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Quark-Antiquark sound Stat* Spectroscopy and QCO 

I, Introduction. 

Spectroscopy 1s the study of the energy levels of • bound systea and tha 

transitions aaong these levels, frequenty it has not bean clear that tht 

States and transitions being observed uare a feaHzatiOft of at* underlying 

substructure, tn this initial phase of study tht different particle states 

Here organized into "understandable" patterns* e,g,. SIU2J, SU<3), Color> 

which then led to a deeper understanding. 

There are at least tuo important uses of spectroscopic investigations, 

the first is the search for net* substructure. Consider for example • the 

emergence of the quark substructure of the hadront. In the late 1950's the 

MIJ3S). with 1=3/2. had not yet been discovered, and so one finds this 

statement in a ueH knoun textbook published in 19591 "Let Us nou see what 

kinds of particle types can be foraed by various choices of [!]> A, and Si 

bearing in sund that no experinental evidence has yet indicated the 

existence of Aultipte charges for eteaentary particles." The fast that the 

observed liadron charges ai that ttate were 0. it, was aado into a general 

rule for interpreting the underlying physics, and organising all states. 

Thus, as has been stated by 0. M. G. S. teith. knowledge of the "chessmen,* 

the constituents characterized by their quantum nuabers, is one important 

ata of spectroscopy -

The second important use of - -ctrui. jpy is the unraveling of the 
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dynamics gf a nejx substructure'once ft has been discovered,. This effort 
^ - , ••'-. 1 1 • • t . . . ' 

eneoaspasJegiJfJĵ tJItgi Vte Vflu^io^of^sofciBa and the f«r*«s dhich govern the 

substructure. Its final outcome uii,! be,i detailed understanding of the 

spectroscopy uhich led to ths postulation of • substructure in the first 

place- the most successful past efforts of this type have used non-

relativistic bound systems to explore the equations of motion and the 

forces, e.g., the study of the hydrogen atom. Thus the excitement 

generated by th« discovery o< Quarkoniuro. qq bound states in which the 

excitations of the constituent heavy quarks is ft sfflall fraction of their 

rest moos, is clearly justified. Through the careful study of the 

spectroscopy of these quark-antiquark bound systems ue shall almost 

certainly gain a deep understanding of quark dynamics, 

II. The Search For The Chessmen. 

»3. The quarks As Ue Hou Knot* Them, After almost four decades of intensive 

uork the properties of the constituents of hodroos can with fair certainty 

be enumerated as shc-ui' in table 1. 
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Fl ivors d u | * c b 
Quantum I 

t i i 0 0 0 

I* -i i 0 D 0 
3 -t/3 2/3 -S/3 2/3 -1/3 

S(Strangenefls) 0 0 -1 0 0 
Cffiharmnesa) 0 0 0 * 0 
BCftottomnesa) 0 0 a 0 \ 
Approximate 
Constituent 350 350 500 1500 4900 
mass (MeV) 1 

Table 1, The quarks as ue nou know them. 

Each quark listed In the table comes in three colors, red (ft), blue (B) 
and vellou CY). Thua the table repesents ts quarks, the top quark is also 
expected, but has s mass I 1$.5 CeV*. Consideration of quark-tepton 
symmetry, and the GtM model 2 for «hart», leads one to organize the quarks 
snd iwptona into three groups or gtrnrations. 



Generation 1 Generation 2 Generation 3 

c i r i • f 1 • 

u 
e" 

c 

s' 

IV 
b' r" 

I ) I I J . I ) 

Table 2. lho three generations of leptons and quarks. 
Hote lliat Hie three generations contain 24 
elementary particles. ? is presumably the 
*t>P quark, t. 

Some remarks are in order. The organiiation shoun in table 2 into three 

generations of pairs of [SU(2) it U ( D ] doublets (ueak isospin) seems 

fundamental. The success of weak isopspin implies that strong I-Spin 

symmetry, SU(Z)f. is an accident of nature result'ng from the almost 

degenerate masses of the u and & quarks. M s « , ihv apf.'-oxi'itate validity of 

SU(3>f is due to the closeness of the s quark mass to the u and d quark 

masses. Thus, the old way of viewing the strong interactions is not 

fundamental from the perspective of qcn, SU(4)( and SU(5)< are even less 

fundamental given the large mar.a differences of the b, c, to the n, d. and 

S quarks. Hhat makes SUln)f uork so uell is the apparent flavor 

independence of the qq force for mesons and the qqq force for bnrypns. The 

flavor iniippendentp of lh>oe lorei-s is cprt.imly fundamentnl (il true). 

Houever, the flavor indrpnitlenc[> of inter-quark forces is called into 

question in the beautiful Irctures given by H. Haran at the S.L.fl.C. 

Summer tnstitue of I077 3. As stated bv Karari, "There is no explanation 

Whatsoever for the u - e. c - u. and s - d mass differences. Uhi.e the v. 

- e and n - (I mass differences may uell be of electromagnetic origin, the 

Vn - u and c - s differences are larger by 2 - 3 orders of magnitude. The 
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v, - e and u-d differences are essentially comparable order of magnitude 

and equal in sijn. the v^ - u, and e - 9 differences are 0* different orders 

of magnitude and of opposite signs." in the context of present ideas, this 

suggests a new force uhich is flavor dependent. 

b). The Classification of Ordinary He-sons in Terms of Constituent 

Quarks. 

In these lectures ue uill concentrate en the qq system. There are at 

least tuo reasons to do this. Firstly, the q<j system is a two body system 

and so its dynamics can be modeled uith relative ease. This is not true for 

the qqq system uhich is a three body system having uelt known calculations! 

difficulties. Systems uith more than three constituent quarks present even 

graver difficulties. Secondly, in recent years much has been learned about 

tht> qq system through the discovery of the c - and b - m i a , as uell as 

through many discoveries of neu particle states of the light mesons. 

Progress uith the qqq spectrum has t°;n much Slouer. Thus I refer the 

interested reader to the literature for a revieu of the qqq system*. 

Given the bias of history ue begin uith the "noii-f undomental" group 

theoretical approach in considering mesons whose constituents are pairs of 

u, d, and s quarks and antiquarks. These are the "ordinary" mesons. The 

spin \ q anil f lie in a G and & r'.'prpsent.it i on of suit) (u, il. s x ? spin 

states). Tor a qq system, 

6 i, b - 1 ± 35 (11-1) 
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The 1 and 35 representations of SU<6) can b« decomposed into SU(3)f and 
SU(7),Pir> components uhere no LIB* the notation, 

(SU(3) f. 2s+l>. tII-2) 

* being the spin ol the particles belonging to lh; 51 (J)»p(n 
representation. UL> then obtain the decomposition into irreducible 
representations slioun in table 3. 

SIK6) | CSU(3)f.2s+1) 
1 i U, \) 
15 (8,1),(J,3).(1,3) 
Tabic 3. SU(6) - SU(3) ( * SU(2)»?i„ 

Also, for each (SU(31(> 29+1) representation) there are orbital excitations 
and radial excitations tVCr) from Q.CD). 

A considerably more transparent uay to obtain the mine result is to take 
the qq" mode! seriously. Figure 1 shous the essence of the model considered 
here. The q and <i ore bound non-relativvstievlly by a potential, V(r). 
Part a) of the figure slious the singlet spin state configuration, part b) 
shows one of the throe triplet states. 

In approximating the structure of mesons using this simple model- the 
strong forces between the q and q arise (rem color electric and color 
magnetic field*. There is no Vnoun uay to apply an external field oi these 
types, so the consideration of the magnetic quanta number , m, can be 
dropped when writing the uave function for the system. Thus, the wave 
function for the cystum can be wrilLen as follous. 
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L ( * ) HI) 

Sn 

O T O 
s = o 

Sinr/le? 

(a) 

Sq 

or O T O 
_ S= I 

( S 2 > = S ( S + I) Triplet 

j = / + S z (b) 

Figure I. The non-relativistic quark model for mesons. 
a). Single- State, b ) . One of the Triplet States. 



|qq> i k„Cr) ^ (cosB) |2s+lrac> *f *e» CM-3> 
Where ft is tha principle quantuA number, 1 : t« I. ...(n-IJ is the orbital 
angular aaatentun quantun nurber, t i | t I for tinnlet and triplat states 
respectively, a a =0, ±1, j = Jt + a* is the total annular •mantua quantun 
msabar, tf is tlw SU(3)t factor in tha uave function Cfor ordinary Msons), 
and *o ia a color SW131 singlet as dictated by quark confinement, 

» B = CRR + BB + Y¥>/V3 » <IJ-4) 

The spin e?genstates. |2s+l,sc}, are given in tarns of the individual 
quark and anttquark spin eigenfitates by* 

Singlet, lca> = <U-U.,|i.-1>* - U.-t>q|i.l>^W2 
U'i>all>i>q CII-S1 

<U.|>nlt.-*>q* U."l>qU.t>q)/>/i Triplet: |l,s,> 

The label of the state in spectroscopic natation la, 

" I » M X i p c cir-6) 
ahere He shall use the standard spectroscopic notation, Jt = 0. 1, 2, ... 
S, P f 0. — , and again, s = 6, t.And, } s JC • s c >. 

As can be shown*, the parity, p, and charge conjugation, C. of the qq 
system are given by. 

p = -(-UK ( I I . 7 ) 

•9 



Except far flavor, this sian>te ao*et yields tha {allotting set of states. 

Singlet< o U n - ' - " * * ' - ' * < I I - M 

Triplet* it*JI,.r«-»»* • < - ' ' * ' . 

as u» shall see, essentially al l tli« knoun Masons can be classified la 

th in ««y. 

The flavor content of the wave function can ba determined in two nays. 
The old fashioned way la to use SU(3>1 is U shown in table A. 

meson generic 
type 

Quark Flavor SU<I)< 
states representation 

SU(3)( 
representation 

it* . * • , * • diii Cuu-dd]Wz»ud 
uf , dS 
>dr SU 

Cuu+d3-2ssW6 

i 
2 
2 
1 

a 

»'» HM»»dJ*ssWj 1 I 

Table A. 511 (3)< Multiplets for the ordinary hadrons. 

Royewer, the singlet £UC2)f states, of tha 5U(3)f a and 1 
representations, frequently MIX (nagic nixing) to make the physical ne\on 
states alnost diagonal in quark flavor) l.e.i 
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<uu+dd>fia)/</3 

(uuitid+ftilWb 

SU(3) f states 

MIX 
<uu*ddW2 

ai 

Physical states 

(U-10) 

This experimental fact, coupled uith the structure of SU16)> has led 
to the grouping of the » and 1 representations of SU(31f into "nonets" of 
Mesons. 

Another, n r » physically activated, uay to obtain the flavor uave 
frictions la to use the inferred masses of the tight quarks f i.»< » u * n4 <• 

nil. Using our simple! qo, model of meson strueurt> only the following 9 
flavor states exist for the ordinary mesons; 

tm do BU 
9 flavor 

ot) dd sd 
states 

(II-11) 

us ds S3 

Since m u = m^, and we have at least approximate flavor independence of 
the 0.CQ farces, ne expect au and dd tn optimally *i«. and so the physical 
states involving uu and dd uitt be. 

Cuu + dd)/\/2 , (uu - d d W l (11-12) 

- ! ! • 



The si state tfpicaMy uon't mix at nee ft, is quite ibft larger than the 
u and d quark na&aea. Ue then uoo SU(2)f, and strangeness (observation) to 
assign particle types to the appropriate ftomtr Malfunction. The remit* 
obtained using SUO)f • Magic mixing are thus duplicated In a somewhat Itsa 
"magic" Hay, 

Using all th* elsmnnta of the simple aerfel ue have developed, a 
classification of all the observed ordinary meson states can be attempted-
The results of such an attempt by Roger ehashmore* fslightly Modified! is 
shown 1n figure !i it is quite suooessful. riost of the observed ordinary 
Mesons can be classified using the simple qq model I have described. 

The se&roh for mesons mhose quantum numbers don't satisfy the <Jt, s> •* 
<P> C) relationships of equations (tI-7) and (H-»>, so-called exotic 
meson*) has not yielded any convincing candidates, also, exotic Masons o< 
the type having S = -I and R = 1 have not been found. However, there may 
exist evidence for a deviation fro* the simple a* classification in the 0** 
mesons spectrum. At present the following. 0** ordinary Mesons have been 
identified*: SMSao.300), «<l«5. 160). K1Soo,=250), $(9»0,narrow), 
«<ctSQv» largely S*(=990,narrou), ithero the first number in the parentheses 
is the mass of the state in HeV and the second entry is the iiidth. These 
states are all 2*P»** candidate* (shown as "needs confirmation" in figure 
2), Tha n'Pj** states should be close in n&ss, for fixed n> iar a non-
rclativiatic qq system. This is because th« spin-orbit interaction of the 
qq" is tha mechanism for this mass splitting, and it is supposed to be a 
small perturbation in the mass, i.e., fine structure. The first throe 
states listed satisfy tha criterion of wall splitting from the other 2'Pi 
and 2'Pt states, and so are very likely qq states with 2'P«, However, the 
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1 1 1 r— 
0 Q SPECTRUM 

Well established Q Needs Confirmation 
ElSee R Cashmere 

I = I 0 0 j = (nonet) 

A 2" 

1 i 

a 

«,? 
E- sr QQLD 

0- •L '« 

Figurt 2. The obatrvad ordinary mason spectrum classified 
uoing this i>8(t-r«lativiBtic q^ model developed 1r> 
t»* taxt. J8 y» n (Principle quantum number). 
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last thr«« states listed lie much lover in M S S than the other S aP| states. 
to*s<m> « 0.35; *of eharmoniue, the Z'pj states satisfy a*/<n> » 0.02. The 
explanation for this is presently controversial, tty feeling is that the 
ordinary mesons are really quite relativistlo *& systens and thus the nen-
relativistic treatment of the spin-orbit interaction* and other nan-
rclatlvlstic approximations made, are not applicable to these states 
I garbage in, garbage out)- Others, such as JsHe and Lou*, be! lave, a mors 
acceptable explanation requires the txistenee of a new set of qq<l<i states 
which they have predicted. They call these 0** qqqq. states "eryptoeiottcs." 
Note that the crvptoexotic states are a complication, rather than a 
reformation) of the qq model. 

c). Hidden Charm States and Charmed Mesons. 

With the discovery of the cc system, charmonium, the predictive potior of 
the simple non-relativistie qq modal can finaly be tested under realistic 
conditions. This can easily be seen through the application of tuo basic 
principles, the virial theorem and conservation of energy- Tor a non-
relativistie system, where the binding force eon be expressed through a 
potential, the virial theorem can be stated as, 

Z<T> =<r-vWl> . Ctt-13) 

The conservation of energy is given by. 
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la the above equation*, T is th* ktnetfa energy af the system, vtr) ts 
the potential batmen thv a and q separated by rt Cb is the binding energy, 
for V(r> * r Ccontinins potential Hhfoh ue dismiss later), ae obtain, 

*tT> ' <VCr)>, (II-ISl 

end sat 

3<T> » Cb>.. or, m*iv*> " rvi. 111-16) 

where v 2 U tin square of the q (?) velocity. 

Tor ordinary mesons, state* are queslbound it the l'St level, 

E b * md'S,) - mU'So) « «<>0 rt«Vi (11-17) 

tv»> « 000/1050 »0,6. U I - U ) 

Tha full calculation using, 

V<r) s klog<r/r,) II1-13> 

yields. <**> a 1. Tna general famula for the potential (11-19) is'. 

<**> • k/2«^p V a 0.7S 111-20) 

In the case af hidden chara states, oo threshold ts at tha 3 3o, state, 
and our siaiple analyaia yields. 
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tb = »itf»o,) - wu's,* « « w tw, t»i-2i> 
or. <v*> s 800/4509 = 9,1*. (Il-M> 

Equation 111-20) yields* <y*> « 0.25. Thus (ho ee Kyoto* out t>t treoted 
in reasonable approximation as no»-r»latiVistie» uhite ordinary nesons are 
clearly quite relatxvlstio systems. 

predicting in* states for charm is strefshtforuard (metsurfng thorn is 

another question). Either Stl(4>f eon bo used* as shatm fit figure 1, or <m» 
can simply quark count. 

The hidden charm and charmed meson speetrwii 1s ahoun In figure 4 a, b. 
As ue shall discuss later, most of tho lou-lylng states union liava boon 
predicted have been observed, and at olott to the predfeted maeeoa. 

d). Add Bottom quarks. 

In the case of the bb system, iiith n* « S fl«W. *»». non-relattvistl© 
approximation is quits good. For this owe, the bound state ipeotnm 
extends to tho 4*s, state, 

Eb « » M 9 S , ) - »<i*Sp> a IZPO HtV, <1I-M) 

and. <»*> 9 1200/15900 = 9.99, the value * l w obtained using equation 
fII-291. U-- Hill discuss the bb system in sono detail later in these 
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F i g u r e 3. The hcxaclpeimi ' t nf the |ts>'u<losca I ar nf jsons. 
Clinrm »:. p l u t U r t ci lniuj tlii? j - f l x i s , 1 and I z 

nlonir rp r . iu 'c t i v o l y Uii? y - A x i s and thi? x - A x i s . 
Tlic i i ° , i) nnd n' niL'soiis a rc deno ted 
by tlii? epen c i r c l e s at the o r i g i n , nc by 
t l iu blar.k c i r c l u . 
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(0) cf Speciroscopy 

55 

3SI + 1000 3P 

40 

3D 

2S(*t)b9) 15_89±6+' ( + 7 0 4 ' ) ^ 7 4 " t 2 ^ " 

9 ^ V 2P 
—! +457 + 4 \2) 

+ 411 1 4 X i > ( Ii >c.g.426(-r4i9) 
+ :-!3 ±5 Xo) 

IS 3097+2J/^ 
l l . S 5 i , e 

'S : ! " 3 P; f *+ 5 0 : 2 " 
'S-.O * 'P:1 + - 0 + >D:2"* ' " 

(b) V".*GeV) 
i 
• 4S 

4.t 
4.41 — 

4 .16 - -
2D 
3S 

4.04-

+». 
* ' • 

4 . 0 " 

J / * -

3.5 

3.0-

F?* 
D*D*7F 

ID 
25 DO 

I S ' 

05* 

Uq,cq ) 

f i ' i i i r r -l.i Tin? cc Pi-u- t r i t - i 
I I T | . - t h ' - r n i t l i the cu i 'm m i i ' i i t a l 
v . i l i r i : ; i.>f ii 'iics (I i f 1 t n v x p ' , . 
t l .c Lli> i i - e U c a l pre tJ ic I i r n 3 
j i , i . r , R i c i i a r U s o n a r.io i n 
j - n r c n t l i i T P B • (No te t l i a l c . r j . 
~ I J C H I I T of g r a v i l y or c o g , 
c . f . i i f>d i on ] V - d ) , 

F i q u i e •!!). The cc l e v e l s , the 
l u L t ' s t l y i n t j cl^nrmed mescn 
channe l s nnd the measured 
p o s i t i o n of v e c t o r m e s o n s ' . 
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laetures. Figure S shows the Incredibly rich bound state spectroscopy Call 
state* baton 4s are probably bound) wht«h should exist. 

111. The intemuerk Forces and the Part tele Spectrum. 

a). The e*e* Bound 5y»t««» Fos1traniumt a Hod el for q<|. 

Positronium uas predicted in 1934 by the Hell knoun Croatian (astro-) 
physicist* S. ftohorovlofeV It was f rat observed in expertmants performed 
by n. Oeuteh 1 0 In 1931. The ! o j states were first seen by Mills, Berko and 
Canter" in 197S. and the Z 3S| - 2'Pt fine structure uas measured, This 
measurement verified the QGD predictions of Fulton and Martin 1 1 made in 
1954. The time scale of oharmsmium looks Instantaneous by comparison, 

Positroniun is « non-relatfvistle QEQ bound state of an e* and an e"; 
that it is non-relatWistie is easy to shou. Tor positronium, 

« r » a -«rr» E V * -6.*A»* eV. UII-1> 

llsing equations (11-13) and (11-141 lie find, 

2<T> = - t» t r )» . * <v*>«6.S/5.11x10s » 1.3x10-*. (II>2) 

Even though pesi trontusi Is super aon-r«lstivistic, a variant of the 
Dfrae equation plus other relativists corrections are needed to obtain the 
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bb Spectroscopy 

4S<+U46l-H«<4 ±S T<4S1 

3S( + 686)-r889±4T(3S) 
3 E _ 

« / + » « , + 560 ±3 

2P(+436c.Q.) 

9433±28 « . , . , 
. £ — 9 4 * 2 * 1 0 ™ * * 

2 + + r~ 
*S:0~ + 5 S:f" 'P :1 + " 3 P:1 + * ' D : 2 " + 5 D : 2 ~ 

0++ 1™ 

rtgure S. Th* b£ spectrum together with the 
experimental valuta of M M differenoes. 
the theoretical predfolioflt of J.tt. 
Richardson* *r» in parentheses. 
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fine s'r'j: 1"^ and hyperfine structure in lowest order. This is because 

the fine structure splitting of the nS - nP states involves spin-orbit 

interactions including the so called "Thomas precession" term (a 

relativistic kinematic effect uhieb is linear 1n v). Also, the hyper fine 

splitting of the n 3Si - n'So states involves an annihilation d agram in 

post troniuin, beside the usual spin-spin interaction. 

lt\e equation used is called the Grouieh-Yinnie-Dirac equation' 3. This 

equation is basically the Dirac equation modified by G-Y to include 

relativistic tuo body kinematics". With this equation accurate fine-

structure splitting is obtained. The hyper-fine splitting is obtained by 

including as a perturbation the diagrams shown in figure 6. 

Note that the f-s obtained is. f-s/AEt, « 4xl0"*» iihile the hf-s is 

larger for posHronium. hf-s/uE 0 a \Q-*, (this is reversed for the hydrogen 

atom). 

The decay pattern of positronium into photons is determined by the i r c 

of each state' 4, 

n'S 0 -* 2r 

"'S, •* ir. (FII-3) 
n 3Pj, n 3Pe •+ ti 

n aPi - Ay, (n'Pi •* t * (n-lt3Si (3r) J 

The 'So lecay is easy to calculate; referring to figure 7, 
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C f «* 

Figure 6. "fhe diagraas used to calculate the hyper-fine 
Splitting for positronitm. 
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tf 

Figure ?. Diagrammatic representation of the decay 
' s B •» 2y. 
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ft'Sg + Zv) » Cprobabl11ty of e*»* contact) 
•(a-rytv,.,! •* 0)) 
*(flu« factor) UIJ-4) 
•(statistical factor] 

The first factor In (111-4), the probability of t»C contact. >a juat 
|t(0)|>, the square of the wave function at the origin. The moons' ta tha 
e*«" annihilation cross Motion to 2y taken in the linn* of small t* 
relative velocity, v rol' 

The flit* factor is juat vP»lf » n d **. "rr » v P*i is the transition 
probability for the annihilation process tilth the "bean" normalized to one 
particle per unit volume at the origin. 

The statistical tutor has tha value 4, since vry has been obtained as 
an average over the initial •* and e> spins and only the *s 0 end not the 
three *5t states contribute to the Zr decay of positron!». 

The result of cos ig all the factors of equation (iu-4) 1t> 

rC'S, * ?7> • 16s**|tC0)|*/i«^ tlII-61 

The 'Sj •» 3r decay Is more difficult to calculate. The r*t« of this 
dacav is much louer than CIU-6) due to tuo faotors. The first 1a an extra 
factor of « due to the ealbttw of a third photon; this lowers the rata by 
a factor of » 137. The second factor, of about another 8 reduction in rat*. 
comes from the smaller available phase space of the three photon Cos 
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compared to the tuo photon) final state. Ibe formula tor this poaUranium 
decay is given by". 

Comparing CIII-C) to till 7) lie find. 

rc'S, - Sr) ~ 8.98x10 T C ' S , -» 2y> III1-8) 

Figure 8 shows the calculated energy levels and values of I T for the 
n«Z levels of positronium.'* 

The features of the spec trim shoun in figure 8 relevant to the case of 
charnoniuM are: 

• Thr size of th* splitting! relative to the principal quantum 
number energy di (fmur.cn, 

• The relative size of the fine and hyperfine splitting. 
• The pattern of the splitting. 
• The lifetimes of the C = + vs. C = - states. 

The last three features bear an uncanny resemblance to chstrponium. One 
ahauld note, however, that fie center of grnvityp cog, of the ? 3Pj states 
is shiFUtf belou the unperturbed vMi»<» of 1/8 P r. Thts is not the ease For 
the hydroge., aton. and is currently assumed not to be the case for the qq 
systea. 
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b>i O.CD and ft» Foundation in Experiment. 

AMentum Chronodynamics is the candidate theory far the strong 
interactions", it is a gauge theory under the group St)C31»l»r . Mt thus 
believe that the color qtiantua amber of the quarks Is the charge of the 
hett fore* union is generated by a local gauge group. 8UC3>eai*r <• QCP is 
han-abelian, i.e. the transmitters of the eolor force, maaeless spin one 
gluonst also carry the color charge, 

there are several reasons based on experiment to beMeve that there is i 
Slftbal SUt3)^„i„r symmotryt 

» The rate for «* * 2*. The calculated deoay rata 
is urong by a factor ui 9 without colon uiih color included, 
?*xP - 7,6(>i0.54 c¥' 7, eotapares neH to the 
theoretical value of, Fthiory = 7.3 tV". 

' lh« barytm nave function. With color, the ground states 
of baryons can be understood in the quark model, without 
abandoning the connection between spin t and Feravi-Dirao 
statistics, in the cose of the ft", for example, there 
arc three s quarks in an orbital Jt • 0 state with all 
spins aligned. This spatial-spin configuration has a 
syametrio uavof unction, and. the 9" can't have a 1/2 
spin fas it does) if consistency Hith spin-statistics is 
required. Hith three colors, however, overall anti-symmetry 
con bo restored to the nave function If the ft" ts made 
a color singlet; happily, the color etnglet iiavefunction 
of three quarks is ant(symmetric. 
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• Rh » ototte*e* •• hadrons»/ete*e" •* a*u">. 
Using the free quark eiodol without color. *.„• is just the 
sum of the squares of the quark electric charges, e.g.* at 
E„„ « 7 Gev, » V = Jf1/3J1 • 2(2/3)* = 10/9. If 
IK add the color otwrg*, t | , i J t t h » = l«V3. i m 
exper1*entally determined value at • 7 c*v is'» 
ftn - 4.0 i 0.32. Clearly? tha color charge is again 
needed to notain reasonable agreement uith experiment. 

These experimental eoaparisons don't cheek the local SUOlcoior gauge 
invarlanoer they iust check • global Su(3) e oi a r symmetry. It is generally 
harder to cheek tho local gauge synmetry. sines experimental effects 
involve higher order QCD (quark "structure"). R n can be used as a check of 
the local gouge invarianoe because higher order QCD affircts Rh £ t" (there 
are quark structure effects due to quark•gIuon virtual interactions). To 
second order t 

2 f 

Rb • 3iai1CH«,Cs)/**Ci<«»<*)/n>1+---i tm-« 
1=1 

where. s a E e . 1 , nf - t flavors above threshold, 

d » 1.90 - O.llSoi . ( I I I - IO ) 

*»Cs) e a»»(sJ[l-»i««°(»>in1iits/A l>/4im,*"] c m - l i > 

o»°(s) - 4v/(fia1n(srAM)» (111-12) 

Bo * I I " Z/3n-). 0, » 10Z - (3e/3)r,i (111-13) 
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The above expressions hove been obtained using QCD uith the MS 

renarmal irnticn scheme**, and n) is the number of light quarks (3 in the 

case of the rncrgies shoun for R n ) , A is an undetermined sca'e parameter in 

the theory. Thus S C 3 ) c o i o r as a local gauge theory does have observable 

effects, even though they nro difficult to observe, ARh - 10'/.. Figure 9 

shows 3 summary of Rh measurements vs the predictions of equations (111-9) -

CIII-13). 

Another ploce to test QCD is in deep ine)a;tic Jepton hadron scattering! 

JU + N -» XI + X, where only the final state lepton (Xi) is detected. This 

process is vieued aa the scattering of the high energy lepton from the 

quasi-free quark constituents of the nucleon. Neglecting QCD the quarks 

uou\d act aij point charges; tno higher orde* effects of QCD cause a 

smearing of the quark charge and the scotttrtng deviates from point like 

behavior which implies scaling violations. Again the scaling violations 

are relatively small effects over the range of data available, and are 

difficult to interpret 1 1. 

There are somo experimental directions which nou seem more promising as 

probes of the qq and gluon-gluon force, and so are tests of the U>eal 

SU(3) c oior Bauge symmetry, fine direction is the one we will discuss in 

these lectures, namely quarkonium spectroscopy. Others are gluonium 

spectroscopy 2', and gluon bremsstrahlung 2 1 1. These last three processes are 

depicted graphically in figure 10. 

In all thg experiments ue have mentioned, an important goal of the 

experimen+ is typically the determination of « s ( s ) ; what is a s's)? [ach 

experimental situation can yield a somewhat different definition due to 
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Figure 9. Rh from various experiments and comparison tilth QCD. 
u T has, been subtracted. The data are radiativr?ty 
corrected.Oniy the statistical errors sre shoun. 
systematic errors vary betut-rn 6 antl 19 percent". 
Q MARK I, <0 MARK II. XPLUrt), 0 XTAl BALL(1979). 
• X1AL BALK19S1>. The QCO theory is shoan as — 
for 0.2<A<0.4S and tuts obtained from 
Re' -nee 21 . 
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Figure ID, Promising directions for probing SU(3) c„iop local 
gauge symmetry, a). Gluon BremsstrBhlung. 
b ) . Gluon-Bluon Force (GtuoniunO. 
c ) . Quarkanium Cqcf Force). 
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higher order effects. In the case of quarkonium, to lowest order, the color 

. .ia>'g» is given by. 

Q*i«. = X'ii/a.Ca) mi-m 
Mhare the * U are the fami l iar S U ( 3 ) C C T j o r matrices, and the qlj interaction 

i«". 

«J" 
• * % 

*• VCq*> - -H/3)a.($*)/•$* (111-15) 
* ^ 

Unere, q* = (qj - q*j)*, is the three vector momentum transfer. 

Note that for Q.ED, 

^ e 1 

- ^ 

Uhere in this case a s 1/137. 

•+ V ( q r > = -o/q* (111-16) 

Thus ue obtain the important substitution rule i s relating aq.<j and a. 

for single gluon exchange, 

aqad -* <4/3)0,<q») , (111-17) 
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So combining equation UJl-11). for «,(s) r uith our Interpretation of 
a«tq**). given by (111-15). tie Hnd that the atrangth of th* qq interaction 
is characterised bv *»tq*l -» u a* q*/A* -* Urge, as Is the case 1«r heavy 
quarfconlum states. This result Is called asymptotic freedom t*f)'*. Alio. 
given that quarks are confined In hadrons. He Must have a«<q*)>> 1 for q"1 1 
(1 fertai>**» this feature of the theory la called infrared slavery CtS»»*. 

Equation* C W - 1 5 ) and til I-16) took a lot alike, particularly when 
o»tq*)»«n»tf, Thit is the source of the analogy which led to tilt original 
ansa!*" that enarawniu* with * « lOSev* » tl term*)' 1 should have 
characteristics moch like positronium. However, as figure 11 annus, 
ttatlftHeV*} « 0.2 » 1/137. tven at the T, «• « 0.17 and so the slitplt 
cauleab-like potential is only part of the story. 

ol. The eharmflnluni model. 

Id 1974 Appelquist and Pelttzar** made the (ED-BCD oonnrctfon for * • 10 
s*»* ami suggested that vS bound states might exist in the region 3.0 C C, a 

< 4.0 OaV. Houever, what realI- started serious consideration that the off 
system could hove a non-relatfviatic bound state spectrum ias the discovery 
ol J/* and +* in 1974. (s»* rigor* w.> 

The case for a asm charmed quark was clinched aith the recovery of 
charmed mesons In 1976 3 0. The masses of these mesons supported the idea 
that the charmed quark mass Has about half the mass of the 4/r. Thus the 
uay Has clear to take the non-relativistic ehermoniua model quits 
seriously. 
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Figure 11, a t ( s ) v«. a i s calculated front ( t t t - 1 1 ) uUh A a s « 0.16 flt¥. 
ThB naasured values for « , obtained by experiment at tho J/+ 
and T »re also £tiouh. PETRA experiments** Kave obtained 
« a(90G6*V*) * 0.1710,02*0.03 by analyzing th« gluon 
fermmstrtfriuna, process ahaim in f igure 10• untie tha thaory 
yialds about o.iz at a = 900 GeV. 
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The o- nervation of the t at SLAC". The Figure shews the Energy 
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e*e- * •••* and the Fouard-Baekwird Asymiaetry in u. pair 
production in the viotnity of the y*. This Figure is 
essentially from reference 29. 
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In order to eiip'ore the oanaeauenoea of tht nofi-relativistlo eo bound 

state modal ue uw the SchroadiRger aquation'* (in contradiction to tha 

emparlance tilth positrenlim uher* a retativiatic formulation al tha theory 

has baan used). There ara thraa aapaata to Mia medal uhlan will be 

considered, and later compared ta *sp*rtmntt 

• calculation of energy 1avail and ktavefunctlqns. 

• Calculation of tha uidthe af tha states. 

• Calculation af tha photon trsnsftlona between atataa. 

First ne oust find tha aasses of tha states and their uavefunotfane- To 

accomplish this a potential. r(r) fa needed. Initially potentials were 

constructed uhloh separately Included AF and IS. 

H* - E*, with Initially UII-18) 

H s pVn, + v(r), tIll-19) 

V(rJ s »/r «• r/V CI 11-£0> 

Uhere the first term on tha right af (111-20) 1a an attempt to include AF. 
and tha seeond tarn approximates 13'*. M 0 la tha mass af tha ebaraed 
quark.K and a* are parameters. Agreement uith experiment la spotty using 
UII-18) - UII-20) as He Hill dlsotiia. However, in the last feu years. 
mora sophisticated potentials hava baan used shich have boan derived mora 
closely from Q.CD. These newer potentials hava had greater success. 

to describe tha quarkoniwm ssaetrea*op*» the sptn-orbit tf-al and spin-

spin (hf-s) potentials are also needed. These can be obtained from an 

"Instantaneous bethe-sslpeter Kernat consisting of veoto- and scalar 

interaction terms related to tingle gluon exchange with renormaliration 

improvement.""* Civen by. 

V«MH<<i*Vre»n»r • niq*>r,M-te.>r*ittq> * *.tV>l,1S tlll-MJ 
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to U j ) Is tit* unit Matrix in Olrao apaee« q ia the four aoaentim of the 
gluoni 

rutq> « T|t - m/*r) 0>»uv q v, (IIW2> 

uhara, apy = CI/JDUfc.Trl, X la th* anemleoa color utaonet aomnt of the 
quark. «oto that »v<6*) la a vaatar lika potential uhila v,<q») i*. a aoalar 
potential. 

Taking the spin-independent, nan relat1»1at1c limit of < 111-215 we find 
that tha potential i»r in configuration spaed 

It « »/r • rrt* a * w , * (irvtr) + V.trl) Ulf-2*) 

I t it usual I f aasweed tha t , 

V»(r) » flr/a1 , V , t r l a (1 -q)r /a*> < 1 I W 4 ) 

The actual apfa-dtpandent po tan t l i l la obtained throogh analogy to Qjfl In 

t h * reduction of the Bethe-Selpeter Kernel into the Brelt In te rac t ion 1 * * , 

Vepiii(f) a U / S h V l U a / r * • 4(UXK1/r)d»v^dr - (1/r)dVe/dr]t<S 

+2 /3r l e

1 t4 i«£t *> * ( l + X ) * T * ^ v C r > ] S 0 s 5 

•1/3Hc lC3e>r* • Msr ldVVdr - d t v,/r ir*]S««' (111-29) 

where. S = ls% + ? j ) . 

Sea- * 3 t S c - ? ) ( 3 a - r ) - %•&*, r » rVr. ( t l t - 2 a ) 

and S«(Sfe) is th* Spin operator for the ofe"). The ~(Vr) dv«/dr pert of 
the first tern ariaes frcm the Thomas preeeaeion effect. 

ror the potential of equa-:iana (111-23,111-24).. 
»»i»ii*tr) = itZnJIVtSr* * 1/ra* tut3+4*) - M-t|V)]L'S* 

•2 /3H c

I [4B«S( f ) + 2*/ra*<t+X)»lSe-5c 

* V 3 n e * l 3 * ^ r » • w/ro* t t + X ) * ] S 6 * 1111-87) 
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for the simplest case, X = 0. TJ = 0, and we find, 

v,Pt„<?) = l/2Hc*[3*/rJ - 1/ra'lt-S UJ 

Tarma [t] and t3] contribute to the spin-orbit f-*. with. 

(111-J8) 

i | <t-"S> | <s Co> 
-2J!/(Z.S+3) 

Z 
-2(JJ+l)/(ZJt-l) 

Table 5. Spin-orbit f-s matrix elements 

Term L23 contributes to the hf-B only. 

<$e-"§B> = -3/4(singlet), l/4(tr*plet) (111-29) 

Then 

H = pi/n, + V, + v„»„ UH-30) 

Now that the masses and wave functions are knoun (in prineipte) ue also 

want to calculate the widths of the states. To accomplish this ue use (|E0 

poaltronium results plus the substitution rules ftqod" •» (color factor)ain. 

Thus using equation (II1-6) and dq.d* •* i2/2)at

z (see reference 16b), we 

obtain. 

r(flc •* gg(-*hadrons)l = (8/3) a.1 |R(0) | ! / n ! D C (IM-31) 

*. , t-
Hhere ue de f ine |R(0) | =)*(Q)| Axt, the r a d i a l pa r t of the uavefunct ion at the 

o r i g i n . •Jsing equat ion ( I I I - 7 ) and ttq.ri1 •» ( S / l S J o , 3 (see reference 16b), 

ue o b t a i n , 

f U / t f •+ ggg) = H0(n*~9>/61n)a B >|R(0) | * / n *# ( I I 1 - 3 2 ) 
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Also, (see rt fereno* 25) , 

r t j / + •* t*&-) = 4a*Q 0 »/n> t |R(a)|*, c i t i -33 i 

Finally, u« uauld Ilk* to calculate the r transition rates bttNftn 

charanniun atateu. He use old faahioned perturbation theory, and assuuft 

that relativity is not important. 

Electric di£oJLt> Li< i£in?it i2i ia . t - 3 - - 2iSj. i i Z2£i i l l l£S±. 

MS <-) P) = < / S r ( 2 j < * t ) / ( 2 j ) * U J Q 0

, a | E H | » u s , CttI-3«> 

uhere <J is the y-snergy, lt<jf) the total angular momentum of tht initial 

(linat) state, and. 

E H = r ldr[* ((r)tf(r)rj (111-35) 
Jo 

Magnetic dioole. fli, t rans i t ions . (aJJojlCJl t i l l , i - f l . , 1JS-i + 2 U S a . 

r C ' - i <-> <S,) = 16/3 (2 j i+1) (0 . a / IM. . )« | t1u| I <J J ( I H - 3 6 ) 

where. 

M M = r *dr [ * 
t tr) f f (r)JoC«r/2)] CI1J-37) 

Hote: 

H(f « 1 since • (= *» and ioCor/2 <(1) « 1. 

t k t ransi t ions. (hjUldarjul). £ - a - . 23S< i z l 'Sa. Hnglecttng r e l a t t v l s t l o 

effects and 23S» - 330» mixing, 

rtn 3 5i - C R - D ' S Q ) * 0, (III-3S) 
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since, n { | c - r 1dr(w I/24)[fi(r)tf(r)r 1] << 1. (111-39) 
Jo 

d) Comparison of the charmonium model to experiment. 

Using the theoretical development of the last section, Me can now make 

some detailed comparisons with experiments. K> a* and f1„ are adjustable 

parameters so three constraints are needed to fix these constants. Also, as 

we move from the cc" to bb quark systems ue expect M c -* Mb. *b t *e< (AF), 

and a e* - ab2• Our comparison of theory to experiment will diouss: 

• The masses oi the chnrmonium and bot lomoniutn systems. 

• n** 1 X j p c Classification of observed states. 

• The hudronlc and Ieptonic width of states. 

• The rates of V transitions between states, 

and the multipolaritv of the transitions. 

Moss si states; 

A number of techniques are available to establish the onium state 

masses. First, the storage ring energy, uhich is typically known to 0.1J4. 

can be used to measure the n'.li"" masses uith high precision. An example of 

such a measurement is shown in figures 12 b), c). Second, the hadronic 

decays of the states not accessible to direct production can be used to 

ncasure their masses uith a someuhat limited accuracy of about IX -27,, The 

limit in accuracy is due to the limit in momentum and angular resolution of 

most detectors presently operating. An example of such a measurement is 

shoun in figure 13 for D° mesons. Finally, the photon transitions between 

the states can be used inclusively, or exclusively in fits using hadronic 
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information, to determine the masses of the bound n 3Pj**. and n'So"* states 

to high accuracy once the n 3 S i " masses are knoun. This is because the r 

onergies for the transitions are typically less than 10X of the mass of the 

states. In the case of inclusive photon measurements) ns shoun in figure 

14, accuracies of about 0.2*4 - 0.4% arc obtainable. For exclusive fits 

someuhat more accurate results can be achieved, depending en the detector, 

fine Structure and Hvoer fine Structure i 

A number of attempts have been made to fit the f-s and. until recently, 

to predict the hf-s. Though the models have had some qualitative success, 

none has been able to accurately predict the f-o, and hf-e. Most models 

have had a tot of variability in t'leir predictions due-to the large number 

of parameters (5 or 6) available to them. For example, before the X(2830)" 

uas choun not to e*i»t. 3 i it was token as the 7>e. The large hf-s of = 760 

hleV presented by this assignment was eventually fit by most models. Only a 

feu calculations denied this oasiibiH ty 3*, and these were estimated to be 

good to only * 305J of the transition r energy. Table 6 shous recent 

experimental values for the charmontum f-s and hf-a splittings as uell as 

tuD sets of predictions of the type discussed in the previous theory 

section''". For both sets of predictions A, the quark anomalous moraent, is 

taken as D since little evidence exists for a non-iero value. 

Theory 1: *=0.2, l/az=0.13, M ==1.6 Cev, TJS|. X=0. 

Theory 2: * = Q.8, l/aI=0.l«, M c = 1.6 Cev, T)=0, X = 0. 



Hgure 14. Th* inclusive t spectrum obtained fro» = 1.711 hadronic +' 
doeayg in the cyrstal ball detector. The louer Insert shous the 
bound state eharmonium level diagram, except far the J'Pi*' 
which can only be seen as a y transition Iron one of the other 
P states (if the energies are right) and so should be very 
weak. All the transitions ahoun in the level diagram appear a3 
lines in the spectrum. The ueafcer transitions to the Dc 1 1 and 
De' i 2 ore shoun In blowups of the inclusive i spectrum in the 
region of the respective lines. The left upper corner contains 
the T) 0' spectrum , the right upper corner the TJC spectrum. For 
details of the measurement, including a careful discussion of 
this neu i) c' candidate* set* reference 33. 
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flaaa Blfferenae Experiment Theory 1» Theory 2 

OH * - H, c {hf-*> 111 £ 5 tts*<«» 70, 9S He¥ 

2)M]«l - K», tf-a) 45.5 ±0.70t»»> «7, input 

3>Hxi - «xo H~»> 95.5 *0.9***» 63* SO 

4>(V' " » W (h'"»> 91 S5'"» SB, --

Table 6. comparison of experimental f-s and hf-s to tno eharaioniua 
»odel*,'* Hotc: An«-» = 2)/3> = 0.48 ±C.011#*i» «Mlt, 
4f1f.» - 1-3SJ theoryi* = 0.57)theoryl- Thus theory 2 llflich 
has V, dominant, uhich is eq^ijalent to a targe Thoraaa 
precession term.-1/ra2 0-i>)l-S/2He'. in first Una of 
(IH-27)). is aiil* to reproduce the observed firtf-i by 
canceling off • targe part of the X>$ term. The tensor part 
of the f-s interaction then dominates. 

A number of pieces of information siust be ccsbi. 'd to determine the j p c 

of a state. The n s S , " states are relatively easy to identify since they 
are produced directly in e*e" annihilation. The observation of tn 
interference with other annihilation channels, e.g.* see figure 12 c ) f 

unambiguously assigns a state's j P C as 1". The n*Pj** states! nailed the 
x states in the chareioniuo system, pose a more difficult problem. Two types 
of information have been used to assign these states. 

An analysis of the cascade process, 

•*' •» t x •* 1 f -i/i •* t T X* &- UlI-40> 

yleldG the J of the state only, not p *«e know C * * because of th* first 
deoay of £III-40>). An angular correlation analysis" is done which fit* 
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the r and final state I opton angles to M probability distribution. 

U}teneB'.*',COS6y»reSS9rd',|t)s IIII-411 

e.g., for J-0, 
U» s (1 + C03*«')U + e«i>» fdlpolt only far j»gj UII-42) 

irtiere the angle* are defined In figure II* and Jl indicates W e «u1tipole 
content of Iff. far a apln i % state there are JJ+1 awltipote snplitudes for 
the transition f + 7 »j. m d another ij*t similitudes for X| * V J/+- These 
are usually called dtpola. quadruoole, ootunole, ...» amplitudes and in 
lowest order are eteetrto dlpote <C1I for xj parity • or magnet10 dipol* 
(HI) for Xj parity -. The angular correlation analysis alone cannot 
determine uhethtr eieotrie or magnetic amplitudes are operatic i.e., as 
mentioned prevlouslyi the parity of th« ttj state Is net determined in thin 
analysis. In the non-relativiatie oharnwtitum model, louest order is assumed 
to be dominant. Thus, only the dipole contribution 1s considered* e.f. 
equations (II1-341 nnd U11-J6). This is an assumption which has been 
checked experimentally» aa will be ohotm later. The results shown here are 
a partial summary of these presented in reference 38. 

Before considering the full Spin nnilysis, much e m b* learned (and 
historically was) by oKftftinins the hedrente decay nodes of the various * 
states, and by analyzing the distribution of the first r. in cosO'. This 
knowledge of the initially eailted 1 in the easeade is obtained* along with 
the hadrcnic decay information, from a common 1-C fcinciaatie fit In the case 
of the Mark i*» and Hark I I " deteeters, Sfniiar information is obtained 
free, the Crystal Ball dclector by observing all r decays of the * states, 
«-8-» X0-**<*»0»*' *~C fit in this detector. The *t3,55? and x(3.4U both 
decay into tuo pseudosc*!are. si or KK* unfit the *C3.5I) does n o t " - " . 
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TMt la Illustrated using recent Crystal Ball data In figure 16. Thus the 
N O . S S ) and *C3.4l> nuat have J pc = o", I**..., uBlng P and C conservation 
in tha decays. 

The XC3.5I) is observed9' to decay into KRS« (thraa paeudoaoalari) and 
thui 0* Is not possible for this state. The absence of a prominent deoay 
Into 2r for such a narreu state (14 Is narro«er than the *<1.SSJ as ue 
shall discuss), strongly Indtests** though does not prove. • spin-parity 
assignment 1* or r . (A M S S I V S spin 1 obieot oan't deosy Into two 
etaasl***. spin 1 ebfrot*> or fang's theorem.) 

Figure 17 shows the projection on oosO' of the data of references 
3*(orystal ball), 29CSLM-UL). There is a good Indication far a J * 0 
assignment tor the x(3.4U» the *<3.51> is clearly not ) : t, n HI already 
know. For a concluoivo j assignment of x(3.55> and x(3.51) the full 
correlation analysis Is needed. Hote that tha rate for (111-40) far 
x(3.41] is very snail and so a full analysis cannot be dona to determine j 
for this state with existing data which owes fro» * 1.711 +' decays. The 
likely assignment of 0** for x(3.4l) Is thus ooscranly accepted. 

H aaxfwmi likelihood fit orer all angles and miltipole coefficients 
establishes the spin assignment with certainty iihen sufficient data are 
available as Is the ease for data obtained by the Crystal ball** for 
XCJ.55) and XtJ.Si). These fits favor j£{4.55» having j»2 over J»W8 by 
many standard deviations, also *<3.5!) has j=l by a feu standard deviations 
<*4) over j=2,0. 

Ue thus conclude that* 
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+'—3y Of yv*** •'——3y (pattern cut removes w*l 

2.8 3.0 3.2 3.4 | 3 J 

m x (Go***2) , 3 5 

6 
51 

3 * ££ 3.0 3.2 3.4 3.6 3.8 

mx (GeW) J ^ 5 5 

13.51 
3.41 

rtgur* f6. a) t'*3r or r« A«° ».- observed by the Crystal Ball Detector. 
XO.41) and x(3.SS) show prominent signal* Mhtlir, *»<3.51) does 
not. b) <r'*3r (after v° .-eaoval). A Strang signal Btill 
appears for xzt3.55> (though analler than in figure 16a). untie 
none appear* for x»<3.41). Thus ne concludeF xt3.4l) and 
x(3.35) both .-cay to n°e°, while XC3.51) does not. Also, 
X<3.55) has an -nerval.] • decay to vr. Note that tha last «e*k 
on the right in ti..h parts of the figure la juat tha QEO 
prooassi e*e"*3r. 
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<a) MARK I 
X—4w, X—UK""* 

i—r 

( b) CRYSTAL BALL 

40 

X(3550J 

X135I0) 
-~ 75 

X134I5) 

T 
J=0 

-[-* — *̂- * 
< *r^ 

J * 0 -

J I L 
-LQ -0.5 0 0,5 1.0 

cos0' 
0 0.2 0.4 0.6 0.8 1.0 

|costf'| , ,,. 

Figure 17. a) Data from the nark I "»» detector ior *'-TX . x*ls*2ir »» 
K'K'H'TT. The anpular distribution n eosB' of the transition 
T is *ho*'i> {or each x state. xt3.41) i* consistent Mith a 1 + 
cos's' distribution uhile the other * states are not. hi Data 
froe> the Crystal Ball detector *» for 1t'-vx - r*J/* •» *rJ*Jt". 
Again the angular distribution in cose' of the first r 
transition is shown for each x state. Also, flonte Carlo 
results for various spin assignments are ahouu. x(3.113 is 
consistent with a I + ccs*fl* distribution. t$ - Qi- Bas*tl on 
a) nnd b) plus tlit* arguments in the text, a 0 " assignment (or 
Xo(J.41) Is most 11ke1v, and 19 commonly accepted. 
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2*P|** a XU.55) = Xi 
2aPi** * x(3.51) = Xitpirlty not directly measured) (111-43) 
2SP*** » *C1.4» = x 9 

just as one expects fro* the eharawfua) «ed>1. The 4C(29«0> Mid » 0'(3S92) 
have C=+; houevt.. the deterftfftatfnn of j w for these states needs further 
experiMfits (trinfition t cosf distribution, rr and hadr«n<« deoava spin 
analysis). 
ILvsiihS fii fiisltt. The leptonie branching ra t io of the J/+ cap be uaed to 

estimate a»(rty*>. To form th is branching ra t io ue use ( I I I - 3 Z ) and 

(111-33) a» well as,* 

r u ^ - T J j ) i i / 9 e ( s t - 9 ) « , I « 4 « * | R ( 0 ) | ^ r l » I I I I t - 4 4 ) 

ue then fiodi In loae : order, 
Br(J/+ •• e*e-3 s irlirf •* ii*u") 

r t J / * * t*e-> ( M I - I S ) 

<J/<r - 999) • ? n j / + •* e 'e - ) + T (J / t -• TggJ 

or. 

B r ( J / * + »•»-> s * * ( , * 
_ _ _ _ ^ ^ _ (111-46) 

»uaier>cully t i l th Q c - ' 3 , 

Br(J/+ •* e»e") ; 2.36« x 10'» 
( l l ' - 4 7 > 

J .4 l7x l0 ' * »,» + «.736*10"* + 7.983x10-»a.' 

Hhich is & cubic equ» ?n lor- «,. 

Esperi&tntalty,*' 

fir ,„,(,»/• ' •••"> * 7S1*10'a (Ul-4«) 

solving (Itl-4<i U8tn<i (111-463 M« >tn«, 

o,(M+«) = .197 £0.010 (111-49) 
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where this result 1B for first order QCB, i.e.. a«*<H#*> has actually been 
determined. 

A recent evaluation" using the J/* - n e *aes difference as input yields 

A H e 0.16±0.02i0.07> which implies to second order in QC0 tits 
rene-rMltzatten schema>> 

Batty 1) » ft. IS tl 11-50) 
or to first order gCB> 

o^dly*) • 0.J4. (JII-51J 

For our purposes here, ue Kill ue«> 
«itM**) • 0.2 i D.D2. (III-5Z) 

Using equations (111-31) and (111-32). 
r(J/T*3g)/r(q<r»2g) • a»(t\,*)C5(it*-9)/27nl 

* (1.0 I D.t) x t0-» (111-53) 
By using the experimental value " 

TtotU/*) = 63 t 9 KiV. (111-54) 
and removing the partial uldths. rtJ/WJT) and ru/'Hrgg) (c.f, CIII-33) 
and CIII-4433 which have tha values about 8.8 keV and 6.3 KeV respectively, 
ue flndt 

rthti)e*B9thadrqns)l a 4.7 ± 1.2 rttV. (111-55) 

Using the inclusive v spectrum from the J/* the Crystal Ball 
Collaboration has obtained ". 

~«K(.t»«-^iodrona1 = 12.4 i 4,* lleV, (II1-56J 
Thus. 

rtkTaMpttti-hadrons) * 0.38 * 0.17, UII-57) 
uhere the error in the ratio is obtained from a Gaussian combination of the 
errors in (111-55) and (111-56). Depending on one's standards this is good 
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or poor agree*ent. After alt, a first order theory is being used, and t m 
quantities are baing compared which are a factor of 100 diffBrant. Thus, 
obtaining agreement » a factor of Z-3 Is somewhat gratifying. 1st order 
QCO also gives the x state widths in terns of the first derivative of ftfrl 
at the origin1*, i.e.. |R'(0)|*; For example 

rt23rV»lHMlrQii9> » X19/B « V |B/(B>| */«»** U1I-S»> 
end, 

rt2*Ptt-»hadrons> = Mtt.*^R'^0>j*/rl^o,, . (tll-SW 
Thus the rat.o Is a simple quantity, 
r(2>Pz-»hadrons)/r(Z:>Pa-»hadrons) * « n « V M 5 r)xi*) > 0.23 r (ltl-60) 

Using a combination of Crystal sail results fron the inclusive T 
spectrum from the *' " and cascade dooays from the *' to the J/+", the 
hedronlc ufd'.hs of the x9 and x* states can be determined. Figure 18 shaus 
the results obtained for the aldths of the states from the cascade decays. 
Averaging the results from references 38 and 33 for the Xi uidth ua find, 

r . w Cx s) = J t | IteV. U I I - 6 0 

Also, 3 3 

r(Xi-»yJ/+) = 330 t 170 X«V <Ill-o« 
and so, subtracting U l i - « ) from (IU-613, 

rt«i-4iadrens) ' J.? i 1 He*. «I11-«3J 
rrom the inclusive 1 spectrum from the •*" <r(*a-*yJ./<r) Is negligible), 

r<x«->badrons> a 16S 4 rteV (1H-641 
and thus we find, 

r.«pt2'f>i-»hadrons)/r.J,pfZ9p»*hadrons> a 0.17 ± 0.08 tIIl-65) 
or less than i« below the theoretical ratio [111-60J, Me thus again find 
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E y (MeV) 
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4}»fc34 

Figure IS. a) The spectru* of th« first photon In the aeeeade 
+'~7X~rrJs*l£')l-i from the Crystal Ball Detector *•. The 
spectrum Is fitted by a convolution of th* Hal line shape for 
the detector and a Breit-Uigner Hit* ehap*. The dotted Ifne Is 
the Nal line shnpv, rhe soffit Mn» 1* the full fft. b) The 
confidence levels ns a function Of the erttt-Utgner full width, 
r. for Xi and m . The horizontal dotted linea ahoH the 903 , 
C.L.). and the II o error limits for X t M.I i 0.9 H»v). The 
Hidth measurement is clearly a tricky ent 
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qualitative, though not convincing quantitative agreeincnt between the first 
order theory and experiment. The absolute values of the widths are much 
uorse; the R M 0 ) obtained from an early charmonium model'**, yiolds, 

Tl2^p0.1,z •* hadrons) = 2 H«V, 0.1 tloV. ft.S ra-v. 

Kale, wjd Multipolar i tv sj , X Tr««***M«-

T O compare the charnontum nodel r transitions rate predictions to 
experiment, we wist first b* sure; that tin model applies in principle, tie 
have already checked aspects of the model in the previous sections. 
K r a m r , the iwn-relativistto approximation also deaands dipole dominance 
for the t transition matrix elements, i.e., that equations (Ul-34) -
tlll~3?> apply. That the dipole Matrix vlemrnts dominate the radiative 
transitions has bean oheoked using the cascade process till- 4U>. ft 
described earlier, the j p e Of the X states lias been determined by using the 
cascade process and other inputs. In re'erence 38 fits of the form 
(II1—413 uer* nsde to the easeade data for x\ and xf. dipole and quadrupole 
amplitudes uera Included in the fits. Figure 19 shows the results from the 
fitting process, and dipola amplitudes are sttoun to dobinate. 

Note that the radiative transition Matrix elements measures the nave 
function at relatively large distance. 

Fro* the y cascade analysis u* eompare r(l iS,-^I 1PjJ-r(2 3Pj-n'PSi> to 
the coupled pnannel Cornell Hodel tCCtU". 
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Spin I 

D-Q 
(Q) 

D-Q 
u-8i (b) «i«eie 

Figure 19.The multinalarity content of the transitions for a) Xi» and b) x^. The 
result is shown in terms of a likelihood function plotted as a function of 
D(dipole) and Q(quadrupole) amplitude content for **-»rX|i and Xj-»yJ/* 
transitions 0 is pure dipole. <X is pure quadruple. D+Q is equal mixture 
uitli positive relative sign, D-Q ia equal mixture with negative relative 
sign. The likelihood products for the data samples shown behave gaussianly 
in the region of the peaks; ue thus plot contours oi the likelihood 
function in 1 a cells. Kith each cell belou tho main peak corresponding to 
successive 1 o deviations from the best estimate. The results obtained or • 
compatible uith dipote dominance. Soe reference 38 for details. 



s t a t e n x - a ' l > rncBUxp rrtccnith 
IKeV^xlO 1 (KeV^xlO 1 

2 s Po e][>i.A neV 2018 56 

2 'p , <7 <102 87 

2 5 P ; 311 81i33 84 

Table 7.Comparison of experiment «•>• to theory*1 of the r cascade 
transition rates. He use T>' - 215*40 KeV1'. 

Agreement is surprisingly good given the non-relatfvistic approximations 

uhtch have been made in the CCrt. 

Given the results for the first 7 transition rates the agreement seen in 

table 7 is probably an accirte.it. Results published In 1977 from the HP 1? 3© 

collaboration** for the first r transition rates arei 

rt+'-TX,)) « 15.S t 5.0 Kev 
rtV-'-nXi) : IE.] i 4.1 M 
n*'-*rxi) = 15.0 ± 4.3 Kev 

1 19JS (systematic error) (111-60) 
(from I*y' uncertainty) 

Again, using r<(*-21 5±40KoV. 

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

n*'-»yx0) = 20.6 ± 1.3 i 3.4 xev 
lO'-nxO a 18.9 t 1.1 i 1.0 KcV 
n*'-*YXj) = 16.6 t 1.1 ± 2.5 KeV 

: \W, (systematic error) til 1-67) 
(from I>' •uncertainly) 

uhen the first error shoun is point tq point nnd tht second is nn overall 

systematic uncertainty. 

->6 
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The agreement between the e-ld and new experimental results is within the 
relative systematic errors teseludtng the overall error on the !>'); 
however, the Crystal Ball numbers tend to be larger. Hithin the point to 
point errors there is an indication for an Increase In rate from x, to *o 
transitions for the Crystal Ball data. Since. 

rc**-rxjl * <2jf*n«j 5, (Ill-6s) 
c.f.tlll-j")), ue expect. 
rc+**yxB)/c>o3 t rw-*r*i )/i«ia i rc*'*T*j)/5wi3 = l:lil (UI-69) 

The Crystal Ball experiment yields* I i 0,07 : 1.0S 4 0.0* i 1.37 1 0.11. 
Hoyever, as table < shows, the absolute comparison is somewhat worse. 

statt Theory(CCM) Gup. (t full error) 
rc*'*yxB> 43 Ke¥ 20.*±4.$ XeV 
rw*?*i> 3* 1»,9*3,9 
rt*'-nxi> M 16.613,& 

Tsbte 4. Comparison ot the absolute rates tor +* -* rxj. Theory is 
reference 42. experiment is from reference 33. The foil 
systematic errors of the experiment have been included for this 
comparison. 

The til transitions should be easier to calculate since ttjj tt I 
te.«.(iu-37)), tenty spin flip is 1»v?^ved>, 
r(n>Si*n'S«1/wn

3 « ltV3<Qc/2Me>» • 1275 KeV/(CeV)»(CCM) (111-70) 
Thus, using «i = ill t 5 MeV. ar,d (111-54), 

0rii,(J/***flc) « £2.6 iO.S>Jt (111-71) 
The Crystal Ball has measured this brencMng ratio 3 3 to be, 

Br.Kptjy* * « « 1 a tl.20 *»*»».e.3*» ttU-72) 
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Thus again, the agreement between tha C M and eaper latent is reasonable 
given tha 1 imitations of tha nodal. 

He may conclude after our somewhat ourmry oonparlaan of the charneniua 
model to experiment (actually only two or three non-ralatlvlstio models 
uero compared)» that agreement ia suprisingly good considering the 
approximations made In tha models. Tha eharnoniua ayaten does have 
important relativiatfe corrections, and higher order Q.C0 corrections*9. 
However, the battonontun systan should ha batter in these respects and 
theory auaits crucial tasts as the exploration of this unique system 
progresses. 
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IV. What t» left to I t m ? 

•> QllMtloiM tbOUt BOttOM 

As I M say in Section II, bottoaonlua is suits iwn-relatlvtstfo with 
<v*> « 0,fl». Ttiua it* aspect to learn a groat deal about quark 
dynamics through the careful ohaarvation of the hottoaonlua systaa. 

. In particular, the toiiQKlng topics should prove to be llluatneting. 
» leptonte width* 
' n'Si asss splitting 

l*P) cog 

S'Pj fine atrueture and classification 
• r<T*-»r»Pj> 

T - Ub mass splitting 

a) ina diipevurv ai ike X BUlun* 

The T Hag discovered at Feral lab using the process • P + Be + Jt*X" * 
X. Figure 20 shMia the results froa Feral lab and the confirming 
results from DORIS I. 

rigure 21 shous results from the Cornell storage ring CtSR, on the T 
system. 

The rates for T systea production in e*e* collisions are 
considerably smaller than In the J / f systea ease, and thus aake the T 
systea auch aore difficult to study. This is due to a nttaber of 
factors. Considering the esse of the T'. first. i*£e*e" -* t*» « 
«b*/Ttr*» ublcti drops the cross M o t i o n by a factor of * 36 froa the 
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1 1 1 1 
Columbia- FERMILAB-Stony Brook Collaboration (Tokyo. Alio. 76) 

Na[-Pb-Gtas Oetector/OESY (DORIS) DESY-Heidelberg -
Hamburg-Munchen-Collaboration (Aug 78) 

8.50 9.00 9.S0 (0.00 
TOTAL ENERGY (GeV) 

10.30 

Ffgur* 20. C9lu*bfr-Fer»iiab-st«w Brook end rjESY-«*ntaiirg-a«id«lbM'fl-
nuenclw Coll»bor»ti«wi Tfw T fMrily produced in hadranfo 
**e" relations. 
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Figure 21. aj The T, T' and t" states observed in e'e" reactions at CCSR 
t»Sln9 ttic CLEO magnetic deteetor*V b) The 1" and T'" 
states observed at CESJt ustng the CUSD NaKTJ?) detector**. 
Note that the T'" is uider titan the machine resolution 
signaling the production o< BO) mesons. 
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*'. Second, 

o<e*e" -> T) « t/AEbe*-i uhere AEbeaa is the energy spread of the 

storage ring. For SPEAft and OORIS (both machines have about the same 

magnetic radius), 

AEb.fl* H 2)c10-,Ebl (CeV). <IV-U 

Thus SPtAR at the +' gains another factor of = 7 over DORIS at the T' 

due to the beam energy resolution, and so a total factor of about 250 

is lost. All Is not )ost however, COR IS l l " has a much greater 

luminosity at the T' than SPEAft has at the *', and the production rate 

Is P'oportional to the luminosity. About a factor of 10 more 

integrated nb'Vday is expected for DORIS JI at the T' as compared to 

SPEAR at the +'. At SPEAR about 20k *' events are collected per day. 

Thus at DORIS JI ue expect about 800 Y' events/day. Note that CESR 

should also collect about 800 T' events/day. The luminosity Of CESR 

is lower than BORIS !I at the T', but the machine energy resolution is 

about a factor of tuo smaller due to the greater magnetic radius of 

the machine. 

What is obviously needed is a machine with 10 times more 

luminosity. Machine physics is a grouth industry. 

b) Leptonic uidths and the determination of Qb. 

Figure 22 shous TM'St •* e'e"), equation 111-33, divided by the 

square of the average quark charge, e.g., for the p> 

(ZCiQi) 2 = (1/i/Z 2/3 + W 2 " 3 ) 1 = {. 
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Figur* 22. The leptonic <Je«av widths of the 1 3S, vector mesons divided by 
the square of the average quark charge as a function gf the 
meson mass. 
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As is seen from the figure, and using ( 1 U - 3 3 K 

= « Should* UV-!) 

for the mesons Mith mass below the 1. on Choosing D, u
l = \/$, u* find 

| R TC0> | E/T1xz s 5.4x10V tIV-3) 

while Qh1 ~ V 9 ytelcfs a value 4 tines smaller. Thus it is natural to 

assign Qb = -1/3. There are more sophisticated arguments*' based fin 

potential models uhich support the 1/3 assignmenti however, thise 

depend on goneral assumptions about the Nature oF the bb potential. 

Measurements*» of Rh.d for £ e » < rh;'", and E t « > rly'" also oonflrn 

consistency uith Qb = -1/3. It is interesting to note the regularity 

for |R(Q)|* implied by equation (lv-2). Ho commonly accepted 

potential is able to reproduce this simple relation; indeed, due to 

the involvement of the p u and •?• its explanation is somewhat 

mysterious. 

c) Hie mass splitting of the n 3Si states. 

Initial predictions'" of the Mr' • lij » oflj used the standard 

potential of section ill. 

vCr) = */r + r/a J (JV-'U 

where the rty' - ij/v M a s u s c d a 9 input and no "flavor tuning" of the 

potential uas attempted. There initial predictions gave values of irtf 

30 to 80 HeV smaller than the experimental values. This failure of 

the potential (lv-4) led to the development uf a series of potentials 

uith considerably different asymptotic characteristics all of Whioh 

are able to reproduce the observed dft-j = 560iJ f(e¥ > as veil aft the 

other n'Si masses for the T system Cc.f. figures 4 and 5 ) . The 
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character I atles of these recent potentials are reviewed In detail 1n 
reference 16o, Briefly, the reason that potentials with such diverse 
asymptotic boliaviors are able to reproduce the ti'5i mass splitting is 
that «iuoh of the bound state uave function is located at value* of r 
where VCr) is neither dominated by l/r or r behavior. As is shown in 
figure 23, the average radii of the states studied 11* In the region 
of transition between the two postulated asymptotic behaviors. 

d) The center of gravity (cog) of tha Basses of tha n*Pj states. 

The potentials uhich arc n»u used to describe quarkoftiua arc 
dearly not ooulombic In the region of greatest influence on the 
system. Thus tha original motivation of Appelquiat and Politaer in 
predicting bound states, and the analogy to posttronium, has been 
somewhat blurred. In particular, the n* energy degeneracy of the 
coulembio eantral potential* nhi«h gives the n'Si and n'Pj states the 
saitkp mass* is no longer true. All recent models predict * shift in 
the lanss of the n'Pj cog tilth respect to the n'S, without including a 
apin-orbit interaction, Where. 

2 
tl(n*Pj)eo, * 1/9£IZj+l)n(n>Pi). (IV-5> 

j=0 

«t n'Pj fine structure and classification 

The. fin* structure for the qusrhoniu* systam. in the present 
nodols, doos not shift tha cog oi the P states (uhioh is not tha ease 
for posttronium). For staple potentials, the fine structure etast 
splitting terms sesle like7 
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Figur« 23. roree [Tons] vs r tF*rni] for the coulomb force (loutr eurvt), 
itnd the Richardson potential", ihe oc»n square radii for th* 
J/*, t'llf and T' ar« also shorn. See reference tbc for MI in 
4«»Ui discussion of ttte properties «f nany «f the potential*. 
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M/M,M (d'V/dr1) + (1/rVr) (dV/dr) <* Mq- < »"•* >" "**' tIV-6) 

wherei 

V s 4 er v, (-0 for v < 0). ClV-7) 

Thus, for a coulombtc potential, v « 1/r ue find arlf.« a t V * " t while 

for v e 0 (1os<r/r«)). 4nf. 4 « n q-'. 

Experimentally determining n(n 3Pj) c ( > 9 end Mlf.» is- thus an 

important check of the general characteristics of th* quarkonium 

potential models. 

Of course before a detailed comparison can bo made, the ip of the 

*b states must be determined. in principle, this can be accompMsited 

the same uay it uas ior the %e scates, e.g., for n • 2, 

T' •• •>*[, * VY? - yyX.*!i- (IV-6) 

enn bo analysed to obtain i, while the exclusive hadronic decays of 

the Xb states can be examined to determine P. However, as ue shnl1 

discuss, the branching ratio for the process CIV-8) is projected to be 

quite a bit lower than for the J/~4> system, and as ue have seen, tne T 

production rate is much lower than the V production rate. Also the 

average charge multiplicity, <n>c, is <n>c « s at the t', while <n> e « 

A at the i'. The expected branching fraction into nn or KK for the 

j's0*,2* states, is tints substantially loiter for the Xb states as 

compared to the x Q states. Thus the prognosis la for rather slou 

progress on these questions, unless some suprises arc in store. I 

expect that substantial information about even the simplest quantity 

to measure, t1t23Pj)c»g> uill be tuo years in coining, i.e., the summer 

of 1982. 

t) Branching ratios for T' -+ yxbj, ond the 7 cascade reactions. 
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Many theoretical estimates have been made 'or the partlnl widths, 
r(T' •+ r^bj) for bottomonium1'. In order to obtain branching ratio* 
the full width of the T* is also needed. There has been some 
uncertainty in I V due to lack of knouledge of the vv transition froi 
the t' to the Y. Theoretical!y«, 

rt#' •+ J/*iw> f<r#**>1* 
« = 10. (1Y-9J 

r/CT' •» Inn> l<rT'*>J 

if the gtuon has spin 1. Thus the accuracy of this prediction is crucial 
in the theoretical determination of Trr• In the case of the #*, 
r«l^'-HTn)-ir+", Recently the LENA collaboration at DORIS reported' the 
first measurement of Br(T' •* T(*TCT). rieasurements of this branching rati 
have also been made by the CLE0 S 1 and CUSB 5 1 detectors at the CESR Storag 
ring. The average of the three measurements yield, assuming isotopte spi 
invariance in the decay* 

Br(T' -» TtnT) = (28.5±3.9)J{ , (IV-10S 

In order to obtain Tj*t the LEKA group had to use a complex argument 
since a direct measurement of r<r' has not yet been acconplished due to tr 
large amount of running time needed. Let us nou make a slight diversion 
and reproduce the LENA argument here; its validity saves a let of oachint 
time. 

I V * r<T' - 3g(hadrons>) + TCT' - ZgT(nvT)) 
2 

+ I TtT* * TXbjJ • T.-IT' - hadrons) UV-11) 
also* 

T"T S r<T •* 3g (hadrons)) + r„lT •* hadrons) (IV-12) 
uhere Vtm Is the process shown in figure 24. 

-6B-



> - * - < 

Figure 24.The diagrammatic representation at the process which yields T a 
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Both r J o and T»» are proportional to T a« (for the T, r,.tT) s PIT * o*e">>. 
and, 

<r T/r„(T)) « <r<T' -• 3g) + r„<T' -» hadrons)l/r„<T') (IV-13) 
letting. 

I W T J s r..(Tj/rT (iv-i« 
we find, 

TCT' * 3g) + r«.tr' •• hadruns) = FWT')/B*«cr> CIV-IS) 
dtso", 

Tit1-* 2gT) s Br(T' -» unTJIV HV-161 
combining, (IV-M>, (IV-IS), and UV-16J, ue obtain. 

2 
[r.«(T')sBM<Tl • £T<T' * y*b5)3 

r-r' s trv-w) 
1 - Br(T' + tint) 

using the LENA values for** 
r.*CT') = CO.56*0.091 KeV CIV-1*) 

«nd" 
B„(T) = (3.2±0.B)J! tlV-19) 

Me obtain! 
r.,lT')/B«(t> = i»**-, KeV (iv-2d» 

and finally. 
2 

ft' = 26*9 KeV + C1.«±0,02)£r(T' •* rxbi? tIV-21) 
i=0 

The uidth of the T has been obtained**, 
TT = 40 * , 3-a KeV. 

In order to estimate the effect of the r transitions- ue can use scaling 
laws' using (111-34), 
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(ObsQc^Cubj/u,})* l E H l b ^ U l f U 2 I IV-Z2) 

For a potential of the for» CtV-7), 

(ub j /He j * 3 I t M l b ^ l E i f l e 1 « C n V m , , ) - ' * ' * 1 " ' ' * 1 > ( IV-23) 

Then. I«r if « 0 < log<r / fo ) l . 

rcT* -• rXbjJ * ( t / 4 U t / 3 i r ( + * -* irx»i» ( IV-24) 

a n d " . 

2 

and so. 

2 
£ F I T ' -r rXbj) « 5 K»tf CIV-2M 

Ufcing this value, 

I V « 33 ±10 KaV = T T . (IV-273 

Tiits ia certainly not the 008* In the J/+ system uhere I V * * r j / ^ . Of 

course the re la t ive ly narrower uldth of the Y* as compared to the ? ' 1s an 

important boost to the observation of the r l ines , since their observation. 

rate is proportional to Br(T' * VXfaj)- Me can estimate us ins UV-26) und 

UV-27), 

2 
£ B r t f •* rxb}> « 155*. tIV-2«> 

ilou such lines uould appear fn the Crystal Ball Detector using 125k t* 

decays Is shoun using a Kent* Carlo simulation" i-> figure 2$. 

Figure 26 shous the data sample obtained for the r cascade process using a 

different Monte Carlo mo<!»l*», end a different theoretical model**, than 

used for figure 25. 120 oaseade events are obtained froa 129 k, T' dooays 

-71-



h I I i i 111 
2500 F 

T — r r T—3 

Q r i i i t i 11 • l ' ' ' • ' J 
tZrSZ 

40 100 200 400 
E r (MeV) 

1000 
4233A12 

Figure 25. A Monte C»rlo simulation o* the T' inclualv* * spectruni in the 
Cryital 1*11 Detector. 125k I' decay* «r« «ho«n. Aeoeptence 
cuti, pattern and overlap cuts and a ** swbtrattion ore in the 
Monte Carlo as described In relerenee SD. The model of W * M 
and Aoaner «as used", ehich has Br<T' * **bi> s « • D r ( T ' * 
rxbi) • *«•*• a n d B r € T ' * ***** * 4 , M S * 
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Figure 26. A Monte Cirlo simulation of the f cascade process from the 
decay of W5k f in the Crystal 8a5? detector. A diagrammatic 
*'.presentation of the oascade is shoun at the upper left of t 
fiOtlrf: 
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after all cuts. Tuo or three tines this data sample (two or three years of 

running at DORIS II) uoulu sllou a spin analysis to determine the j of the 

states. Thus the prospects look reasonable that within the next three to 

four years many of the interesting questions ue have pondered in this 

section uill havo substantial experimental input. 

g) Myperfine splitting, the in,. 

Estimates for the q^ mass' 6 place it about 46 HeV belou the T. Siven 

the «' factor in the formula for the ni transition, (lit-36), the rate Mill 

be highly suppressed. Also, the observation of a e 50 MeV photon in the 

large backgrounds present around that energy in the T inclusive t spectrum 

makes the measurement extremely difficult, tt thus seems that the moat 

likely Uiiy to observe the tjb is through the hindered Ml transition, where 

the photon has about a 600 Me' energy. Of course this possibility depends 

«r; how hindered the transition actually turns out to be. 

V, On to top. 

Figure 27 shows a recent compilation of threoretital predictions ns to 

uhere t¥ threshold is to be found. Within two years PETRA Hill have 

extended its energy to well over £ e a = 40 GeV. Is there life beside the 

Z»? 
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