequired. With three colors, however, overall anti-symmetry
con be restored to the wavefupction if the R~ is made
a color singlet: happily, the color singlet wavefunction

of three quarks is antisymmelrie.

-2 7=
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* Rn = gyptiete” = hadronsizsolete” = p'u-).

Using the free quark modal without color. Rp? is just the

sum of the squares af the quark eleciric charges, e.g.. at

Eca @ 7 GeV, RE® = 2017002 » 2027332 = 1049, 1#

we odd the color charge, Ry, = 3 x 94,2 = 1073, Tae
experimental ly determined value at = 7 Gev i5'?

Rn = 4.0 2 0.32. tiearly, the color charge is agein

regded to ubtain reasonoble agreement with experiment.

These experirental comparisons don’t check the local SUINialor Sauge

invariance. they Jjust check a global SUC3).p1or SYmmetry.

i1t is generanlly

harder to check tha lacal paugs symmetry, since experimenis) effects

invelve higher order QCD (quark "structure™). Rpu ¢an be used as a cheek of

the local gauge invarianoe becouse higher order QCD affccts Rut%, (there

are quark structure e;fects due to quark-gluen virtual interactions). Vo

second arder,

ng
Ry = 380;2014a,(8)/peC Cag(s) niis--.)
=1

where. 8 2 Eca®: ne = § flavors above threshold,
€z = 1,98 - 0_115n; ,
as(s) £ a(3)[1-B1a,7(2)InInts A2} rdpBg 4.+ -]
ex?(8) = dun/(BplinlzrAl)l),

Gg = 11 - 2730y, By ¥ 102 = (387000
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The abeve expressions have been obtained using QUD with the Mg
renarmalization scheme?®, and ny is the number of light quarks (3 in the
case of the energies shoun for Ry}, A is an undetermined scale parameter in
the theory. Thus S(3)color 85 @ local! gauge throry does have observabie
effects, even though they are difficult to abserve, ORp = 104. Figure 9
shows a summary of Rp measurements vs the predictions of equations (111-9) —

(Ir1-13.

Another pince to test OCD is in deep inela:tic ltepton hadron scattering,
22 + H + RL + X, where only the finul state lepton (%) is detected. This
process is wieued as the scattering of the high energy lepton #rom the
quasi-free quark constituents of the nucleon. HNeglecting QCD the quarks
uould act a3 point charges; the hygher orde* effects of QCD cause a
smearing of the quark charge and the scattering deviates from point Vike
behevier which implies scaling violations. Again the scaling violations
are relatively small effects over the range of data availahte, and wmre

difficult to interpret?®.

Thare are some experimental directions which now seem more promising as
prebes of the 4qg and gluon-gluon farce, and so are tests of the lvoal
SU(3)eoler Bauge symmetry. fne directian is the one we will discuss in
these lectures, namely quarkonium spectroscopy. Others are gluonium
spectroscopy??, and gluon bremsstrahlung?*. These last three processes are

depicted graphically 1a f1gure 10.

In all the experiments we have mentioned, an important goal of the
experiment js5 typically the determination of ag(s); what is ag(s)? Lach

experimental situation can yield a somewhat different definition due to
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Figure 9. Ry, from varidus expertments and camparison qyvth QCO.
oy has heen subiracted. The data are radiativatly
corrected. Oaly the statistical errorg are shoun,
syslemattic errors vary between b and 19 percent'?.
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Figure 10. Promising directions for probing SU(3)¢,10r Vocal
gavge symmetry. a). Gluon Bremsstrehlung.
b). Gluon-Gtuon Force (Gluomium).
¢). Quarkonium (qg Forece).
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higher order effects. In the case of quarkonium. to louest order, the color

vaavge ia given by,
n‘i‘ = Alida,te) CITL-54)

Whare the A1) are the famiiiar SU(3).ojor matrices, and the 9F intersction

ints,

G
@y i
+ V(32 = -(4rB)a l§2) 42 (111-15)

1

khere, 92 = (§; - 94)%, is the three vector momentum transfer.

Hote that for QED.

LS

+ ¥(g?) = -asg? CITI~1B)

- 3% I

Where in this case a = 1/137.

Thus we obtain the important substitutien rule?® retating ageqg and a,

tor single gluen exchange,

Gqed * (4/3}aglgiy | (IL-17
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8o sonbining equation (131-11), for ag(s), With qur interpretation of
&at32), given by (11[-15), we {ind that the strength of th2 qf intoraction
iz charsotarized bty ag(q2) + 0 an Qtfhi + targe, ag is the caae for hewvy
quarkonium states. This result (s culled asymptotic freedom tAF)IS, Algo,
given that quarks are confined in hadrons, we must have ag(§2)3> 1 for §2 £

¢ fermi)-1; this feature of the thaory is called infrared slavery (18)%4,

Eauations (17}-15) and (111-16) Took a lat alike, partizularly when
aglft)®ayeyg, Thit 15 the scurce of the analogy which led to the original
ansat2?¢ that charmoniom with 3 = 19gev 2> {7 termid-2 should bhave
characterigtics woch like positranjus. However, aa figure 11 shous,
aglitCe¥?) @ 0,2 ») 1/137. Cven at the T, &5 = 0.17 snd s0 the Simple
cauloab-1ike potential is only part of the story.

e¢). Tha charmonium model,

In 1974 Appolquist and Politzerl® made the QED-QCEB connrstion for 8 = 10
GeV¥l and suggested that o5 boumd states might exisl in the region 3.0 ¢ €on
€ 4.0 Ga¥. Nouever. what reallr started serious consideration that the ¥
gsystes could have a non-relativistic bound stute spectrum ras the Jdiscovery

of 2/% and ¥ in 1974, (See Figure 32.)

The cagse {or a mew charmed quark wss clinched with the cicovery of
charmed mesans in 1976%%. The masses of these mesens suppor ted the idea
that the charmed quark mass was about half the mass of the 479, Thus the
May wag olear to take the non-relativistic charmonium wode! quite

sertously.

=33~
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Figure 11, agls) vs. 3 as caleyluted from (Lti-11) uith Any 2 0,16 Qa¥.

The measured values for &y obtained by experiment at the Jr¢
and T are alse shown, PETRA oxperiments®® have obiasned
25(900GeVi) 2 0.1720.0220.03 by enalyzing the gluon
bremestrahiung process ahoun in Tigure 10, while the theory
yields sbout 0.12 at s = 900 GeV.
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Figure 12. a). The Observation of the J st BNLIY, The Figure shous the

A t————

e*e~ effoctive mass spectrum From the reaction ple » ¢*e“X. h).
The o servotion of the ¥ at SLAC2Y, The Figure shous the Energy
Uepenc co of the Cross Sections ¢*e¢- + hadrona, ete” + p'n”
end v'e” » gte” in the vicinity of the v. ¢). The Enecqgy
Dependence of the Cross Sections e*e” = hadrons, e'e” = p*n",
e*e” + ¢te* and the Foward-Backward Asymmetry in n pasr
produstion in the vicinity of the ¥/, This Figure is
essentially from reference 29.
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In order to explore the 2ansequences of the non-relativistic od bound
state mode]l ue uyss the Schroadinger equation't (in contradiction to the
experience with positronium uhere a retativietic formulation of the theory
has been used). Thers are three aspetis to the mode) which will be
considered, and later compared to axperiment:

+ Catculation of enargy Jevels and wavefunctions,

- Calgulation of the uidths of the states.

« talculntion ot the photon transitions betussn states.
First ue must find the aasses of the states and their wavefunotions. To
accomplish this & patential, V(r} i3 needed. Inftially potentials uere

constructed which separately ineluded AF and IS.

H¥ S E¥, with inttialty {111-18)
H = pirmg + VIR, (Irr-1%y
Yir) = g/r « r/at t111-20)

vihere the first term on the right of (I111-20) is an sttempt to include AF.
and the sesond term approximates 18%¢. My is the mass of the charmed
quark.x snd u? are parameters. Agreement uith experimeni is spotty using
(III-18) ~ {IE1-20} as we will discuss. WNowever, in ths last feu vears.
more sophisticated potentinis have been used which have boen derived more

closely from QCD. These neuer potentials have had greater suecess.

Yo describe the quarkenium spactroscopy, the spin-orbic: ($-2) and spin-
spin (hf-s) potentials are also neoded. These can be obtained from an
“Instantaneous Bethe-Salpeter Kernal consisting of veoto: and scalar
internction terms related to sinple gluon exchange with renormalization

improvement.™'¢® Giyen by,

Veoul(T T MTEy + V(R8I M (QITain) + ¥,(atd1, 15 1111-21)



EVENTS/A20 Mev/c2)
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figure 13. The proof of charm. Invariant mess of tuo particle

combingtions with moments within 30 Mev.c of the
expeated D° mamentumde,

2. a'w, b). Kn?, o). KoKe.
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1o {13) i3 the unit wmatrix in Oirac space. q ia the four momentum of the

Tula? & vy - (IA2Mdoyy q¥, €315-22)

uhers, Wy = (172§)[¥a:7p]: A 18 the ancsalous color magnet moment of the
quark, Moto that V4 (82) is a veeter 1ike potential while v (§2) i~ 3 scalar
potential.

Taking the spin-indepeadent, non relatiyigtic 1imit of ¢111-21) we find
that the potentin) is. in contiguration spuce,

Vo Z B/r + rrnt 2 ¥gauy + (Vytlr) + Valr)) (111-23)

It is usually assumed thut,

Yulr) = arsat , ¥alr) = (1=n)rsgd, (ari-ta

The sotua! spin-dependent potential is chtsined through analogy ta QES in
the reduction of the Pethe-Sulpeter Kernal ynto the Breit Intermction'ds,
VepinlF) 3 C172M21(487P3 & 4(14AICI/P)dV2ar - (1/P)dVerdriL 8

S2/MELBREFY + (1RITVLY L (r)I5,-S5

M2 [Ixsr? ¢ L1 )Ade - At ricll)8eg (11-2%

uhere, § = l'§¢ + 'ic).
Ser ® MUE.-TIE3-F) - §oBp, # = v, Cree-26)
and 's‘.t's'e! is the spin operator for the of{f), The -Ci/r}) dvardr purt of

the firet term arises frce the Thomas precession effect.

For the potentia) of equa-ions (I11-23,711-24),
VapintF) = 1/20203x/r3 & 17ra? (n(3+42) - (1-92IL.8
+2/3M2LANRSLM) + 2n/rat(14A)315, 5%

/MUY &+ wrral (142)2)5.7 (111-27)
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for the simplest case, X = 0, n = 0, and we {find,

Vepin(F) = 172m:2[3%r - 1oratll-3 m
+2/3Mo2 (d0k6CF) 15, S (2]
+irmd TmorIls s 131 (I11-28)

Tarma [1] and (3] contribute to the spin-orbit {-s. with,

3 | €% | Sem
£+ 2 ~28/12R43)
R -1 2
21 -2+ 1) “2(841)/022-1)

o o . e o o . o

Tabte 5. Spin-orbit f-a matrix elements

Term [2] contributes to the hf-s only.

& Bg> = ~3/4(singlet), V4ltriplet) (111-29)

Then

H 2 PI/H, + Vg + Yeotn (111-30)

How that the masses and uave functions are %nown (in principled we alse
want to eanlculate the widths of the states, To accomplish this ue use (ED
pesitrenivm results plus the substitution rules aged™ * (color factordas™.

Thus using equation (111-6) and Rqeal + (2/3)a,? (see reference 16b), We

obtain,

[(nc = ggl+hadrons)) = (873) ag?|R0)|2/H2n, trrr-31)

T 1+
Hhere we define'ﬂ(0)|=|9tul|4n. the radial part of the wavefunction at the

origin. ‘Jsing equation (111-7) and aqeq? = (5/18)ag? (see reference 16b2,

we obtain,

Ftosy + gag) = (40(nZ-9)/81miag®|REOY |2 M2y (1r1-32)

~-39-



Also, (see reference 25},

Ttdsy + 2%27) = dalgoi/ntglrtod ]z, (-1

Finally, we would Tika to calculate the ¥ transitton rates betueen
charmonpium ptatesi. MNe use old fashioned perturbation theory, and sssume

that relativity is not important,

Eleotric dipgle. E:s tranmitions. g.g9.» 238, = 2 2%Py » x ¥ 138,.

1(5 (=) P} = 419[(2j1+1)1(2j1‘!)]Qq‘u|€|fl'u°. (111~34)
where o is the y-erargy, $i{i¢) the totsl angule: momentum of the initial

(§ina)) state, and,

Eyg = r:‘dr[!|(rlif(r)r] (I111-35)
a0

Hagnetic dipole. Mi. transitions. (allomed M1). g.9., 1352 2 ¥ 1'Sa.
FE3%y <= 'S¢) = 1673 (251410 (00721 0| My ¢] 20? (111-36)

where,

Mis = J:’dr[!‘(r)!f(r)jo(arIZ)] (111-37)
I
Hote:
Miy¢ o2 1 since ¥{=¥¢ and jglors2 <{1) « 1,

My transitiong. (hindeced), e.g.,» 2354 * ¥ 1'Sp. Healecting relativistio
etfects and 235, - 390, mixing,

Ftn¥Sy = (p-1)"5p) = 9, {(111-38)

40~



o
stnce, Mjy © —fr*dr(u’/24)[!i(rl!q(r)r*] (LR P (111-39)
0

d) cComparison of the charmonium model! to experiment.

Using the theoretical devalopmenf of the last aection, We can now make
some detailed comparisons with experiments. X, a? and H, are adjustable
parameters so three constrasnts are needed to fix these constantz. A)sp, es
we move from the ¢f to bb guark Bvstems we expect Mg =~ Mp, Xh ¢ KXo, (AF),
and ac? ¢ ap®. Our comparison of theory to experiment will dicuss:

- The masses o; the charmonium and bottomonium systems.
- nt*1 g:PC glassification of observed states.

« The hadronic and leptonic width of states.

+ The rates of v transitions betuween states,

and the pultipolarity of the transitions.
Haag pf stateg:

A number of technigues are available 1o establish the onium state

masses, First, the storege ring energy., uhich is typically known tg 0.1%,

can be used to measure the n3%y" " masses with high precision. An example of

such a measurcment is Shoun in figures 12 b), c). Second, the hadronic
decays of the states not acceasible to direct production can be used to

neasure their masses with a somewhat Vimited sccuracy of about 1% -2%. The

limit in accuracy is due to the Yimit in momentum and angular reselution of
most detectors presently operating. An example of such a measurement is

shoun in figure 13 for DY mesens. Finally, the photon transitions betueen

the states can be used irclusively, or exclusively in fits using hadronic
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information. to determine the masses of the bound n?Pj**, and n'Se-* staten
to high accuracy once the n3Sy"" masses are knoun. This isg because the ¥
energies for the transitions are typically less than 104 of the mass of the
states., In the case of inclusive photon measurements, s shown in figure
14, wecuracies of about 0.2% - 0.4% are obtainahle. For exclusive fits

somewhat more accurate results can be achieved, depending on the detector.
fipe Structure and Hveec fine Structure:

A number of attempts have been made to fit the f~s and, until recently,
ta predict the hi-s. Though the models have had some qualitative success,
none¢ has been able to accurately prediot the f-a, and hi-g, Mozt models
have had u tot of variability in their predictions due-.to the large number
of parameters (5 or 6} available to them. For sxample, before the X(2830)3%
uas shoun not to exiat,?® 3t was itohen as the ne. The Yarge hi-s of = 26D
Mev presented by this sssignment uas eventuelly Ffit by masgt models. Gnly a
feu calculations denied this pagsibilitydé, and these dere estinated to be
good to only 2 30% of the transition 7 energy. Table 6 shous recent
experimental values for the charmontum f-s and hf-s splittings as well as
two sets of predictions of the type discussed in the previpus theory
gection'®?, For hoth sets ef predictions A, the quark anomalous moment. ie

taken as D since little evidence exists for a non-zero value,

Theory 1: x=0.2, 1/7a%=0.19, H.=1.6 Gev, 7=1. A=0.

Theary 2: x=0.8, 1/a2=0,18, Mc=1.6§ Gev, »=0, A=D.
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Figure 14,

Ey (Mev}

13347

The inclusive ¥ spectrum obtained from = 1.7M hadronic ¥/
decays in the cyrstal ball detector. The lower inzert shous the
bound state charmonium level diagram, except for the 2'Py*-
which can only be seen as a ¥ transition {rom cne of the other
P states (if the energies are right) and so should be very
weak. A)1 the %ransitions shoun in the level disgram appear as
1ines in the spestrum. The ueaker transitions to the me?' and
Ne’?2 are shoun in blowyps of the inclusive 7 spectrum in the
regton of the respective linea. The left upper corner contains
the n¢" spectrum ,the right upper corner the n. apectrum. For
details of the measurement, including a careful discussion of
this new 7c’ candidate, see reference 33.
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Hags Difference Experiment Theoey ¥, Thaory 2
ity - Mg {hi-=} 111 2 5 Myt 33 TP, 95 tev
2)Mxs - Myy (f-8) 45,5 20,7013} 87, finput
IiMgy - Mgy CI-m) 95,5 20 gl 30} 53, 88

4XMy" - My Chi-®) 91 25132 58y -=
Tuble 6.

Comparison of experimental f-z and hf-«s to tuo charmonium
models.'® Hale: AMg_g = 21737 = 0.48 30.01) gup: while,
&ifen 3 L.38) vhaoryys = B.57Ftheoryz. Thus theory 2 which
has V, dominant, which is eqyivalent ta a iarge Thomas
precession term.~1/ra?2 (1-mIL-S/2ME, in first lina of
(111-27)), is adle to reproduce the observed AMy.y by
canceling off a large part of the T.¥ term. The tensor part
wf the -3 interaction then dominates.

tlasgification, pt ¥12;PC:

A rumber of pieces of infarmation must be combi. *d ta determine the jPE

of a state. The n?S¢"~ states are relatively easy to identify since they

arg produced directly in e*e’ annihilation. The observation of an

interterence with other annihilation channels., e¢.g9., see tigure 12 ¢),

unambiguously assigns a state’s iPC as 1"~_ “he n¥P;** gtates, ealled the

x states in the charmoniuvm system, pose a more difficult problem, Two types

of infaormation have been used {0 assign these states.

An analyais of the cuscade pracess,

Ve rx ¥y YL TTY R R (15-49)

yielde the I of the stete only, not P ‘wg know € = + hecause of the first

deoay of (ILI-40)). An sngular correlation analvsis?? is done which fits

by~



the » and final state lepton angles to w probability distribution,

Ny leosd? . $2  conbyy GOSE, ¥, ) § (II1-47)
e.g., for j=0,

Mg = €1 + ¢03287)(] + coald) {(dipalwe only for j3U) (111-42)

shere the angles are defiaed in figure 1%, and § indicates the wultipoie
content of Hy. For a spin § x state there are 2j¢1 wultipole amplitudes for
the transition ¥ ~+ ¥ %4, and snother 2j¢1 amplitudes for X3 =+ 7 J7¥. Fhege
are usualty called dipale, quadrupole, aotupole, ..., amplitudey and in
touest order ore clectric dipole (E1) for Xy parity # or magnetio dipole
CHI) for X3 parity -. The angulsr correlation snalysis slone cannot
detarmine uhether slectric or magnetic emplitudes are operative, i.2., as
mentioned previsusly, the parity of the x; state i3 not determined in this
analysic. In the non-relativistio charmenium mode!l, lougst arder §a sssumed
to be dominant. Thus, only the dipele contribution is considered, o.f.
equations (111-34) and (111-36). This ig an agsumpticon which has been
checkod experimentally, as will be choun later. The results shown here are

& partial summary of thosw presentod in refererce 38,

Before considering the full spin nnelysis, muth een be lesrned Cand
hiatorically wes) by oxomining the hadronio degvay modes of the varicus %
states, and by analyzing the distribution of the first ¥, in cosd’. thixz
knowiedge of the initiatly emrited ¥ in the cescade is obiained, slong with
the hadrenic dacay information, from a common 1-¢ kinematic it in the case
of the Mark 137 and Mark 117% detecters. Similer information io ohiained
from the Crysta) Bal) delector by observing a1l 7 decoys of the x states,
€-8.4 X ¥ * .4 }-C fit in this detcctor. The x13.55) snd x(3.41) both

decay into tuo peeudosceliars: ww or KK, while the x(3.51) does hoti®-37
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This is8 i1lustrated using recent Crystal Bell data in figure 16. Thus tha
¥t3.85) and %(3.41) nust have jPC = 0t**, 2¢* .., using P and C conaervatfion

in the decaya.

The x(3.51) is chasrved?? to decay into KRn® (three pseudoscaiaral and
thus 0* is not possible for this staie. The abaence of a prominent decsy
inta 2¥ for such a sarcou state (it is narvowsr than the ¥(3.55) as we
shall discuss), strongly indicates, thoug: does not prove. a apin-parity
sasignment 1* or 1=. (A matsive spin 1 object can’t deosy into twe

nasgless spin V objscis, or Yang's theorea.)

Figure 17 shous the projection on vasd’ of the daia of references
38¢oryetal ball), 29(SLAC=-L8L). TYhere iw @ good indication for » 3 = 0
assignment for the %(3,41)) the %¢3,51) i5 clearly not j = O, am we aiready
know, For a conclunive j sssignment of %(3.55) and x(3.51) the full
cerralation analysis is needed, Hote that the rate for (I11-40) for
%(3.41) is very small and S0 a full analysis cannot be duna te determine j
for this state with oxisting data which cox> from = 3.7 ¥/ decays. The

Vikely assignment of 0** for x2{3.41) iz thua commonly accepted.

A maximom likelihood fit over all angles and multipole coefficients
eetabl ishen the epin asaignment with certainty when sufficient data are
aveilable as is the case for data obtained by the Crystal 5al12% for
%(3. 68} and x(3.51). Thase fitg favar %{3.55) having 352 over 3=1,9 by

many standard deviations, alse %{3.5!) has j=1 by a few standard deviations
{44) over j=2.0.

He thus conclude that,
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¢'—=3y or yu'n® ¥'~—=3y (poftem cut removes ¥°}

20

2.8

L0

Figure 16.

T T T j T T T T
{0) QED
X{3.55)

X{341)

30 32 3.4‘3.5 36 28 30 32 34 36 38

my (Gewc?) ! my (Gewe?) ;-g.lss

3.4] anan

&) ¥=3r or v2%2® a: observed by the Crystul Ball Detector.
%(3.41) ond ¥{3.55) shou prominent signais while, %,(3.51) does
not. b) ¥’+3y tatter n% removal). A strong sipnal still
appesrs for x3(3.55) (though smaller than in figure 16a), vhile
none tppesrs for Xp(3.41). Thus we conglude, %(3.41) and
%(3.35) both . ~cay to o®e®, while %03.51) does not. Also,
%8(3.5%5) hag an “servable decay to r7. MHote that the last pesk
on the right in Eu.h parts of the figure 13 just the QED
process, ete +lr.
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Figure 17. 3) Datm from the Mark 1 '37! gdetectar for %/=rx , x+l8'2e

K*'K'8's". The anpular distribution n cosp’ of the transit
7 is shown for each x state. x(3.41) {5 consistent mith a
cosl®’ disiribution uhile the other X siates are nol. &)

0O 02 04 05 08 1.0

¢ or

en
1+

from the Crystal 8all detector 3%  far #/=rx < yydsv =« yyi‘L°.

Agatn the angular disiribution 1h c038/ af the first »
transition is shoun for each x state. Also, fMonte Carlo
results for varivous spin assignments are shioun. x(3.41) s

consistent with a | + cos?87 disteibution, (§ = 0)}. Based on

a) and b) plus the arguments in the text, a D** assignment
¥o(3.41) ia most Iikely, and 18 commenly accepted.
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2394 2 x(3.55) = x;
23p¢** 3 x(3,.51) = 2 {parity not directly mzasured) (Ii1-43)
23P:% » %(3.41) = x¢

just as one exprcts from the charmonium model. The 0029302 end %o7(3592)
have t=+: housve.. the determination of ¥ for these states needs further
experiments (teangition ¥ cos@’ diz.ribution, 7r and hadronic decays spin
analysis).
Pidths nt Slates. The leptonio branching ratio of the J/¥ car be used to
estimate ap(Myt), To form this branching ratio ue use (111-32) and
(111-333 a8 wel? as,*
Tto/9 = vgg)  32/9w (s-9da tal ?|RC0)]2/m;2 t111-40)

we then find. in Toue : order,

Brids¥ = ote™) = AP LIV 4 ptyut)

Tldrd » ate”) (I11-45)

(S o gog) ¢ LYY 4 etet) 4 TLIY » 7g0)

or,
BriJst + gte~) = alg,?
(111-46)
0tri-9)731x ag? + Zaln S » 39 (wi-9)a,laqyl
Humericably utth Q¢ = 73,
Bridsy = pte*) = Z2.368 x 10°%
(¥11=-47)
1.417x10°% ag? + ¢,736x10°5 + 7.983x10"%a,?
mhich w2 a cubrc equa 2 for &4,
Experinahtaliy,1?
Bf gup(d7¥ - e*e") 2 121x1Q°3 ti-48)
solving (I11-4'; yginy (111-48) wue $rnd,
aglMyl) = 197 20,010 (111-49)
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whiere this result g for #irst order QCB, f.e., ag"tMy?} has actually beem

' detarmined.

A recent evaluntion®' using the J/¥ =~ ny aans difference as input yields
Aws © 0,1620.0220,07, which implies to second order in QCU (WS
renormalization schema),

calMypi) =2 .18 (111-50)
or to first order QED,

a®g(Mg?) = 0.24, (311-51)
Fer cur purposes here, we 4ill use,

asiMp?) = 0.2 & D.02. (111-52)
tUsing equations C(I11=-31) and (111~32),
TJ/=3g)Tinar2g) & ag(My?)[5int=-9)/27n)

£ (1.0 ¢ 0.1 x to-¢ (FI1-53)

By using the experimental value '7

Teotlds¥) = 63 £ 9 KV, (111-54)
and removing the partial widths, I(Js9R42") and TUJ Y+ye8) (c.§. (III-33)

and (1I11=-44)) which have tha values about 8.8 keV and 9.3 Ke¥ regpectively,

ue find,

Tin{ng*pgthadrons)) = 4.7 &£ 1,2 teyv. (111-5%)

Using the inclugive ¥ speotrum from the J/¢ the Ceystal eal)

Coilatoration hag cbtained 39,

“anplngsiiadrons) = 12.4 & 4.6 MeV. {(111-56)
Thus.

T th/Taunlaghadrons) = 0.33 £ 0,17, aI11-5D
where the error in the ratio 49 obtained from a Gausgian combination of he

errors in (I11-55) and (111-56). Depending on cne’s standards this is good
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or poor agrecment. After all, & ¥First order theory is befng used. and tuo
quantitios are being compared which are a factor of 100 differant. Thus,
obtaining sgreement o u factor of 2-3 15 somedhat gratifying. 1st order
QCh al=zo gives the X state widths in terms of the first derivative of Rir)
at the origin'é, i.e.. [R/t0)|3; For example

(29 +hadrons) = 12875 a.F R’ (03] 2/t (113-58)
ond,
T12%P¢*hadrons? = 96e 2 [RAINI |3/ Mgt (111-59)
Thus the rat.o 13 a simple guantity.,

T(22Py+hadrons)/T{2Ps+hadrons) & dMxe*/ (15 Mye*) = 0,23, C1t1-60)

¥sing a combinatian of Crystal Ball rogsults from the inclusive ¥
spectrum from the ¥/ 32 and casoade dosays from the ¥/ to the J73308, the
hadronic widihs of the xq and Xy states can be determined. Figurs 18 shous
tho results cbiained for the widths of the states from the cascade desaya.
Averaging the results from references 38 and 33 for the X%; width ue find,

Fawe (X2) = 2 % | Me¥, {111-51)

Alsgo,3?

I'ixa+ydsy) = 330 2 170 Ka¥ {111~-42)
and so, subtracting (I1X1~-62) frem C(11I=61),

Tixz+hadrons) = 2.7 £ 1 NeV. {i11-67)
From the inclusive 7 spectrum from the ¥/77 (['(xawyJds¥) 1s negligibie),

Tixg2hatrons) & 162 4 MeV {1t11~64)
and thus we find,

T anp(2?P;+hadrons) /T gxp{2¥Ppvhadrons) = 0.17 & 0.08 (I11-65)

or fess than 1¢ below the theoretical ratio (111-80). Me thus again liad
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Figure 18. @) Tha spectrum of the first photon in the coseade

PrayxvpyJsHtite=) from the Crystal Ball Detector 39, The
spectrup is fitted by a convolution of the Wal 1ine shape for
the detector and a Breit-Higner line shape. The dotted line is
the Hal Yine shope, The solid Yine i the full ¥ft. b) The
confidence levels ns a function of the @reit-Mignar €ull width,
I, for %y and xz. The horizental dotted lines shou the 904
g.L.), and the 2! o error Jimits for »z ¢4.1 2 0.9 Ma¥), The
Width measurement is clesriy & tricky ons
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aualitative, though not convincing guantitlstive sgrecment belueen the first
order theory and experiment. The absolute values of the widths are much

worse; the R7(P) cbtained from an early charmonium model?®3, yiglds,
Ti23Pg.957 » hadrong) = 2 MoV, 0.1 MeV. 0.5 Mev.
Rate and Moltipolarity gf 2 Xrapsitions.

To compary the charmonius mode) ¥ tramsitions rate predictions to
experiment., we wust first be sure that the model applies wn principle. We
have already checked ospecta of the model in ihe previous seotions.
Houever, the mon-relativistic approximation also demands dipole dominence
for the 7 transition matrix elements, i.e., that equations (111-34) -
C111-3%) apply. That the dipote matrix elements dominate the radiative
transitions hae begn ohesked using ihe cascade proceas {111- 40), &
described earlier, the jPE of the ¥ states has been determined by using the
cascade prog¢ss and other inputs. In ref:rence 33 fits at the form
(111-41) yers made to the ocascade data for x4 and x;; dipole and quadrupole
aoplitudes were ingluded in the fits. Figure 19 shows the results from the

fitting process, and dipole amplitudes are shoun fto dominate.

Note that the radiative transition matrix elements measures the uave

finction at relativoly targe distance.

From the 7 cascade analysia ue compare [(23S,~722P;) -F(23P;+71784} to

the coupled channel Cornell todel (ECHIN?,

b
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8t {b) 4215818
Figure 19.The multinalarity content of the transitions for a) %y, and b) xz. The
recsult is showun in terws of a Tikelihood functiaon plotted as a function of
0(dipole) and Qlquadrupoie) amplitude content for ¥/2vXj, and xj+vds¢
trznsitions 0 ts pure dipale, 4 is pure guadrupele, D+Q is equal mixture
with positive relative sign, D~Q ia equal mixture with negative relative

sign. The liketihood products for the data samples shoun behave gaussianly

in the regien of the peaks; we thus plot contours of the Jikelihooo
function in 1 0 ¢ells, with each cell below the main peak corresponding to
sucoesgive 1 ¢ deviations from the best estimate. The reselts obtained ar-
coapatible with dipole dominance. See reference 38 for details.
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state Ftx+a'l) T-TIEB) gup D-TlCEM) 4
tweviixi0t (Kev)Zx 102

22p, #1024 Mev 2048 56
2%p, 7 €102 87
2%p, 31 31233 -

Table 7.comparison of experiment 32-7% tp theory"? ¢f the 7 cascade
transition rates. We use Ty" = 215240 Kevt?,

agreement ¢ surprisingly good given the non-relativistic approximations

uhich have been made in the cCM.

Given the results for the first 7 transition rates the agreement seen in
takle 7 is probably an accideat. Results published in 1977 from the MPIS?D

collaboration*? for the first v transition rates are,

Tt4?~+rxgd = 15.5 2 5.0 Kev
Ty 1242 = 15.3 2 4.1 Kev *+ 19% (systematic error) (ILI-66)
Tlv =rxz) = 15.0 £ 4.3 Kev

tfrom I'y’ uncertainty)

Again, using Ty =215240Kev.

Ned. preliminary numbers from the Crystal Ball Collaboration are discussed
in detail in reference 33,

Tte?ayxg) = L8 2 1.3 2 3.4 KeV
Tlyf=yxyy = 18.3 % 1,1 2 3.0 KeV £ 19% tsystematic error) {111-673
T(p’+y%z) = 16.6 + 1,1 & 2.5 KeV (from Iy’ uncertainty)

uhen the first error shoun is point to paint and the second is an averall

systematic uncertainty,
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The agreement between the ol0 and new experimental results is within the
relative systematic errors (encluding the overs!l error on the I'y');
however, the Crystal Ball numbers tend to be larger. Within the point to
point errgrs there is an indication for an increase in rate froa %3 to Ao
transitions for the Crystal Ball dats. Since.

Tigrayxyd ¢ (244413053, (111-63)
c.f.(I111-34), ue expect,

TO syxp) 20002 ¢ TV +yXy 323043 3 TU9 »rxs)/S502? = 1:13) (1¥1-69)

tThe Crystal Ball experiment yieldss | & 0.07 = 1.05 £ 9.08 : 1.37 ¢ 0.3).

Houever, us table § shous, the shaolute comparison is somewhat worse.

state TheorylCeM) Exp. (2 full error)
TCH»yxp) 43 Key 20.824.5 Kev
Tlwrrrey) 34 13,923.9

Tlyr=yxy) 24 16.623.6

Tablie 8. Comparison of the ohmolute retes tor ¥2 + vx;. Theary is
referonce 42, experiment is from reference 33. The full

systematie errors of the experiment have been included for this
comparison.

The M1 transitions should be easrer to calculate since Hyg = 1
e . §.4111-37)), {only Spin fhwp is invoved),
Finds +n'Sp1 00 = 1673¢Qc 202 « 1275 Kev/(Gev)P(CEM) (111-70)
Thus, using <9 = 114 * § Mev, ard (T111-54),
Brapld v=+rHe) = t2.6 £0.5)X (Iry=-71)
The Crystal Ball haa measurcd thiz branching ratie?? to be,

Broupfds¥ -+ Y1) = 5,20 %9-%2 g 45)% an-1)
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Thus again. the agresment betueen the CEH and experiment is reasonable

given the linitations of the madel.

He may conclude atter our somevhnt curgory comparison of the charmonium
model to experiment Caotually only tuo or thres non-relativistic models
uere compared), that agreement iz suprisingly pgood conaidering the
approximations made in the models., The charmonium system does have
important relativistfo corrections. snd higher order QCD corrections?d,
Houever, the bottomonium system shauld be better in these respects and
theory auaits srucial tests as the exploration of this unique system

progresses.
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V. Hhat is Yeft to Tearn?
8} Questions sbout Bottom

As 4o saw in Section 11, bottomonivm 18 quite non-relativistio with
vl « 0,00, ﬂnu. ue sxpett to learn a great deal about gquark
dynamices through the carsful chaervation of the bottomonium system.

In partisular, the tollowing topics should prove to be illuainating.
*  teptonio widiha

¢ n%8y pass splitting

v 239y cog

« 29) tine structure and classifioation
= T(T?ypy)

+ T = np mass splitting

a) Iho gdisgovery of the X zymtem:

The T was discovered at Fernilab using the process, P + Be + £*'2" +
¥, Figurs 20 shous the resuits from Fersilab end the confirming

results from DORIS I.

Figure 21 shows resuits from the Cornell sterage ring CESR, on the T

oystem.

The rates for ¥ syaten produotion in e*e” collisions are
considevably saaller than in the J/7F system case. and thus make the Y
system much more diffioult to study. This is due to a nuaher of
taotors., Coupidering the case of the 1/, first. vis'e" +» 141 ¢

Qui %, uhich drops the croas section by a foctor of « 36 from the

e
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o Columbio- FERMILAB-Stony Brook Colloboration {Tokyo, Aug 78)

® Nol-Pb-Glas Detector/DESY {DOR|S) DESY-Heidelberg~
Hamburg~ Munrchen ~ Colloboratlon (Aug 78)
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Figure 20. Columbio-Fermilab-Stony Brook and OESY-Yamburg-Gwidelibecg-
Muenchen Collaborations: The Y Faaily produced in hadronie and
e'e” resotions.
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Figure 21. a) the T, T and T*” gtates observed in e'e” reactions at CISR

uging the TLED magnetic detector® . b) The T77 and Y*°*
states observed at CESR using the CUSD Hal(TR) detector's.
Note that the T’/¢ ig wider than the machine resolution
signaling the production of B(3) mesons.
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¥’. Second,

g(e'e” + T) & 1/0Epoams Where OGEpgam {3 the energy spread of the
storage ring. For SPEAR and DORIS (both machineg have about the same
magnetic radius),

OEpaam = 2x10°YER? (Gev). (Iv=1}
Thus SPEAR at the ¥’ gains another factor of 2 7 over DODRIS at the T/
due to the beam energy resoluticn, and 50 a total factor of about 250
is 1ost. A1l i5 nolt JYost however, DORIS 11%® has @ much greater
luminosity at the 17 than SPEAR has at the v/, and the production rate
15 proportional to the luminosity. About a factor of 10 more
integrated nb-!/day is expected for DORIS 11 a2t the T’ as compared to
SPEAR at the ¥/. At SPEAR about 20k ¥/ events are cellected per day.
Thys at DORIS JI ue expect about 800 Y’ eventssday. MNote that CESR
should also collect about 800 T/ eventss/day. The luminosity ¢f CESR
i5 lower than JORIS IT1 at the T’, but the machine energy resolution is
about a facter of tuo smaller due to the greater magnetic radius of

the machine.

Khat is obviously needed is a machine with 10 times more

luminosity. Machine physics is s grouth 1ndustrv!

b) teptonic widths angd the determination of Qp.

Figure 22 shous T(13§; = e'e"), vqualion E11-33, divided by the
square of the average quark charge, e.g,, for the p.

(E0;Q;)2 5 (A2 273 + 142 /302 = .

-t
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Figure 22, The leptanic decay widths ot the 135, vector mesons divided by
the square af the average quark charge as a function of the

mMEsSon mass.
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As is seen from the ¥igure. and using (11§-33),

T{135, = e*e") latoy |

z ® 5.6219" (1V=2)
4af(EQ;C;)t M35,

for the mesons with mass below the T. On thagsing QuE = 179, ue find

{Rrtod|2 Mgz« 5, 410V, (v

i

while Qn? = 4¢9 yields a value 4 times smaller. Thus it g naturat to
assign Qp = ~1/3. Thoere are more sophisticated argumentsd? based nn
potential models which support the /3 pssignment; houwever, these
depend on goneral assumptions about the natnce of the bb potential,
Measurements'® of Rhad for Ecm ¢ My*’7, and Eenm * My’’’ also cenfirm
consistency With Qp = =173, It is interesting to note the regularity
for |R(0)|z implied by equation (I¥-2), HNo commonly accepied

potentin) 38 able to reproduce this simple reltation; indeed, due to

the involvement of the p w and & its explonation i5 somewhat

mysterious.

¢) 1he mass splitting of the n?S; states.

-

Initial predictiona®?® of the My’ ~ My = AMy used the standard

potential of section 111,
vir) = x/r + rsa? {Iv=1

where the My’ - M;,u Was used as input and no "flavor tuning” of the
potential was attempted. There initial predictions gave values of 4My
30 to B0 MeV smaller than the experimenfal values. This {ailure of
the potential (1¥-4) led to the development a! a series af potentials
Wwith considerably different asymptotic characteristics all of which
are able to reproduce the chsecved GMy = §6023 Mev, as uell s the

other n?S, masses for the T system (c.f. figures 4 and 5). The
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charecteristics of these recent gatentiale are reviewed {n detail in
refarence 18c, &riefly, the reason that potentials with such diverse
saypptotic bebaviors sre able o reproduce the n%, mats splitting is
that muoh of the bound state wave function is located at values of r
uhere ¥(r) is neither dominated by i/r or r behavior. As is shoun in
figure 23, the average radif of the states studied 1ie in the repion

of transition betueen the tuo postulated saymptotic behaviors.

d) The center of gravity (ceg) of ths wasses of the n¥Pj states.

The potentisals uhich are nou used to deacribe guarkoniua are
clearty not coulonbic in the region ol greatest {nfluence on the
syntem. Thus the original motivation of Appetiquist and Polit2er n
predicting bound states, and the analogy to positronium, has begn
somewhat blurred. In particular, the n? energy degeneracy of the
coulambio central potential, which gives the n?§y and n3P; states the
same mass, ¥ ne longer true. All rucent models pradict & shitt in
the muss of the n?P; cog Hith respect to the n?8, without including s
spin-orhit interaction, where.

2

Min?P;) ey * WIEL25+1)0(NTP)). (Iv-5)
§=0

¢) n3; {ine stravture and classification

The iine stiructure for the quarkonium sysiem, in the prasent
noedols, doos not shift tha cog of the P states C(uhioh is not ths case
for positrontum}. For simple potentials, the fine structure mass

splitting terms scale 1ike?
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Figure 23. force [Tons) vs r [Fermi} for the coulomb force (lowar curve),
and the Richardson patential'®. 1he acon square radii for the
J7¥, $7.1. and T’ sre also shoun, See reference t6c for an in
depth discusaion of the properties of many of the potentials,



(1/HgY) (d3vsdrd) + (I/MGEr) (dVsdr) & Mg loweddsiws2l (1y-g)

where,

¥ =8 orY, (=6 for v < D). (v-7)

Thus, for & coulombic potential, V & 1/r we find AMg.q @ MG 379, while

for v e 0 (loglrsrg)), ANy, & Hg*'.

Experimentally determining M(nIPjleoy und BMy.n is thus an

important check of the gemeral characteristios of the quarkenium

potontial models,

0f course before a detailed comparison can be made, the jP of the
%y states must bo determined. In principle, this can be accompl ished
the same way it was for the ¥. states, e.g., for n = 2,

T2 « gxp =+ y¥Y = ryRte- (1v-8)

can be analyzed to obtain i, while tne exelusive hadronic decays ot
the Xp ctates can be examined to determine P. However, as we shall
diseuss, the branching ratio for the process (I¥-8) is projected to be
guite & bit Jower than far the Js¥ system, and ns we have seen, the T’
production rete is much louer than the v/ production rate. Also the
average charge multiplicity, ¢hde, is (ndg * 8 at the 17, while {(n)y &
4 at the ¥*. The expecied branching fraction into nn or KK for the
§P=0%,2* states. is thus substantially louer for the xp states as
compared to the x. states. Thus the prognosis 1s for rather slow
progresa on these questions, unless Sowe suprises are in store. I
expect that substantial information about even the simplest quantity

to moasure, M(2?P5)cpgs w111 be tus years in coming, i.e., the summer
of 1383,

f) Brenching ratios for T -+ wxy;, and the ¥ cascasde reactions.
L]
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Many theoretical estimates have been made for the partial widtha,
T(I’ =+ ¥xpy) for bottomonium'é, In order to obtain branghing ratias
the ful) widih of the T* is also nweeded. There has heen some
uncertainty in Iy’ due to lack of knouledge of the wu transition fro
the T’ to the . Theoretically®d,

T + Jréom) [fr,-z> 2
] = 10. (v=-9

r(Ys » Inny Cry*iy

if the gtuon has spin 1. Thus the accuracy of this prediction is crucisl
in the theorwtical determination of I'y”. In the case of the ¥,
Fiy*sani=il'y’, Recently the LENA collaboration at DORLS repartedS? the
first measurement of Br(T” = n*q-T). Measurements of this branching rati
have also beon made by the CLEQSZ and cUSB®? detectors at the CESR storag
ring., 7The average of the three measurements yield. assuming isotopic spi
invariance in the decay.,

Br(T’ = wnl) = (28,323,924, (V=100

in order to obtain Ty’, the LEMA group had te use a complex argument
since & direct measurement ot Iy’ has not yet been accomplished due te th
large amount of running time needed. Let us now make a slight diversion

and reproduce the LENA argument here; its validity saves a lot pf machim

time.
Te? = T(Y” = 3athadrons)) + [(I” -+ 2gT(nwY))
* E TCY* + yxp3) + ToulI’ + hadrons) tv=-11)
also, 3=0
Ty « T(T = 3y (hadronsz)} + Toul(Y » hadrons) (v -123

where Toy 18 the process shoun in fipure 24,

~HB=



Figure 24.The diagrommatic representation of the process which yields [gm.
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Both Iy and Taw are proportional to Fae (for the T, Feell) 2 (T = ove")).

ond,
(Cr/Tee(T)) @ (T(T% + 3g) + [eulI’ + hadrons) 1/ ee(t”) t1¥-13)
letting,
BaalT) = CuutTisl T (tv-14)
we find,
[CY? » 39) + Teall’ - hadrons) = [ee(l’)/Beell) (Iv-15)
also%0,
rer'+ 291) = Br(Y” + upTiTy”’ t1v-186)

combining, (I¥-t1), (1v-15), =nd (IVv-16}, ke obtain,

2
([ eulT?1/BealT) + IT(T* = yx1,5)]
i=0
Tt/ = {Iv-17)
1« 8r(T" » mnl)

using the LEHA valges forSV

Teell’) = (0.5620.09) KeV {1y-13)
andgt?

Beell) = (3.220.80% {iv-19
we obtain,

TealT’)/BaalT) = 18°% ;. KeV Ltiv-20)

and finally.

2
Iy* = 269 Kev + (1.42:0.0003T(T’ + ¥xn;) (1y-21)
j=¢
The width of the T has been abtainedss,
Tr 5 40 *'3_y Kev.

In order to estimate the offect of the ¥ transitions, we can use scaling

laws” using (I1T-34),

-fu-



1
1

TLY? = 72y /D097 + g%ey) =

(Qu/Qe) luby/eg;dd |Biefude]Eit] 2 (1v-22)

For a potential of the form (iv-7),

tuyjrugy)d |:if|h'f|51f|g' ¥ (mp/mg) IV L/ (Ve tive23)

Then. for ¥ = ¢ (loglrsryl),

T = yxp3) 2 (LAQCW3TY + yiy;) (1y-24)
andd?,
2
ET(H - 7255 = 60 Ke¥ (1v-185
j=0
and ao,
2
ETUY + rxp3) = 5 Xev (iv-26)
i=0

using this value,

Ty’ = 33 210 KeV = [y, (=273
Thia is eartainly not the case in tha J7v system where [y’ & Sly,w.  Of
caurse the relatively narraver width of the Y/ as compared to the ¥ i3 an
important boast te the obzarvation of the ¥ tines. since their sbgervatien

rate is proportional to Bri7/ + ¥¥p;). He can estimate vsing (IV-28) und
tiv-27,
2
E Br{I’ =+ rxp;) = 15%. (1v=-28)
=0
vas guch lines would appear §n the Erystal Ball Detector using 125k T7

decays 18 shown using @ Monis Barlo simulation®® i~ figure 28.

Figure 26 shous the data sample obtained for the 7 cascade process using a
difforent Monte carle modsi?®, gnd a different theoreticnl modn)®é, than

used for figure 25. 120 cascade svents are obtained from 125 k Y7 docays

=-7)1=
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A Monte zarlo simulation of the 1’ ipglusive ¥ spectrum in the
¢rystal Ball betector. 125k I/ decays are ghoun. Acoeptande
cuts, pattern and overlap cuts and & p® subtraction ore in the
Monte Carlo as described in reference 86. The wodel of Quigy
and Rosner was used®?. which has Br(l’/ = ¥¥pz) = 3%, DRI’ =
yXpe) = 6.0%. and Bre(E” % yxpo) = 4.3%.
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Figure 26. A Monte Carlo simulation of the ¥ cascade process from the
decay of 125% T/ in the Crysisi Bnil Detester. A dimgrammatic

-npresentation of ihe cascade 15 shown at the upper left of the
fitmnr®:
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gfter afl cuts., Tuo or three times this data sample {tua or three vears of
running st DORIS I1) woulu allow 8 spin analysis te determine the j of the
states. Thus the prospects joek reascnable that within the next three to
four vears many of the interesting questions we bhave pondered in this

section will have substantial experimental input.

92 Hyperfine Splitting, the 9.

Estimates for the ny maas’® place it sbout 46 Me¥Y heleuw the T.  Siven
the u? factor in the fermula for the M1 transition, (111-36), the rate will
be highly suppressed. Also, the observation of a & 50 MeY phaton in the
large backgrounds present around that energy in the T inclusive ¥ spectrum
makes the measurement extremely difficult, It thus seems that the most
likely way to ohserve the #, is through the hindered M1 tranaitien., where
the photon has about a 600 Me! energy. Of course this possibility depends

+» hou hindered the transition acivally turns out to be.

¥. on to top.

Figure 27 shouws a recent compitation of threoretical predictions as to
uhere t% threshold is to be found. Hithin twe years PETRA u4ill have

extended its energy to mell over €.4 ¥ 40 Ge¥. 15 there life beside the

z0?
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