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1．　　　INTROOUCTION

　　　　　An　impress1ve　amount　of　data　has　been　accumu1ated　over　the　past　three

years　wh1ch　support　strong1y　the　idea　that　e1ementary　partic1es　are　composed

offourquarksinsteadofth・pe・A11thepred1ct1onsbasedontheex，stenceof
the　fourth，　the　cha　nm　quark，　have　1n　pri　nci　pa　l　been　born　out　by　experiments　and

from　deta11ed　1nvesti　gat『ons　very　i　nteresti　ng　resu1ts　cou1d　be　◎bta1ned　for　the

strong　and　the　weak　interaction．Most　of　these　resu1ts　have　been　obta，ned　w1th

e1ectron－positron　storage　r1ngs，and　on1y　these　wi11　be　discussed　in　this　re－

po　rt．　Addi　t　i　ona1　data　from　・1adron　i　c　or　neutr1n◎　i　nteract　i　ons　a　re　1n　gene　ra1　a　gree一

　　　　　　　　　　　　　　　十　・
ment　w，th　the　e　e　　data　and　w111　not　be　discussed　here．Th1s　ser1es　of　1ectures

wi11　be　ent1re1y　devoted　to　a　d1scuss1on　of　mesons，　i．e．quark－antiquark

systems．　A1though　some　1ndicat1ons　have　been　found　for　the　ex1stence　of　charmed

ba　ryons，　these　data　a　re　s　t『11　rather　s　canty．　I　n　the　1as　t　ch　apte　r　we　sha11　a1so

discusstheups11onpart1c1e．

　　　　　ユニ旦．．旦eCtrOn－POS1trOnStOrage．〔聰9…

　　　　　Most　of　the　data　have　been　obtained　at　SPEAR　in　Stanf◎rd，　Ca1・ifornia，　and

DORIS　at　OESY，　Hamburg．　SPEAR　，s　a　s1ng1e　r1ng　耐achine　1n　wh1ch　e1ectrons　and

pos1trons　c1rcu1ate　1n　the　same　vacuum　chamber　in　opPos1te　d1rect1ons．　The　stored

part1c1esareconcentrated1nonebunchperbeamthusco川dingon1yatthetwo
1ntersect1onregions．DORIS㎝theotherhand，cons1stsoftwohngs，oneontop
of　each　other．　The　beams　are　cross1ng　at　an　ang1e　of　24　mrad．　As　a　consequence，

each　beam　can　conta1n　up　to480　bunches，yie1d1ng　higher　1um〒n◎s『ties　at1ower

energ　i　es　where　the　1umi　nos　i　ty　i　s　11m1ted　by　space　charge　effects．　At　h1gher　ener－

gi　es　where　the　rf　power　i　s　the　1im1tation，　the　si　ng1e　ring　operat1on　1s　more

favourab1e．

　　　　　The　two　ri　ngs　of　DORIS　wou1d　make　，t　poss1b1e　a1so　to　study　e1ectron－e1ectron

ande1ectron－Protonco11is1ons．Theseopt1onshavenotbeenusedsofar，because
　　　　　　　　　　　　　　　　　　　　　　　　　　＋　・

ofthestronginterest1nee　physics．

The1ay一・・tof00R1Sa・dinje・ti・・sche・eissho・・1・fig・1・1・Sofa・00R1S・ost1y

hasbeenoperatedatenergiesbetween2・1．5and2・3GeV．Thee1ectronand
pos1tron　currents　are　usua11y　about　200　mA　and　the　beam　11fetime　i　s　vary，ng

between5and12hours．Currentsbetween0．5and0．8Ahavebeenach1eved，but
beam　11fet1me　then　became　short　and　the　momentum　smear1ng　i　n　the　beam　gets

biggerthan1MeV・1nOctober197700RIShasbeenconvertedtosing1ehngopera一
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Fig.1.3 shows the average luminosities per week obtained during '76 and beginning 

of '77. It is the average luminosity which is really important for the experi-

ments. The continuous increase of the average luminosity is mainly due to im-

provements in the stability and reliability of the machine. With a total cross 

section of about 4C nb several hundred events can be observed per day. 

l =1 ~_S_pegtrQTe~erS 

In order to observe and analyze the particles produced in e+e~ annihila-

tion magnetic spectrometers are used in most experiments. 

Fig.1.4 shows a blow-up diagram of the magnetic detector at SPEAR. A coil 

with about 3 m diameter produces a longitudinal field parallel to the incident 

beams. Cy7indrical chambers permit the detection of charged particles providing 
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very good momentum analysis which is one of the strengths of this spectrometer. 

A solid angle of about 65 "/" of 4~ is covered. Electrons and Y-rays can be ob-

served by shower counters, which are placed outside the coil . Time of flight 

measurements with scintillation counters make it possible to identify particles 

and in particular the separation of K and ~'s turned out to be very important 

for the discovery of charmed particles. Large spark chambers Tocated outside 

the iron yoke allow the detection of muons. Since the iron yoke is not very 

thick, there is however some punch trough from hadrons. In order to provide 

a cleaner muon detection for at least a limited solid angle, additional concrete 

absorbers have been added later on top of the detector ("muon tower"). Very 

recently a lead glass wall with an active converter has been added which has 

proved to be very important for the c~ean detection of electrons. 

Fig.1.5 shows the PLUTO spectrometer at DORIS. PLUTO also uses a longitudinal 

magnetic field which, however, is produced by a superconducting coil giving a 

field of about 2 Tesla. Since the diameter of the coil is only about I m, the 

iron yoke ~~8cm thlck 

superconducting coil 2T 

¥¥, 
muon chambers - _ ~ 
~I 
leQd converters J()~) 

~l O. 4 X~~o 

I 
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PLUTO 
Fig. 1.5 

momentum resoluti.on is lower than that 

cannot be used to identify particles. 

inside the coil cover about 86 "/" of 41T 

with two lead converters (0.4 and 1.7 

of SPEAR and time-of-fl ight measurements 

On the other hand the cylindrical chambers 

. The cylindri.cal chambers are interspersed 

radiation lengths thick, respectively) 
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which allow the detecti,on of Y's and the i_dentificati.on of electrQns. Large 

chambers outside the iron yoke are used to detect muons. Since the iron yoke 

prov~des a hadron absorber more than 60 cm thick in all directions, a very good 

muon identification can be obtained. Indeed, the mis-interpretation of a hadron 

for a muon is less than about 3 "/.. Also electrons can be identified quite re-

liably, again with a mis-identification probability of only a few percent. These 

properties have been very important in verifying the existence of a heavy 

1 epton . 

Fig.1.6 shows a schematical view of the double arm spectrometer DASP at 

DORIS. Here two big magnets provide a transverse field outside the interaction 

region. Particles entering the gap of the two magnets can be analyzed very pre-

cisely (momentum resolution better than 2 %). Since long distances are involved. 

partic~e identification by time-of-flight is possible. Electrons and Y are again 

identified with shower counters and v are observed behind iron absorbers. Thus 

very good identification and momentum analysis of hadrons is achieved 

over a solid angle of 0.9 sr. Two cerenkov-counters have been installed covering 

the magnet gaps which allows a very clean electron identification. A central de-

tector consisting of proportiona~ tubes and shower counters but without magnetic 
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ana1ys「s　covers　about　70　％　of　47r．　Th　i　s　cen　tra1　detecto　r　a11ows　the　determ1nat　i　on

・fth・d1…ti…fY1…d・h・・g・dp・・t1・1…舳…㏄・…y・f・b・・t2o，・h1・h

has　been　very　essent1a1　1n　some　of　the　exper1ments．

　　　　　Severa1　non－magneti　c　detectors　us　i　ng　NaJ　crysta1s，　1ead　g1ass　counters　or

1arge　neutron　counters，　have　been　used　at　SPEAR　as　we11　as　at　DORIS．　unfortuna－

te1y，　there　1s　not　enough　room　here　to　descri　be　a11　the　experiments．

］蔓．一I雌§．9f．sさ附加…蛇…

　　　　　　　Ifane1ectronandapos1tronannih11ate，av廿tua1photon1sproduced
由h1・hth・・d…y・・ith・r・g・i・i・t・・1・pt・・p・廿o・i・t・h・d・…（f19・1・7）・

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　The　tota1　f1na1　state　must　have　the　quan－

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　P　　一
　　　ψ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　tum　numbers　of　the　photon　J　　＝　1　．　Most

a〕　　　　　　　　　　　　　　　　σt◎t
　　　、　　　　　，∩。1、。．。。。p。。t。。　・fth…p・・1…t・・h1・hh…b…p・・’

　　　　　　　コp・1’　　　　。　ψl　f・m・d・・d・h1・h・111b・d・…1b・d1・t・・
　　　　　　　　　　　　　　　　　　　　σ
　　　　　　　　　　　　　　　　　　　　　　　　　　　ヨ　　　　fa11intothefo11ow1ngthreec1asses：

・1〆　　R　　　1　　　1．N・・一・・・・…th・d…p・・d・・tr・・（fig．1．7・）
　　　8－　　　　1．　　　　　　　l
　　　　　Eざ、一・m。・・　　　　l　　　Hereonemrghtaskquestrons11kewhatis
　　　　　　　　　　　　　　　　　　　　　　　　　mRc2　　　E“e－　　　the　mu1t1p1i　c1ty　of　produced　hadrons，　how

　　　　　　　　　　　　　　　　　　　　N
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　var1es　the　tota1　cross　section　as　a　func一

・。、べinv1　lll；：；、e；1；91nlll：lll’；1、；lllnl；Cl：仁、．

c，、一　、、　。・・1・inv・・…i・・・・・・…1・1・・1i・・・・…

　　　　　　　　　　　　　　　×、、、　　　2・Iftheene「・・ofthev『「tua1・hoton

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　coinc1desw1ththerest’energyofa

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　vector　part1cl　e　hav『ng　the　quantum　num－
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　M晩ck

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　bersofthephoton，thehadronproduct1on

　　F1g．1．7
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　w〒11　be　enhanced．Measur1ng　the　tota1

crosssect1onorspecia1channe1sonewi11noticeares㎝ance－1ikestructure
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　一

廿p1ottingthedataasfunct1onoftheee　energy（f1g・1・7b）・This1sa
・e・ypo・e吋・1・・thodtoddtectne・pa・t1c1es，ho・e・e・・o・1ypart1・1es・1th

thequantumnumbersofthephotoncanbed1scovered1nthisway・
3．0therstatescanbefoundinthefo11owingway：assumethatthev廿tua1
ph・t・・d…y・i・t・t・・・・・・・・・…　（f1g．1．7・）・h1・hr・t…d…y1・t・

other　hadrons．　I　f　the　momenta　of　the　f，na1　part1c1es　are　measured，　then

one　canc㎝binetwoormorepart1c1esandca1cu1atefr㎝there1at1v1stickinema一
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t　i　cs　the　1nva　ri　ant　mass　of　the　obj　ect　from　whose　decay　they　or元g1nate．S1nce

one　does　not　know　a　priρri　which　part1c1es　come　from　the　decay　of　the　resonance，

many　wrong　combi　nati　ons　of　course　are　taken，wh1ch　produce　a　smooth　background．

The　r1ght　comb1nati　ons　of　part干c1es　on　the　other　hand，　produce　a　sharp　peak　on

top　of　th1s　background．　I　n　th1s　way　states　wi　th　other　quantum　numbers　can　be

found；　of　cou　rse　1t　i　s　necess　a　ry　to　measu　re　a11　decay　pa　rt1c1es　1n　order　to

determine　the　1nvar1ant　mass．

　　4・　The　k1nemat1c　a11ows　to　ca1cu1ate　a1so　the　mas　s　of　the　system　reco　i11ng

aga1ns　t　the　千nva　r1ant　mas　s　determi　ned　as　descr1bed．　I　f　the　reco　i11ng　state　a1so

conta1nswe11def1nedresonances，Peaks1nthed1sthbut1onoftherecoi1mass
wi11　be　found．　Si　nce　the　reco11　mass　can　be　ca1cu1ated　from　the　momentum　of

thef廿streso・ancea・→thein1tia1state・1tis・otnecessa・ytoobse・vethede－

cayproductsofthereco11ingresonance．

　　　　　The　pu　rpos　e　of　th1s　rev1ew　1s　to　s　umma　r1ze　the　exper1menta1　facts　and　not

to　d1scuss　vari　ous　theori　es．　T◎　1nterprete　the　data　phenomeno1og1ca1　mode1s

wi11　be　used　which　have　been　deve1oped　over　the　past　years　and　wh，ch　are　based

on　s1mp1e　concepts．　Most　of　these　mode1s　are　1acki　ng　a　r1gorous　foundation　and

hence　they　are　cr1ti　ci　zed　by　many　theori　sts．　0n　the　other　hand，　these　mode1s

haveexh1b1tedasurphs1ngandextreme1ysu㏄essfu1pred1ct1vepowerandthere－
fore　th　e　usefu1ne　s　s　o　f　s　uch　mode1s　i　s　beyond　any　doubt．　Before　d1scus　s1ng　thes　e

mode1s，　1t　m1ght　be　usefu1　to　reca11　some　genera11y　accepted　ideas．

L；工．9蛆ヒ．幽S1

　　　　　Th・f・11・・1・gd1・・…1・…川b・b…d…　S∪（4）・SU（3）q…k・・d・11・一

p1y1ng　that　cluarks　have4　f1avours　（u，d，s，c）　and　3　co1ours　（b1ue，　red，ye11ow）．

0ne　of　the　ma　i　n　quest　i　ons　w『11　be　to　c1ari　fy　i　f　the　exper『menta1　resu1ts　a　re　i　n

agreementw1ththeex1stenceofacharmquark，wh1chhasbeenrequestedto
・・・・・・・・・…一1・p・…。・…h・1o6）。。・・。。。p1．i。・・。。・。。。。。。fn、。・。。1c、、、、n。、

i．Kd。。。y1o7）．

　　　　　The　co1our　Su（3）is　supposed　to　be　a　perfect1oca1sy㎜etry　i叩1y1ng　that

・・1y・・1o・・…t・・1（・h1t・）P・・t1・1・s・a・beobse…d．Thef・11o・r・g・・g・…t・

supPorttheex1stenceofaco1our－degreeoffreedom：
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l) to explain the spin-stati.stics of baryons consi.stin. g of 3 qvarks, 

2) to obtain a non-Abelian group, 

3) to explain some experimental results, e.g. decay probability of 
IT0+ YY (factor 32) and the 

+ ratio R = (e e~ + hadrons) / (e+e + ~+~~)(factor 3), 

4) to understand why particles consist only of qlq2 (mes_ons) 

or qlq2q3 (baryons). 

The quantum numbers of the quarks are 

f I avour Q 13 S C Y 

O O 

O O 

-l O 

l O 

and baryon number B = l/3, spin = l/2 for all quarks with Q = 13 + ~ (B+S+C). 

The SU(4) flavour symmetry is broken by the different quark masses. 

Since experimental results on charmed baryons are still rather scarce, 

only mesons will be discussed. They consist of a quark and an antiquark. This 

leads to the group theoretical reduction 

-8+1+3+3+1 
wi th c =0' o' -1'+1' o' 

The octett and singlett with charm charge C = O correspond to the old SU(3) 

symmetry. The two tri,pletts require the existence of 3 particle states with 

charm C +1 and -1, respectively. Finally the last singlett is associated 

wi.th a state cc the two charm charges cancel and hence C = O ("hidden charm"). 

l:~~_g~r9T9~yD~Ti9S_gg~ 

QED can be generalized to a g_auge field 
symmetryl). The interaction between quarks is 

photons in the electromagnetic case. 

theory with local SU(3) colour 

mediated by gluons in analogy tO 
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g Y 

ac O ~ED 

The 

On 

main differences 

a) there are 8 

(compared to 

b) the coupling 

(instead of 

the basis of ve_ry 

olS(E) = 

are : 

massless neutral g7uons with a quantum number 

on~y one neutra~ , co~ourless photon); 

constant ats is a function of the interaction 

being a universal constant). 

general assumptlons one obtains2) 

as ( Eo) 

l + I~~ 's(Eo) In (E/E ) 

co I ou r 

energy E 

(1.1) 

where Eo ~s an arbitrari~y chosen normalization energy. The factor 25/12~ is 

derived from dimensional counting*) and this particular value is associated to 

4 quarks. The In-term corresponds to vacuum polarization in QED. 

Equation (1.1) implies that oes becomes small at high energies (corresponding 

to small distances) and gets big at low energies (large distances). This has 

important consequences: 

Cts a As m totic freedom: If the distance 
between two interacting quarks gets very 

Cts(E.) small (the interaction energy is high) 
the coupling constant OLS < I and one 

E has a similar situation as in QED. One 
Eo gluon exchange prevails and perturbation 

theory can be used. Many of the formulae developed for the hydrogen atom or 

positronium are appl icable. 

*) 33 - ZN where N is the number of fl avours . 
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b）Qu舳kconf1nement（infrared　s1avery）：

　　　　At1arged1stancestheintemctroneneザgジssma11andaccord1ngto（1．1）

　　　　α。g・t・1・・g・・Th・・t…g…p11・g・ightp・・…tth・11b…t1…fq…k・

　　　　s『nce　the　product　i　on　of　qq　pa　i　rs　1s　more　11ke1y．　However，　1t　1s　not　yet　we11

　　　　understood　h◎w　th1s　conf1nement　mechani　sm　works　and　in　part1cu1ar　1t　is

　　　　not　c1ear　whether　it　can　be　understood　1n　terms　of　many　g1uon　exchanges．

　　　Intheframeworkofa1oca11ybrokenbutg1oba11yconservedSu（3）co1our
　　　symmetry　free　quarks　and　g1uons　m　i　ght　exi　st　wi　th　qu1te　strange　proper・
　　　t元。。3・）．

1．23　Potent1a1 mode1s

　　　　　For　the　1nterpretat1on　of　the　exper1menta1　resu1ts　variouS　potent1a1　mode1s

havebeendeve1oped．Thecho1ceoftheq－qpotent1a1isbasedonthegenera1ar－
9・…t・g1・…b…．1・p洲・・1・・th・H・耐1t・・1・・・…ti・t・・f3p・・t・4）

　　　　　　　　　　　　　　2　　　　2
H；・1＋・2＋P1／・1＋P2／・2＋

　　　　＋（αQ1Q2－kα。）S12＋

　　　　＋L（r）

（1．2）

Th・f廿・t1「・・i…f・・・・…th・f…p洲・1・t・…h・…1・・dp1・t・・df・・

the　mas　ses　and　momen　ta　of　the　2　qua　rks．　The　second　11ne　i　s　as　soc1ated　to　the

・h・・t…g・i・t・m・ti…h…舳・1・・d・p、・d・p・・d・・・…p・・…dbyS12…

assumed　to　　be　the　same　for　the　Cou1omb　force　and　the　strong　i　nteraction．　The

・・1yd廿f・・・…1・th…p1・・・…t・fth・f1…t…㌻・・・・…t・・tαbyα。・f

（1・1）・・d・fth・・1・・th・・h・・g・・q1Q2by…1…f・・t・・k・hi・h1・

k・一4／3foraqqsystemandk・一2／3forathreequarkstate．

　　　　Theth廿d11neof（1．2）standsforthe1ongrangeb1ndfngPotent1a1．A
P・・f・…dg・…f・・L（・）i・5）

L（r）・a　r （1．3）

i．e．　a　11nea　r　dependence　on　　r　　and　the　constant　　a　　has　to　be　detenm1ned　from

。。p．h。。。・。．S。。。・柿。。6）。h。。。。。1。…i・11・…p・・…1・1L（・）…21・…di・一

stead　of　（1．3）．　Pract1ca11y　nothing　1s　known　from　a　theoret1ca1　point　of　v1ew

onthesp1ndependenceofL（r）andontheinf1uenceofthequarkmasses．A1so
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th・p・・p・・t1・…d・・L・…t・t・…f・㎜・t1・・・・・…d・・q…ti…Afi・亨tg・…

might　be　that　L（r）　transforms　11ke　a　Lorentz　vector　but　sca1ar　contr1but1ons　are

poss1b1e・Vahousmode1sd廿ferbytheassumpt1onsmadeforL（r）．Recent1ya1so
1・g・hth・1・p．t。。tr．1．h。。。b。。。。。。。id。。。d134）135）．

1，231St。。d。。d。。d．13・5）

Thesimp1estmode11sbasedonthefo11㎝ingassumpt1ons：

・）…一・・1・ti・i・ti・p・t・・tr・1（・・1・tr・1・t1・・o・…tio…pt・
　　　　　　　　2
　　　（v／c）），

b）S121・C・・1・・b－11k・一…1！・一b・h・・i…，・pi・一・pi・，L・S・・d

　　　tensorcoup1ings，

c）L（r）・ar，Lorentzvector．

Th…p11・1…m・fS12i・3・4）

　　　　　　1　π　　　今　　4
S12・下一？δ3（・）・百

　　　÷　　　今
・（・・p1）・

　　　　　　　　　今
　　　　1　　p1

一　　　（

s2

今
p2

今　　　　今　　　　　　　　　　　　　　　今　　　　　　今

・1・・2　1　3（・1・・）（・2・「）

　　　　　　　　＋
（亨・育2・・1ド

　　　　今　→・　　　　今　今
　　　　（・・P1）（・’P2）

　　十　　　　　　）一
　　　　　　　　r3

’s1．s2＋

（1．4）

2m　m　　1　2

　　　1

’。、・｛

r

1　今　　÷
2（・・p1）

1

　今
・S　　・
　　1

1　＋　今　　今　　　π
プxp・）’s・ド百

3÷
δ（r）

　　1　　　1

（2＋て）
m　　　　m　　1　　　2

　　　　　Thesecondterパnthef廿st1inedeschbesthesp1n－sp1n1ntemct1on
g　i　v　i　ng　r　i　s　e　to　t　he　hyperfi　ne　sp1i　tt1ng，　the　th　i　rd　term　g1ves　the　ten　s　or

and　the　second　1i　ne　the　L　x　S　coup11ng．　The　th1rd　11ne　or1g1nates　from　re一

　　　　　．　．　　　　　　　　　　　　　　　　　2
1at1v1st1ccorrectionsoforder（v／c）．The1ast1加ehasnoc1ass1ca1

…1・g・1t…191・i・th…d・・t1…fth…1・t『・1・ti・αデ・・th…t・

thePau11σ・sp1nors．
　　　　　　　　　　　1

ユニ；…2．．蚊eso2h1st1ca幽．幽εユ…

　　　　　　　a）Genera1potentia1V（r）

　　　　　　　　　　S。。。。。th。。。7・8）。。。。id。。・。。。。g・。。・。1・一d・p・・d・・…fth・p・t・・t1・1

　　　　　　　　　　V（r）thantheCou1㎝b1ike1／r．Inth1scasetheg1uonpropagatorhas

　　　　　　　　　　to　be　mod1fi　ed

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　リ．1　　　　　リ　　2
　　　　　　　　　　　　　　　　　　　　　　　　・1バ2F－1－2・（k）

　　　　　　　　　　　　　　　　　　　2
　　　　　　　　　　whe　re　v（k　）　1s　the　Fouri　er　trans　form　of　V（r）・
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　　　　F…1・p1t・ityS12、・g寸…o・1yf・・th…S・・f・q・す1

interact1ng　quarks：

　　4　　　　　　　　1
一一　α　S　　＝
　　3　s　12　　　2　　　　　　　　　　　　　　3m

　　　　　　　　　　　　　　　2

十

十

3m2

　3

2m2

十Sp1n

d2V
（
dr

今　今
（・1・2）

　　1dV
一一一）
　　r　dr

▽2V（r）

1dV　今　今（下石（・・p）

masSeS　of　th，e　tWo

［；⊥・ら一・（；1・；）（；・・；！l

÷　　　　　一＞

（・■1＋う）

i　ndependent　te　rms

（1．5）

The　s　pi　n　1ndependent　terms　a　re　the　same　a　s 1n（1．4），1asttwo1ines・

　　　　　F・・V（・）・一α。！・・q・・（1・5）r・t…sf・…di・t・（1・4）・1fth・’’・・i・・11

P・t・・t、・1V（・）・一α。1・…　1・・h・…th・・th・…f1・『・gP・t・・ti・1…thb・t・・

automat『ca11y　to　sp1n　dependent　effects．

The1eve1ordehngforqu1tegenera1c1assesofpotent1a1shasbeenstud1ed
byG。。。。。。。dM。。ti．8b）．

b）　Lorentzpropert1esofL（r）

　　　　　S1nce　very　11tt1e　1s　known　about　the　1ong　range　potenti　a1　L（r）　「t　cannot

be　taken　for　granted　that　1t　behaves　1｛ke　a　Lorentz　vector．　A　more　genera1　an－

satz　1s　a　mi　xtu　re　between　vecto　r　and　sca1a　r　g，1o）

　　　　　　　・（・）・・1（・）・1、・。μ・

。h。。。1。・…れ・・t・1…．
　　　　　　・1

Fora11nearpotent1a1

　　　　　　　・（・）・（・v・・1、・。μ・

where　the　corlstants　K
　　　　　　　　　　　　　　　　　　　　V

and K。

・。（・）11・i。

・、・血11。）・

determ1ne　the　mixing　rat，0．

（1，6）

（1．7）

　c）　　Anoma1ous　Pau1i　coup11ng

　　　　　　I　n　ana1o　gy　to　t　he　anoma1ou　s　magnet1c　moment　i　t　m1g　ht　be　cons　i　dered　that

q…k・p・・・・・・・・…1…g1・・・…p11・g・11）．Thr・1・p11・・th・t・・…k・・th・

fo11ow1ng　subst1tut1on

　　　　　　　　　　　　　　　　　　　記
　　　　　　　　　・バγμ十疏㍉、kリ
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where　aE1s　the　a　noma1ous　moment．

f1ed1nthefo11ow1ngway：

　　4
一　‘　　α
　　3　　s

S　　＝
12
3m2

Asaresu1texpress1on（1．5）

・（tenSOrtem）

・竿・（・・1・一・。i・・…）

・嘉（1・争・（・・1一・・。。）

has　to　be　mod1一

（1．8）

十　　u　nc　ha　nged　te　rm．

From　these　coefficients1t　fo11ows　i㎜ediate1y　that　an　an㎝a1ous　coup11ng火has

a1arger1nf1uence㎝thetensorandspin－spintermsthanontheL・S－c◎up1rng．

　　　　　Some　peop1e　q　uest　i　on　why　a　fu　ndamenta1　structure1ess　part1c1e　1i　ke　a　qua　rk

shou1d　have　anoma1ous　coup11ngs．　It　does　not　seem　c1ear　1f　they　cou1d　a　r1se　from
high。。。。d。。g1。。。・。m．12）．・・・・…，・・・・・…1・・・・・・…1。・1。・。。。。。・。、。。、廿e

X≠0．F。。。。・・p1。・h．MlTb．g13）。。q・廿・・（1ギ）今O1f・h・q…k・・…今0・

d）　Coup1eddecaycha㎜e1s
　　　　　For　a　bound　system　1ike　charmonium　the　decay　channe1s　above　the　b1nd1ng

ene　rgy　（e．9・　cc　今　cu　＋　uc）　a　re　neg1ected　1n　the　fi　rs　t　apProx　ima　t　i　on．　However，

j　us　t　be1ow　the　d1s　soc　l　a　t　i　o　n　thザesho1d　the　v1rtua1　c　ha　nne1s　ca　n　nlod1fy　the

b。。。d．t．t。．S。。h。。。。。。ti。。。h。。。b。。。。。1。。1．t．d5・14）．

e）　Annih11ationgraphs

　　　　　I・th・・h・m・・i…y・t…廿t・・1t・…iti・…　今・今qiq1…p…ib1・・

・h…qi・…th・・th…一q…k・・Th・…i・t・・1t・…iti・…ff・・tth・b…d
。ε。・。・。。。d1。。d・。。。。一。。g岬b1。。。㈹・1。。。14）

　　　　　The　i　nf1uence　of　the　improvements　of　the　standard　model　w111

be1owforpart1cu1armeasurab1equant巾es11ke1eve1sp1itt1ngs，
probab11ities，　etc．

be　d1scussed

tranSit10n
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エニ2壬一．．Grouptheoret1c21』9皇Sユ§

　　　一　　　S1nce　the　potentia1　mode1s　are　not　re1ativ1stica11y1nvar『ant，　even

1f　re1at1v1st1c　correct1ons　are　1nc1uded，　some　authors　der千ve　1eve1　s　chemes

from　grou　p　t　heo　ret1ca1　mode1s．　T　he　gro　u　p　0（4）　for　examp1e　corresponds　to　the

・・1・・1・1・・i・d。…1…f．h。。。。。i。。15）．A1。。b。。k。。SU（4）h。。b。。。i。一

。。。・r9。・。d16）．

　　　　　　　　TheSe　mode1s　y1e1d　1eve1　schemes　w1th　quantum　numbers　wh1ch　differ　from

the　standard　mode1．　However，　i　t　seems　that　they　d1d　not　rea11y　he1p　to　so1ve

some　of　the　d1ff1cu1t1es　wh1ch　w111　be　discussed　be1ow　and　hence　these　mode1s

w111　not　be　discussed　further．
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2．　　　MASS　SPECTRA

　　　　　Experimenta11y　the　masses　of　the　new　partic1es　are　determ『ned　by　three

・1・・・…f叩・・・・・・…t・（・h・p・1・13）：

　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　十　一
　　　　　1．　Peaks　1n　the　cross　sect1◎n　for　e　e　今hadrons　as　funct1on　of　the　c．m．

　　　　　　　　energy（f1g．8b）．S，nce1nth1scasethev廿tua1photoniscon－

　　　　　　　　verted　1nto　the　resonance，　i　ts　quantum　numbers　must　be　the　same，　1．e．
　　　　　　　　　　　　　P　　－
　　　　　　　　on1y　J　：　1－part1c1es　can　be　detected1n　th1s　way．As　is　we11　known，

　　　　　　　　the　J／ψ，　ψl　and　the　ma　s　ses　of　h1gher　exc　i　ted　states　where　determi　ned

　　　　　　　　i　n　th1s　way．　For　bound　states　the　resonances　are　very　narrOw　（narrower

　　　　　　　　than　the　experimenta1　reso1ut『on　of　a　few　MeV），　whereas　above　the　OD

　　　　　　　　productionthresho1dtheresonancesaresevera1hundredMeVwrde．

　　　　　2．The　masses　of　part，c1es　w，th　other　quantum　numbers　can　be　found　as

　　　　　　　　1nvari　ant　masses　ca1cu1ated　from　the　momenta　of　thei　r　（charged）　decay

　　　　　　　　products（f1g．1・7c）・

　　　　　　　　Ifth…s・・・…d…γs↑・t・th・p・・ti・1・・1・・d2・h・s・・㎝・。t。。。一

　　　　　　　close曲eang1eOonefinds曲einvahantmassoftheresonancef．om

Ml。。・・i・・麦・・1・1E2－1・111・21…θ1 （2．1）

SrnceaphorHtisnot㎞ownwhichpartic1es1nthefrna1stateoh－
ginatefr㎝oneresonance，onehastotrya11possib1ec㎝binations．
The　wrong　comb1nations　and　pure　phase　space　decays　produce　a　s1ow1y

vary1ng　background　1n　the　d1str「but1on　of　the　1nvari　ant　mass．　Ex－

per1menta11y　mass　reso1ut　i　ons　of　the　order　of　20　MeV　can　be　obta　i　ned．

Sometimes　the　1denti　f1cati　on　of　the　partic1es　1n　the　f1na1　state　i　s

not　or　on1y　part1a11y　poss1b1e　（e．g．　1T－1くseparat1on）．　In　such　a

case　the　wrong　a　ss　i　gnment　of　a　part　i　c1e　mas　s　to　a　certa　i　n　track

1eads　to　11k1nemat1c　ref1ect，ons　l1　1n　the　d・i　stri　buti　on　of　1nvar1ant

maSSeS．
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wi th 

by _ 

A few special cases are of particu~ar interest. If the decaying system 

mass Mo is at rest ~l = ~~2 = ~ hence the Q-value of the decay is given 

Q M - ml ~ m2 = p2 { ml + /pT+1~~7ml m2 + /~ + m2' }' 
(2.la) 

For p <<ml' m2 the Q value is proportional to p2 and hence a comparatively 

crude measurement. of the momentum yields quite accurate values of Mo' This 

procedure is useful if partic~es are produced just above threshold, e.g. 

+-e e + ~(3 77) ~ DD 

If a particle moving with momentum +p decays into 2 photons the most 

l ikely decay is the synlmetrical one where the 2 photons have the same energy 
17) 

k and the angle between each photon and p is the same . For this case one 

f i nds 

cosO /2 = p/2k = (P/2) . ~~2 +~il2p2 
(2.2) 

where p and m are the momentum and mass of the decaying particle. The symmetri-

ca~ decay ang~e O is a~so the minimum angle associated to a particular m and p. 

A cutt-off in the ang~e can therefore help to distinguish between different 

parti cl es . 

A special case are decays with 3 photons in the final state, e.g. 

J/~ ~ YX ~ Y(X ~YY)･ Comblnlng (2 l) andj2 2) one obtalns for the Invarlant 

mass of the X-state 

x Eo Sin2(0/2) / (1 + cos012), 

where Eo is the total energy. 

This implies that the mass can be determined from a measurement of the direction 

of the photons alone and this is still true in the general case of an asymmetric 

X- de cay . 

3. If not all of the decay products of a resonance can be detected (either be-

cause they are neutral or do not fall into the acceptance of the spectro-

meter), it is still possible to determine its mass if the resonance in q_uestion 

R2 (fig. 1.7c) is produced together with one other resonance Rl or particle. 

From the masses mi and momenta pi of the decay products of Rl the recoiling 

mass can be calculated. 
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　2

M　　　　＝
reco11 （・。一1ηη2一

Ifthereco川ngmass1sassoc1atedtoa
recoi1　mass　d1str1but1on。

（Σp1）2

reSOnanCe，

（2．4）

onef1ndsapeak1nthe

　　　　　The　resu1ts　of　such　expertments　are　summar1zed　1．n　Tab1e　1．　The　way　how　masses

and　the　quantum　numbers　were　determined，w111　be　d1scussed　be1ow　when　the　produc－

tion　and　decay　mechan『sms　of　the　new　part1c1es　w111　be　described．

Tab1e　1a： Masses　◎f　charmon1um　states

Name state Mass (MeV) Name state Mass (MeV) 

J/~ l Sl 3096 -2 + X ETI ? c IS ? 2830 i 30 o 

~l 2 
3S1 

3684 +_ 5 , 

nc 
? 2 IS ? 3454 + 7 

o 

X 
l 3P 

3414 i 4 
o 

P 
l 3Pl 

3508 +_ 4 
c 

X 
l 3P2 

3552 i 6 

~' t 3 
3Sl 

?. 4028 
l 3Dl 

3.772 i 3 

- 4150 

4414 i 5 

Tab1e　1b： Massesofchamedpart1c1es

Name State Mass（トleV）

1S

O
1863．3±O．つ

1S

O
1868．3±O・9 舳RKユ1・4）

3　S　1

2006　±　1．5
　十米D 3　S　1

2008．6±　1．0

1S　O

2030　±60
　十＊F 3S　1

DASP1・5）

2140　±60
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　　　　　　　　　　　　　　　P　　一　一
2．1　　Ma　s　ses　of　J　　＝　1　　cc　s　tates

　　　　　We　now　want　to　compa　re　the　experimenta1　mas　s　s　pectrum　of　the　cc　sys　tem

w『th　the　theoretica1　expectations　based　on　the　simp1e　mode1s　descr1bed　1n

chapte・1．2．Forthehami1to市an（1．2）o・ee・pectsahydrogen’（o・posit・o・杣・）

一1i　ke　1eve1　s　cheme，　as　s　hown　i　n　fi　g．2．1．One　has　d　i　fferent　1adders　fo　r　d1ffe－

rent　angu1ar　momenta　　見　and　the　1eve1s　are　sp11t　due　to　hyperf『ne　sp11tti　ng，

sp1no州tandtensorcoup1ings・ForapureCou1ombpotent1a1the2sand1p
stateswou1dbedege・e・ate．Be…se・fthec・・f1・1・gt・m（1．・3）1・（1．2）th・p
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2
and　d－s　tates　a　re　s　h　i　f－ted　to　1ower　energ1es．　I　ndeed　fo　r　a　r－Potent　i　a1　（harmon　i　c

osc111ator）　the　1p－state　wou1d　11e　in　the　midd1e　between　the　1s　and　2s－state．

The1owestd－statehasJp・1－andhencecou1d1nterferewれhthe2s－state，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1

1fthesh廿t1s1argeenough．

1rt1・11堕11

上とφ’1　、、、、

　　　　　　　　〕・1’1pS二11・

　　　　　　　　　　　　　　　　　　　　一一一〇◆　S，1〕・3’
　　　　　　　　　　　　　　　　　　　　S・O　　　1d

　　　　　　　　　　　　　　　　　　　　〕、ゴ　　　　ー＿2一

　　　　　　　　　　　　　・　　　　　　　　　S・O」二
　　　　　　　川ψl　　　　　1，2－
　　2s
　　　　　　　　　　　　　　　　　　　　　　　　　　　〕・2“

〕・O’11二荘111

　　　　　　　　　　　　　　　　　　　　　〕。1◆

　　　　S・〕・1’ω

1・　一　1冊
　　　S・〕・O’

1二〇　　　　　1 2

F↑g．　2．1：　N　iveau　s　cheme　f◎r　charmon1um
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　　　　SoonafterthediscoveryoftheJ／ψandψ’Partic1essevem1authors

so1vedthenon－re1ativ1strcSchrddrngerequationwiththepotentra1

　　　　　　　　　　　　　　　　　　　　　αs　　　　　r　2

　　　　　　　　　　　　V（・）・一下11一（一）1　　　　　　　　　（2．5）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0

　　　　　　　　　　　　　　　　　　　　　　　　　　3　　　　　　　　　　3
Id・・t廿yi・gJ／ψ・1thth・1S1・・dψ1・廿h2S1・t・t・th・f・11・・、・gPa「amete「s
。・・。f・。・d5）：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2

α。（3・1G・V）・0・2・・。＝0・2f・・。：1・6G・V／・

These　va1ues　j　ust1fy　cIua11tati　ve1y　the　aSsumpt　i　ons　on　wh1ch　the　na1ve　mode1

㈹sbased：thecou1㎝b－1ikepart1s1ndeedshortrange，thecoup1rngconstant
1s　sma11er　than　l　and　the　c－quark　mass　i　s　1arge　（non　re1ativ1st1c　Schr6d1nger

equation）．　0n　the　basis　of　these　parameters　the　masses　of　h1gher1y1ng　non－bound

・…m・・・・・…p。。d1．t．d14）．

state　　　　　　　　red’ictiOn

10　　　　　　　3．75　　　1
　3

3S　　　　　　　4．2　　　1
　3

3D　　　　　　　4．6　　　1

ex　．　Tab1e　1a）

3，77

4，15

4．41

Keep1ng1nmindthes1叩11c1tyofthe・ode1，thesep・ed1ct1onsa・ee・trao・di・a・y

柿press1ve．Thed廿ferencebetweenpred1ct1onandepxehmentforthetwoh1ghest
、。、。、、c，nb、、。。、市、。、d。。n、。1、、・i。。C。。p1．d。・。。。。1．14）（。・・1．23・）．

　　　　　B・・・・…fth・・P『・一・pr・…p11・gth・・t・t…ith・pP・・rt…dp…11・1・pr・・

・・…1i・・1・…X－P…i・1・f・…byOAS・i・rd…廿i・・d・i…h・11S・・。・。（。。。一

・11…11…C）・・・・・・・・・・・・・・・・・・・・・・…i・・・…1・。・・…（ηc？）（…1・1・）

onefrndsthesp11tt1ngs

　　　　　　　　　　　　　　　　△（ゾη。）＝266M・V・・（ψ1一η1。）・230M・V・

Th…1・・g・・p1itti・g・h…b・・・・…id…df・・q・it・・…ti・・・…　。j。。d1ffi一

・・1tyf・・th・・h・…f・・d・1，・i・・・…t・・1・・1・t1…p・・d…d・。。h。。。11。。

sp1itt1ngs．
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　　　　　Ifthespi・一spi・co・p1i・gis・ss・・1at・do・1yt・thesho・t・a・g・p・・t・fthe

potent1a1，onefinds

　　　　・）・・・…1…一・・・…1・17・8）・（・）・一舌α、／・

　　　　　　　　　　　　　　　　　32↑rα

　　　　　　　・瀧「t・m，slψ（・）12　　　　　　　　（…）
　　　　　　　　　　　　　　　　　　1　2

　　　　　　　・h・…1・・2…th・・・・・…fth・b…dq…k…dψ（0）isthewave

　　　　　　　funct1onattheohg1n．

　　　　・）・。。。。。。。。1．。・。。・。・・。・。・・…i・1・（・）7・8）

　　　　　　　・・詐；「t・。、2、一・・2・（・）・　　　　　　　（…）
　　　　　　　　　　　　　　　　　　　　12

　　　　　・）1fspi・一spi・・o・p1i・g1s・・s・・edt…1・t・1・・f・・the1・・g…g・p・・t
　　　　　　　。…。。。・。。・1．1，。。。。・・。i・・18）・…（・）…

　　　　　　　△M1・・g、±止胆。。⊥。　　　　　　　　（2．8）
　　　　　　　　　HFS　3　・1・2　　　「

H・・・・・…1・・・…p11・g・㍉・犯2（…1・232）f・・th・1・・g…g・f・…havebeen

1nc1uded．Thetota1sp11tt1ngis

△M　、△M・h・・t。△M1・・g
　　トIFS　　　　　HFS　　　　　　　HFS

（2．9）

；二；1．§P1世ユロ9．9f．軸m9山凹．§蚊s§

　　　　　・・・・…h・・…1…1・・。。S・・（ψ一ηc）／・（ψ1一ηCI）・1・2・A…舳・t・（2・6）

・・・・…。。。・1ψ（・）1缶／1ψ（・）1缶1・・・・・・…1・・・…h…1・inoftheJ／ψandψl

part1c1es　can　be　i　nferred　from　the1r　1epton1c　decay　w1「dths　and　one　f1nds
　　　　　　　　　＋　■　　　　　　十　一
RHFS＝「ψ（e・）／Fψ1）・・）＝3・9／2・4＝1・6・Th・・g・・・…ti…t・・b・d・・d・・pP・・t・

the　s1mp1e　mode1．

　　　　　For　the　abso1ute　va1ues　of　△M　　　　on　the　other　hand　one　ca1cu1ateS　much
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　HFS

too　sma11　numbers　on　the　bas1s　of　the　sta　nda　rd　mode1．　S　p11tt寸ngs　of　about　30
・・80M・V。。。。。b・・1・。d2・3・4・7）d．p。。d1．g。。。。。i。。。・・…p・i。。・。。d。。diff・一

rent　va1ues　of　ψ（0）．　usi　ng　a　more　genera1　potenti　a1　V（r）　the　sp11tti　ng　cou1d　be

r・。。。。。。d8）・。。（ψ一η）・120・。V。。d。（ψ1一、1）・92M．V，。・111・。。・。。。。f2

　　　　　　　　　　　　　　　　　　　　　C　　　　　　　　　　　　　　　　　　　　　C

toosma11．W1thspec1a1potent1a1sthehghtva1uescou1dbedehvedbutthis
1。。d。・。。。。。・。。。1。。。d1・1。。。f。。・h．1．p・。。i．d。。。。。19）．

　　　　The　eas1est　way　to　exp1a1n　the　experimenta11y　found　l・lFS－sp1itting　seems

to　be　anoma1ous　g1uon　coup11ngs　ana1ogous　to　the　anoma1ous　magnet1c　moments．
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Schnitzerl8) assumed that this 

~d ' O) but appreciable for the 

the HFS-solittings and also the 
ll) *). A value ~;c 

what too big 

the experimental res_ults better 

coupling is small for the light quahks (~~.-

charm quark (~c : l). With such a large ~ec 

LS-splitting of th2e P-levels come out some-

* 0.4 i.e. (1 + ~b) ' 2 in equ. (2.8) reproduces 

Recently it has been shown62) that instantons may generate a spin-spin 

interaction between quarks. Here small quantum fluctuations about the per-

turbation-theoretic vacuum are replaced by a coherent superposition of vacua 

with different topological character. A quantitative estimate of these effects 

shows that the spl itting between J/~ and nc may be dominated by them and this 

splitting might be a direct evidence for the existence of instantons. 

2.22 SPlit~iDg_of D and F meS0ns 

It is very interesting to apply the idea of anomalous moments to the D 

and F mesons. From (2.5). (2.7) and (2.8) one derives 

A(D*-D) = (lOOi30) MeV + (1+~~u) (1+aC) I14 MeV 

A(F* F) (65+ 20) MeV + (1+~) (1+~) 144 MeV. (2.lo) 

Since in the meantime the experimental 11FS-splittings of the charm mesons 

became known (table lb) one can derlve Informatlon on the ~ A(D*-D) = i"i from (2.lo). With 145 3 MeV and A(F;Ie F) (120+40) MeV one flnds (1+~eu)/(1+;~) :: I and 

l+~ ~1.4 as needed to explain the charmonium sp~ittings (2.lo) yields 

(1+Xu) ~t(1+d~;)~ 0.25. As a consequence the anomalous coupling is small for particles 

consisting of light quarks since (1+~~,)a ~ (1+~~;)2 ~ 0.06; it contributes somewhat 

for the charmed mesons D and F since the mixed terrns are of order (l~u) (1+~:c) 

~i (1+~s) (1+~;:) ' 0.3 and it is most important for charmonium because (1+c~ic)2 -- 2. 

It seems surprising that l+~J and l+d;; should be so small. However, this fits very 

nicely with some ideas about quark confinement. For the MIT bag it has been shownl3) 

that (1+~) ~ O if m + O and hence it seems plausible that l+~: is small for the 

light quarks. Of course it would be nice if the anomalous gluon coupling could 

be derived from higher oder terms in analogy to g-2 of the electron. The lowest 

~) A(~-nc) = 300 MeV, A(~'-nc) = 250 MeV, 

3 3 3 3 A( P2- Pl) = 125 MeV, A( Pl~ Po) = 141 MeV. 
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1・m・・r・・12）1抄1・（・／・〕（1，／・・）・1．・…1・・1・・・・・…1・・・・・・・・・…

gets　qu　i　te　comp11cated　i　f　t　he　1ong　range　behav1ou　r　1s　1nc1uded．　I　n　that　case

d1vergenci　es　appear　and　arbi　trary　cut一◎ffs　have　to　be　made．

　　　　　・h・…12o）・1。・。。。。1d。。。・・1。。。。。i・1。。。i。・。。。。。・。。。。』1。。。。1、。、

co・p1i・ga・dtak1ngtheana1ogyseh・・sbetwee…1o・・早・de1ect・㎝ag・et1c・・一

ments　he　der1ved：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　米　　　　　　μ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　△F－F　、二。二皿
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　米　　　　　　　　　　　　　　　　　　　　（2．11）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　△（D－O）　μ　　リ（P）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　u

wheretheμ舳ethetota1－magnet1c・㎝ents．肚hμ（P）・2．79andμ（A）・一0．67±O．06

one　expects　for　the　rat『o　（2．1o）　the　va1ue　0．72　±　0．06　wh千ch　元s　うn　exce11ent　agree－

ment　w1th　the　exper「menta1　ratio　120／145＝　0．82±　O．3．

　　　　　F1na11y　1t　shou1d　be　remarked　that　the　1ntroduct，on　of　an　anoma1ous　g1uon

coup1柿gdoesnotchangethee1ectr㎝agnetictrans伽onratessincetheg1uons

carrynoe1ecthccharge．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　　　　　　　　　　　　　　　〇

　　　　　Thesp1itt1ngbetweenthechargedD　andtheneutra1D　mesonhasbeenesti－
mated　by　var1ous　authors．　If　the　isospin　break1ng　is　ca1cu1ated　w1th　a　non－re1a一
。1．i。。i。。。d．123）。。。f，nd．D・．D・二15M．V，。h。、。。。。。。。。。。fi。。d。。d．124）yr．1d・

a　va1ue　of6．5　MeV　in　exce11ent　agreement　with　the　exper1menta1　va1ue　5．1　±　2・8

（seetab1e1b）．

2．3Sp1rttrngofP－states

　　　　　Letusnowtumtothesp11tt1ngofthethp1ettPstateswh1chisassocねted

toL・Sandtensorcoup1rngs（see1．23）．Forthesestatesthequa・ksp1nsarepara11e1

andthe・efo・ethetota1sp1・S・1coup1es・iththeo・b1ta1a・g・1a・・o・e・t・m見・1

totota1sp1nsJ・0，1，2．Fr㎝equat1on（1．5）㎝ecandehvethefo11ow1ngex－

press1onsforthemassesofthethP1ettP－states：
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with 

3P2 

3Pl 

3Po 

2 

A+B-~C 

=A-B+2C 

= A - 2B - 4 C 

B= 

c= 

3 

Z~f< 

l 

T27~t 

l 

r 

< 

~> 
1 dV d2V > 
T dr ~ 1~~rdr 

LS-term 

Ten s o r- te rm 

(2.12) 

A 

def i ne 

Wh i ch 

arises from the S･S-term and 

the ratio 

3P2 - 3P 
l 

Rp ~ ~r3rpl p 

o 

assumes the followlng values 

short range Coulomb 

standard potential 

l inear potential 

harmonic oscil lator 

Fo r the potential 

From table la 

potential 

(2.4) 

potential 

(1.5) 

one 

( I i ke 

the spin i ndependent 

posi tron i um) 

(C = o) 

the possible 

deduces from 

range is 0.8 ~ 

the experimental 

terms . 

<1 Rp ~ 1'4. 

ma s s e s 

It is useful to 

R 

_LL 
4/5 

l.2 

l.4 

2 

3 3 P - Pl = 44 MeV 2 

p Pl ~ P = 94 MeV 
o 

This presents a serious difficulty since this value is outside the theoretically 

acceptable range. From the experimental splittings and (2,.12) one finds C/B * 0.3 

implying that Tensor forces have to be taken into account. 

Difficulties arise not only for the ratio Rp but also for the abso~ute values 

of the splittings. Associating the spin effects only to the short range Coulomb 
potential gives splittings which are more than factors 5 too small3). Including 

the long range potential one obtains3.5,14) about the right value for the 3P2-3Pl 
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difference but the ratio Rp COmes out wrong. The coupl ing to decay channelsl4) and 

anomalous moments have little effect (see 1.232) and cannot explain the big dis-

crepancy in Rp' 

The only way proposed so far to remedy this di.ffi_culty is the assumption that 

the long range potential L(r) is not a Lorentz-vector but contains scalar contri-
butions21) (see 1.232 equ. 1.7). In this case the ratio Rp can have an_y value. Indeed 

for a pure scalar L(r), i.e. Kv = O in equ. (1.7) the ordering of the 3P states is 

reversed, with the 3Po being the highest state, unless unreasonable values of cts 

21) are permitted22) The experimental ratio Rp ~ 0.5 is reproducea with 

Ks/ (KS + Kv) :i 0.8 implying that the long range potential is mainly scalar. It 

should be noted, however, that Ks ~ O reduces the HFS spllttlngs 

A few additionall remarks will close the subject 

The singlett P-state Pl is expected to coincide with 
3P states. The IPI state has not been seen yet; since 

be produced dlrectly In the e+e annihilation and is 

cays from higher states. 

3 
The31 Dl~state is expected to be suppressed by 

to the 2 S1 these two states are likely to interfere 

In chapter 4.1. 

of mass splittings. 

the center of gravity of the 
being a l+ state it cannot 

a~so hardly accessible by de-

spin effects 

. This will 

and coming 

be discussed 

close 

further 

2.4 Summary of mass spectra 

a) Experimentally almost all of the levels predicted by the charm model have 
been seen. The IPI state is still missing but this fact is easily to be 

expl ai ned . 

The existence of the X particle at 2.83 GeV Is now well establls~ed ana 

its mass value poses no serious problem. Its identification with the 
llSo State, hoL!ever, creates some troubles as far as decay rates are con-

cerned (see 3.1). 

The nature and existence of the state at 3.45 GeV has to be verified 
l 

and its interpretation as 2 So is in question. 

b) The potential V(r) = c(s/r + ar describes quite well the position of the 

bound charmonium states as well as the charmed particles. Indeed, some 

spectacular predictions could be made. Corrections due to coupled decay 

channels and virtual transitions are not negligible. 



24a

・）Th・HFS一・p11tt1・gf・・th・・h・m・・i…t・t・…dth・D・・dF・…h・g・・

　　　　　beunderstoodinaco㎜onwayifan㎝a1ousg1uon（■Imagnetic11）m㎝ents

　　　　　a・e1nt・od・cedfo・the1o・gmngefo・ce．’A1temat1ve1ythissp11tt1ng

　　　　　might　be　exp1a1ned　1n　terms　of　instantons．

d）Th…p・h…t・1・p1れt1・g・fth・thp1・ttP一・t・t・・…b…p・・d…d
　　　　　by　L・S　and　tensor　coup1i　ngs，　however，　the　1ong　range　1〕otenti　a1　has　to　be

　　　　　am1xturebetweenLorentzvectorandsca1ar，the1atterbeingPredo耐nant．

　　　　　　I　n　conc1us　i　on　1t　mi　ght　be　sa　i　d　tha　t　1t　1s　qu　i　te　a　ston1sh1ng　how　we11　the

simp1epotent1a1mode1sareab1etoexp1ainorat1eastcorre1atetheexper1－
menta1　data・The　pred1lctions　made　and　verified　by　exper寸ments　are　particu1ar1y

impress1ve．

　　　　　Ofcourse，manydet洲edquestionsareSti11tobeanswered．Itcanbe
hoped　that　more　expeh1menta1　and　theoretica1　work　w『11　provide　us　w寸th　very

1nterest1ng　i　nformat1on　on　the　forces　between　two　quarks．　I　n　part1cu1ar　more

know1edgeonthe1ongmngeb1nd〒ngPotent1a1wi11beva1uab1e．
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3. Hadronic and Radiative Decays of Charmonium 

3.1 Possible decay modes of charmonlum 

The charm charge is expected to be conserved by the strong interaction 

like isospin and strangeness. Consequently there are only 3 possibilities for 

the charmonium system cc to decay. 

a) The c and c quark separate and pick up another light quark pair to form 

a pair of charm particles, e.g. cc + (cu) + (cu). The charm particle with 

the lowest mass is the Do With m(DO) = 1864 MeV. The threshold for this decay 

is therefore E = 3728 MeV and the decays J/~ +DD and ~' +DD are forbidden 

by energy conservation. The disintegration of higher states into charm 

particles will be discussed in chap. 5. 

b) Another possibility is that cc annihilates tvith the emission of gluons or 

photons depending whether we are dealing with a strong or electromagnetic 

decay. As in the case of positronium, a system with J = O can decay into 

2 photons or gluons. The 2 photons can be real and such decays have been 

observed e.g. X(2.83 GeV) +YY･ The 2 gluons will be transformed into hadrons 

and cannot be observed directly. However, for high mass states the 2 gluons ar~ 

expected to appear as 2 hadron jets. 

A system with J = I couples to I virtual photon or 3 gluons (compare the 

decay of ortho positronium into 3 real photons). 

c) If the cc-system is not in its ground state it can cascade down by emitting 

a photon or gluons with the cc-system staying together. 

Diagrams for the various possibilities are shown in f_ig. 3.la and b. 

The cc states are bound by the exchange of many "soft" gluons. Since the energy 

of the gluons is low thelr coupllng to the quarks glven by ot (E) Is large 

(see 1.22). 

If a virtual photon is emitted it can couple either to a lepton pair or a 
quark pair These processes are proportional to -23 e2- 2 

. ~0csince the coupling of 
the photon is proportional to the charges of the particles attached to the 

p hoton . 



26 

a ) Electromagnettc decays of bound charmonlum states 

Exampte 
Hinderance 
factor 

~)~; ･ " . 2 

Ta 

c _~:'~'~ q Y e q 

J/~ - 2TCJATC" ;-

F~:~~~; ~-
Jl~(1 --) - ~c(O~*1*Y 

iv~ 2 

~<; ~c[O* ~'-Y Y CL 

a ) Electromagnettc decays of bound charmonlum states 

Exampte Hinderance 
factor 

P: ~~( Jl~- 3Tr 3 

as 

l/~ - c* 211: 
CL4s 

q 
Y 

J/~ - Y * ~ 
c Y*1' 

CL eL2 

c 

~l - J/tp 'ｦ 
J/tp + 2Tt 

ct~ 

b ) Hadronlc decays ot bound Charmon'um states 

Fig. 3.1 a and b 

If gluons emerge from the cc annihilation they couple to light 

quarks. Each of these gluons carries an appreciable fraction of 

the total enera.y ("hard gluons") and hence the coup~ing ots(E) is 

small . As a consequence these processes are suppressed and the 

hinderance factor is determined by the number of exchanged 

gluons (again in complete analogy to QED). 
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3 2 Decays of J/~ and ~' vector articles 

Vector particles with JPC = 1~~ couple to the photon and hence can be 

produced directly in e+e~ annihilation (see Fig. 1.7b). As is vJell known the 

J/~ besides having been detected in p + Be + e+e~ + anything a.t BNL25)) has been 

found at SPEAR26) and soon later the ~' 27) The decay of these particles was 

investigated extensively at SPEAR28) and at DORIS29) Since detailed surrruaries 28 , 29 ) 

have been published only the main points will be considered here. 

3.21 gS~SrrniDati9n_9f to~~1 and leptoDig deg~y Widt~s 

The width of the resonances turns out to be much narroL,/er than the experimen-

tal resolution determined by the momentum smearing of the colliding e+e~ beams 

which is about I to 2 MeV. But the true widths can be determined by a "trick". 

Assuming that the production cross section can be described by a Breit-Wigner 
formula we have for the process e+e~ + J/~ + final state 

r r af = J~~=~~m+ I (E m) + r 14 

where m is the J/~ mass, J its spin, ree' rf are partial and r the total 

decay widths. 

Integrating (3.1) over the energy E one obtains (with J = l) 

~f ~ af dE 61T2 ree 'rf (3.2) 
Trm r 

If 

one 

r 
~~l 

the 

can 

a re 

three 

sol ve 

found 

final states e+e , u+ 

for the widths r 
ee' 

to be small compared 

r m ~ ee=~7F h 
~h 

r * rh = ~ 
ee 

~ 

r 
uu 
tO 

and 

and 

rh 

hadrons 

r = rh 

one has 

ree ' 

a re 

+r 
rh 

measured independently, 

+ r . Since r and 
ee u~ ee 
~: r and from (3.2) 

(3.3) 

The integrals 

cross section 

of the limited 

is not changed 

~h and ~ and ~~~¥ are fQund by' i.ntegrati,ng ll ee ( / 
for the proper ohannel over the energy E. It 

experimental resolution the resonance curve 

.However, the integrated cross section has to 

the experimental 

is assumed that because 

is widened but the area 

be corrected for 
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radiative effects29) which amounted to about 40 "/". The results are shown in 

table 3,1. Particularly striking are the narrow total widths which indicate 

the effectiveness of a new selection rule, i.e. charm charge conservation. As 

explained above, the cc-system can only decay by higher order processes involving 

hard gluons or photons and which therefore are hindered (see fig. 3.1) . 

Tabl e 3.l Resonance parameters of J/~ and ~' 

~/ J ~I 

S PEAR30 ) DORIS31,32) 
ADONE 

SPEAR27) DORIS31 , 32 ) 

m ( MeV) 
3095 i 4 *) 

3096 i 2 3103 i 6 3684 ~ 5 3687 i 2 

(~b MeV) l0.4 i 1.5 9.7 i 1.2 9.6 i 1.7 3 7 i 0.6 3 06 i 0.34 

~ 
ee 
(nb MeV) 790 965 i 141 790 i 200 

~ (nb MeV) 870 i 100 
~~ 

rtot (keV) 69 i 15 87 ~ 20 67 i 25 2200 i 56 

r 
ee 
( keV ) 4.8 i 0.6 4.6 i 0.8 

2 1 ~ 0.3 **) 

r ( keV ) 4.8 i 0.6 6.0 _ + 0.7 4.6 ~ l.O 
~~l 

*) 

** ) 

corrected 

assuming 

val ue 

r = ee r ~u 
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3.22 Det~rTi.nati.on of gyantum numbers and discussion of hadroni,c deca~s 
--------- ------------------------- ------------------- -

The most direct evidence for the photon-1ike quantum numbers of J/tp and tp' 

is an observation of the interference between e+e ~ Y + u+~ . and 

e e~ + ~~~ u . The cross section is given by 

r 20e 

7~ = ~E7 (1 + cos2e) l- irrTf~' 1 2 (3.4) + T 
implying destructive interference below and constructive interference above the 

resonance at m. The data are presented in fig. 3.2 and clearly indicate the pre-

Expected Interference 

---- No Interference 

l (a) 

bQ' 
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:L 
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0.01 
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3Ooo 
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/ l / 

3.090 
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･ + , , 

3.095 3.lOO 3.l05 
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8 0.lO 
b 

¥ ~L 
L::L 

v 0.05 

o 

(b) ~(3684) 
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/ 
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'-11' / / 
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/ 
/ 
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/ 
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/ 

L 
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,f 
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¥ 

¥ 
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ENERGY 

Fig. 
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Ec,m.(GeV) 
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。。。。。。f・h。柿t。。f。。。。。。28）．Th。。th。。。。1g。。。。・JpC・ゴ’f・。J／ψ・…11・・

ψ■　i　s　proven．　It　i　s　corroborated　by　measurements　of　the　angu1ar　dependence　of

e　and　μ　em1s　s1on．

　　　　Morethan30decaychanne1sJ！ψ今hadronshavebeenobserved・Theyw川not
・、・i，c、、、e・・h、、、、1nc、。n，x。、、、i。、、evi、、1．s・、。。p。・1i。・。・p。。。i。。。1．28）

（ApPendrx1）．

　　　　　The　ma1n　conc1us1ons　drawn　from　the　hadron　i　c　decays　of　the　J1ψ　are　the

fo11◎wing．The　J／ψdecays　preferent1a11y　1nto　f1na1　states　w1th　an　odd　number
。・π．・h。。。1。・1。。・・（一・）I…。g。・h。。。i・1・…　一1柿p1i・・28・29）i・・一

　　．　G　　一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一
s　p1n　I　　＝　0　，　exc1ud　i　ng　I　：　2　by　the　observed　decay　J／ψ今pp．　The　fact　that　J／ψ

a1so　decays　1nto　an　even　number　of　p千ons　v1o1at1ng　i　sos　p　i　n　can　be　understood

quant1tat1ve1y　on　the　bas1s　that　the　J／ψcoup1es　to　the　photon．

　　　　　The　i　sos　pi　n　and　G－pari　ty　of　ψ1　can　be　1nferred　from　the　cascade　decays

ψ1今J／ψ十TrlT　andψ1今J／ψ十ηwh1ch　account　for　57±8　％　of　theψ・　．decays．

F・・・…p1・th…p・h…t。け・ti・（J／卿o．o）／（J／ψ今π十π’）・0．49・0．09h・・t・

becompa・edw1ththetheo・etica1predict1o・sO・5・0and2fo・the1亨ospi・ofthe
TrlT　system　I　＝　0，1　and　2，　respect1ve1y．　So　c1ear1y　the　pions　have　I　＝　0　and　con－

sequent1yψ1andJ／ψhavethesameisospin．Thec1oses柿11a・ityoftheJ／ψとnd
ψ・　Part　i　c1es　1s　obv1ous1y　demons　trated　by　the　fa　ct　tha　t　ψI　今　J／ψ　十　π7T　make　u　p

about　ha1f　of　a11　the　decays，　whereas　ψ1今ω↑rπwh1ch　has　much　more　phase　space　1s
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　O
about　two　orders　of’magn「tude　rarer．　A1so　ψ1÷J／ψ　十↑r　being　I－forbidden　i　s　not

seen　whereas　ψ■今　　J／ψ　十η1s　a11owed　and　wa　s　obs　erved．

　　　　　Fina11yitcanbeshownthatJ／ψandψ’behaveass1ng1ettswithrespect

totheapProx1mateSu（3）sy㎜etryofthe311ghtq・arkswh1cいsexpectedfo・
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　一　　　　〇一一〇
a　cha　rmoni　um　s　tate．The　decays　J1ψ今K　K　　or　K　K　　dre　forbidden　for　a　SU（3）

s1ng1ett　but　a11owed　for　an　octett　s　tate．　I　ndeed　the　exper　imenta11y　observed

・・…hi・・舳・・…b・…h・J／ψ…ψ1・・・…y…11（≦10’4・・1・’3）．・h．

SU（3）・i・g1・tt・・t・・・・…1・・b・1・f・…df・・…　㎝p・h・…fJ／ψ今πρ。・d

KK＊（892）．1・p洲・・1・・OASP。。。。1t．34・29）柿di。。t．th．tth。。。t．tt．d．i．t。。。

千s　very　sma11．
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Finally one might ask if we understand globally the decays of J/~ and ~' 

or if major decay components are still unknown. By summing up all known decays 

of J/~ and adding those channels which can be estimated by I-conservation one 

arrives at about 70 ~ of the total decay width. It does not ap.pear unreasonable 

that the major part of the missing 30 "/, is due to decays involving n's i.e. 

J/~ + n + anything about which very little experimental information is available. 

Nevertheless a clarification of the situation would be welcome and in particular 

some channels on the percent level can provide very interesting information 

(see 3.24) . 

With respect to the ~' decays a little more than 50 ~ are associated to 

cascade decays ~' + ~ + hadrons. The decays to intermediate P-states (see 3.3) 

sum up to about 30 "A. Adding the figure for electromagnetic decays (~ 5 ~) and 
direct decays into hadrons (- 10 ~) one arrives28) at a total of about 95i 12 %. 

Not much room is left here for unknown channels, but again some rare undetected 

decays might be of interest. 

3.23 DiscuSSion_of_lep~oDi~ deg~yS 

A I -particle can convert to one virtual or 3 real photons. One real photon 

is forbidden by momentum conservati:on and 2 photons by charge conjugatton. Since 

the transition via a vi~rtual photon 1~.s of lower order ~t dominates. 

The transition probability for (1~~)~ Y+e+e is for an s-state and a Cou-

lomb-like potential given by2.4) 

-- + - 0,2Q2 I~(O)12 . r(1 ~ e e ) = 16TT (3.5) lrm 

where Q and m are the charge and mass of the involved quark and ~(O) is. the 

wave function at the origin (neglecting corrections as from annihilation channels). 
Taking into account35) ,,gluonic radiative corrections" equ. (3.5) has to be mul-

tiplied by {1 - 16 o(;s / 31T}. For a general potential (see 1.23) I~(O)12 has to be 

replaced by m< dV/dr >. 

In table 3 2 the experlmental results of r are shown together with ~(O)j2 
ee 
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4) potential l~(_O)I~ is ex-as derived according to. equ. (_3.5). For a "Coulomb" 

pected to rise - m3, whereas for a linear potenti.al - m. For the ground states 

the rlse is approximately -m2, indicating that the effective potential is some-

where in between "Coulomb" and li.near, in full agreement with the standard po-

tential (see'l.23). For a linear potential one expects that m <dV/dr> is the 

same for the ground and the excited states. This is not true as a comparison for 

Table 3.2: Vector meson decays into e+e 

MeSOn M（GeV） r（．keV）・ 1ψ（o）12（Gev）3・102

ρ O．77 1／2 6．5±0．8 O．29

0．78 1／18 0．76±O．17 0．31

φ 1．02 1／9 1．34±0．08 O．47
／ψ 3．95 4／9 4．8±0．6 3．9

■

3．68 4／9 2．1±0．3 2．4

3．77 419 0．37±0．09 0．44
ll 4．15 4／9 ユ．8to3．3

・ll 4．41 4／9 0，44±O．14 0．72

‘’＾　　＾」　　‘．』＾’・＾＾　　＾L＾　　＾　　’一L＾　　1一一＾ground states above the 1 ine 

~, ~' and ~" ' shows. A more detai~ed analysis for the 
carried out6) for a harmonic potential and including S 

The regularities found for the ~eptonic widths. of 

states are useful in identifying new vector particles 

excited states has been 

and D-wave mixing. 

the vector meson ground 

as the~r (see chap. 6). 

3:~~_g~I:f 9r~i~~~D_b~~C9Di~_~SL~yS 

The Okubo-Zweig-Iizuba36) rule claims that decays 

quark lines are allowed whereas disconnected diagrams 

~ K+ 
u 

s 

u 

s K 
aLtowed forbidden 

described by 

are suppressed 

u_ TL~ 
CJ! TLO 

~r~d~TL~ 

u 

connected 
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Here the 

+0-c+Tr Tr Tr 

expl a i ns 

The 

connected 

and hence 

wi th oes (E ) 

a process 

portional 

periments 

c decay Is shown as an example The decay c~K+K~ is allowed but 

is associated to a d~sconnected diagram and hence suppressed. This 
why the K+K~ decay dominates inspite of its smaller phase space. 

functioning of the OZI-rule can be understood in terrns of QCD. In 

diagrams the interaction between quarks is provided by "soft" gluons 

Is strong In dlsconnected dlagrams "hard" gluons have to be exchanged 

being small . If QCD perturbation theory is applicable, the rate of 

involving n "hard" gluons, each carrying an energy E, should be pro-
to Llots(E~ n. We shall now see If thls Idea Is compatlble wlth ex 

3.~~l SiDgly_~iSL9nnSLted di~gr~TS 

A J = I state can decay to 3 real photons as in the case of Ortho posi-

tronium. In analogy we expect that it can also decay into 3 glvons. (In the 

electromagnetic case a transition to one virtual photon is also possible. 

One virtual gluon is excluded, however, because of conservation of colour char-

ge.) Using the well-known expressions for positronium 

electromagn r(1 - 3Y) = 9 (T~-9) TTml [~(O)j2 ce3 (3.6) 64 

5 
and substitutingo,by c8 applying also a colour factor 18 (see chapt 1 22) one 

obtains2) s 

strong r(1 - 3g) = 9 (7T2~g) ~rml l~(O)12 5 3 (3.7) 64 
'T~ ots ' 

This offers a possibility to determine ces' Assuming that the conversion of the 

3 gluons to ordinary hadrons goes practically with 100 % probability 

r(1 + 3g + hadrons) can be identified with the full hadronic width if connected 

diagrams are forbidden by energy conservation. This is the case for J/~. In the 

case of the c only the decays into non-strange hadrons must be taken into account 

and for the ~' the cascade and the radiative transitions have to be discarded 

since they do not. proceed via a 3 gluon intermediate state. 

Instead of using the absolute values of r(1 + 3g + hadron) it is expe-

dient to normalize them to the leptonic decay ~vidths since then the unknovm 

wave function cancels. From (3.5) and (3.7) one obtains 



33

r（1
r　　・■

甚had「ons）一・1・1・・竿1s・

where　　Q　　is　the　quark　charge．

Ifwenowtaketheexpehmenta1dataforφ，J／ψandψ’，
。1。。。・p。。。6…。t．t。。，。。。f1．d。与）

part1c1eswh1chare

（3．8）

Tab1e　3．3：

M（GeV） r／rh　ee α Remark
S

φ 1．1 588 0．47
　　　　　　　　　　　　　　　米φ今nOn－Strange

hadrons

J／ψ 3．1 14．4 0．22

ψ’ 3．7 8 0．2 withoutψ1÷J1ψ十　．．．

ψ1今γ　十．．．

　　　　　Thecoup11ngconstantα千ndeeddecreasesw舳1ncreasingenergyasexpected
　　　　　　　　　　　　　　　　　　　　　　　　　　　S

i　n　QCD　（see　1．22）　and　i　s　sma11er　than　1．　Hence　the　a　pP1｛cat　i　on　of　fi　rst　order

perturbationtheoryisjust廿1edat1eastqua1itative1y．Insertingαfrom
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　S

tab1e　3．3　『n　（3．7）　one　deh　ves　r（J／ψ今hadrons）　＝　72　1くeV　whi　ch　agrees　qu1te

we11　wi　th　exper1ment．

　　　　　Inconc1usion1tcanbestatedthatweunderstand1nphncip1ethenarrow
w，dths　of　the　bound　charmon1um　states　on　the　basis　of　charm　charge　conservation

and　fi　rs　t　o　rder　qCD　perturbati　on　theory．　However，　other　mode1s　ex　p1a｛n　i　ng　the

OZI－ru1e　cou1d　be　as　sati　sfact◎ry．　In　the　fo11ow『ng　and　1n　part1cu1ar　i　n　chapt．

3．3　we　sha11　see　that　on　the　bas，s　of　QCD　one　can　understand　many

more　experimenta1　resu1ts　than　just　the　wi　dths　of　J1ψ　and　ψ1．

　　　　　I　nformati　on　on　the　『nh『bi　tion　by　the　exchange　of　hard　g1uons　can　a1s0

be　obta　i　ned　by　compar1ng　i　nh1bi　ted　processes　to　a11owed　ones，　1．e．　to　decays

above　th　res　ho1d　not　forb1dden　by　charm　or　strangenes　s　conservation．　Such

a　compari　son　w111　be　of　parti　cu1ar　i　ntereSt　for　d，agrams　i　nvo1v1ng　2　and

米）　　The　reason　for　the　sma11　tota1　width　of　φ　is　that　the　OZI－a11owed　decay

　　　　φ今　Klく　i　s　supPressed　by　the　sma11　ava　t1ab1e　phase　s　pace．
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3 gluons as for example;F) 

cp 

~ 

l/tp 

~,. c TC 
TL 

Table 3.4: 

Forbi dden decay 
Rati04) after phase space corr . 

number gl uons of exchanged epexted factor inhibition 

Al I owed deca y 

J/~ ~ hadrons '~, O . 002 3 ots = 0.23 o 008 
~ ~ a ro n s 

t 

~l + J/~ ITTr 
0.013 2 oe~ = 0'22 O 

e 
04 

p + p ITTr 

c +pTr O . 02 3 ocs = 0.473 1'L' o 
, 
l 

c + KK 

From this table one infers that indeed ~' + J/~lTIT involvtng only 2 gluons is less 
suppresssed than J/~ + hadrons**). One cannot expect' more than a very qualitative 

agreement since the gluons in the two cases carry different energies and hence 

oes may differ. One further sees that c + plT is less suppressed than J/~ + hadrons 

but the reason is quite different. Here it is the lower energy resulting in a 

larger ocs that causes less inhibition. 

5F t might be menti.oned that ~' + J/~ + ~P is forbidden by I-conservation 

and has not been observed 

**) The decay_ ~' + J/~ +nhas. a large branchi.ng ra･ti,027) (4.3:!:0.8)xl0~2 i.n vtew 

of the fact that it is p-wave and SU(3) forbidden, has very little phase space 
(Q = 40_MeV) and is OZI suppressed. The large decay rate can only be explained 
by an cc admixture to the T1 (see chap. 3.252) and hence no information on OZI 
can be obtained. 



35 

3.242 DoublyL~iSL0nnected di.'agrarr!s. 

The decay of J/~ permits even more detai:led studi.'es of the mech.ani.sm of the 

OZI rule. Besides the singhy disconnected dl'.agrams discussed in th_e preceding 

section there exist also doubly disconnected ones. In fig. 3._3 different di~grams 

are shown which give rise to the decays J/~ + OOTrTT, COKK and J/~ + c1TIT, cKK. 

The left and right columns contain the singly and doubly connected diagrams, 

respectively. The two diagrams in the fl~.rst line show the ooTrlT and c1TIT 

decay without intermediate resonances, whereas the diagrams of the other two 
++ lines involve the tensor (2 ) particles f and f' . The f contains predominantly 

u and d quarks and can therefore be connected to the GL) whereas the f' is made up 

essentially of ss and hence prefers to decay to KR. 

An interesting question is now whether the fourth gluon in the doubly con-

nected diagrams (not attached to Jf~) i~ also a "hard" one implying a suppression 

oc4s or whether it is comparatively soft yie~ding a hinderance~oes3. An analysis of 

the experimental data with this aim is complicated, however, since the influence 

of the intermediate resonances has to be determined. For this reason the overa~l 
rati028) 

J/~ + c1TTr 0.21 i 0.09 ~ l 
~7~~F~~'= T,~~~T ~ 

is not very conclusive. In order to reduce the i:nfluence of 
ces, only events with M(1TIT) > I GeV were selected38) and it 

sion of the doubly disconnected c1TIT decay is then stronger. 

s i n g [e 

aJ 

J /~ TL 
TC 

Fig. 3.3 

J/~ ~1El J/tp~'~' l 

Tc 

__~1 
J/~ ~~i J/tp ~~-

~ 'J~~rTL Tt 

(3.9) 

intermediate resonan-

seems that the suppres-

Some interesting new 

Sing[y and doub[y disconnected quark diagrams 
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information has recently become available from the PLUTO-collaboration 
37) 

++ They have studied the final state J/~ +~ IT Tr IT ITO and could observe the two 

decays J/~+B+1T~+ (oolT+)1T + (1T+1T Tro)1T+1T and J/~+oof + (1T+1T ITO) (1T IT+). The cor-

responding invariant or recoi~ mass peaks are shown in fig. 3.4. From these the 

following numbers were deduced. 

Fina1 State Branch1ngratio rleV

of　J1ψdecay ％

十一 十 ・ O
T『T「 ↑『 T「 ↑「 3．64 ±0．52 2548 ±360
　十　■ω↑r↑『

0．78 ±0．16 546 ±110
ωf 0．40 ±0．14 280 ±100
B1T 0．28 ±0．07 196 ± 50

These results imply that most 

cays. If these are subtracted 

the order of 0.1 "/" and hence 

only aL)1TIT events with M(1TIT) > 

one finds B R(J/~~>t07TIT) < 0.12 

disconnected c1TIT diagram is 

ooTnT . 

of the OOIT+1T~ decay wi,dth is due to resonance de-

the branching ratio for non-resonant a)1T7T is of 

comparable to c1TTr. This is confirmed by selecting 

l.5 GeV, thus reducing resonance contributions, and 

%. The~e data seem to indicate that the doubly 

not much more suppressed than the simple disconnected 

This result is, however, in contradcition to measurements involving the f 
and f' resonance. It was found38) that the doubly disconnected decays J/~ ~ oof' 

and cf are about a factor of 10 rarer than the singly disconnected decays 

J/~ + cL)f and cf' . ' 
More experimental work is needed to clarify the behaviour of doubly dis-

connected diagrams but certat.nly the decays of charmonium offer an excellent 

tool to this end. 



36a 

200 

150 

:> 
Q, 

Z CD c¥' 
~ ~Q 100 
c Q, 
> ,d 

50 

o 

)M ( TC+TL~TC' ) 

(J 

I 

/ 
/ 

}I 

Ifll}flf}!l 

PLUTO 

II II} } 

ljfjll 

It,}l~ 

o 1.0 2.0 3.0 Invariant Mass M [GeV/e 2 J 

e+e~ + J/~ + (Tr+1T ITo) 7T ITO 

25 

20 

:> 
c' 

Z c= IS 
~' 

~ v' 
~ c Q, 
L~ 10 

5 

O 

30 

:> 
OJ 

Z ~! 20 
~ ~ 
uu 
lO 

o 

! 

l 

f 

Il 

P LU TO 

b )M ITt+T1;~] 

recoiling to ~ 
I 

f 
l 

/ 

B 

/ 
/ 
/ 

c ) M fu Tct] 

recoiling to co 

f 
f 

0.5 1.5 2.0 2.5 3.0 l.O 

Invariant Mass NLOeVIC2] 

e+e~~ J/~~B+1T~+ (cL)Tr+)1T~ + (Tr + -+ - o~ TrlT J (TTIT ) 

~ cof + (1T+1T ITO)(7T+Tr~) 

F~g. 3.4 



37

…二蛮Rad1at1vedecaysofJ／ψand坐Itoord1naryhadro口…

　　　　　1・洲・…ti・・…h・11di・・…th…d洲・・d…y・J／ψ・w，η1γ，ηoγ

and　f†・　From　these　reacti　ons　i　nterest1ng　1nformat1on　on　the　adm1xture　of　cc－s　tates

totheord柿aryhadr㎝scanbeinferred．0ntheotherhandrad桐tivetransitrons
fr㎝J／ψandψ1toothercharmon1umstates（Pseudc－sca1aギ洲P－states）w川be
dea1t　with　in　chap・　3・3　and　3．4．卜1ere　the　interpretation　wi11　be　quite　d1fferent

s1nce　these　trans1ti　ons　take　p1ace　between　practi　ca11y　pure　cc　states．　I　n　ordeザ

to　be　ab1e　to　d　i　scus　s　the　decays　1i　ke　ηY，　η・Y　a　few　i　deas　concerηi　ng　the　㎜i　xうn　g

ofquarkstateshavetobereca11ed（3，252）．Thepuzz1etobeexp1a1ned1sthe
experimenta1　fact　that　the　decays　ηY　and　η．Y　a　re　more　than　an　order　of　magn　i　tude

　　　　　　　　　　　　　　　　　　　　　　　O
mo　re　proba　b1e　than　J／ψ÷Tr　Y．

§二型一軸Sr工凹s噛1．堂S螂．二2蛙．（口Y三．山．四型s）．

　　　　　　　　　　　　　　　　　　　　　　　　O
The　decays　J／ψ今ηY，　ηI　Y，　Tr　Y　and　fY　　are　two－body　decays　and　hence　photons　shou1d

bemonoenerget1c．Thesearchfornarrow1inesintheinc1usivephotonspectrum
・・SPEAR。・。・。g舳。39），b．t・h．f1。。・3d。。。y。。。。1db．d．t。。・。d。・DORlSby

1・・…1g・・1・g・h．d。。。y。。1・h3ph。・。。。1。・h．f1。。1。・。・。4o・41），。．9．

J1ψ今ηγ今（。。）。b・・。1。。i。・h．d。。。。42）J／ψ・。η1今γ（。ρo）今γw＋π’．Th．

corres　pond1ng　1nva　r1ant　ma　ss　p1ots　M（γY）　s　how　th　e　η　and　ηl　pea　l〈s　（f1g．　3．5）．

　　　　　　十・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　斗一
a・dM（HY）sh・w（fr9．3．6）・・1・a・ηlp・・kp・ovid・dr1（H）is・・sthcted

tOtheρregiOn．

　　　　　V。。y。。。。。・1y・h．d。。。yJ／ψ・f。。。。1db．d。・。。・。dbyPL∪T043）by．t．dy1．g

＋　・　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　十　一
↑r↑r　Y　　f1na1　states，　1．e．　the　decay　J／ψ今　fY÷（Tr　Tr）Y．　The　，nvar1ant　mass　p1ot

　　　＋　一

M（n）1sshown1nfig．3・7・Besidesthefpeaka1so・theρshowsup．Thispeak
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0　　　＋　一

1satthbutedtothechanne1J／ψ÷ρπ今（ππ）（w）andabranch1ngrat1oof
（1．6・O．4）・10－2。。。i．f。。・。d．A1・・DASP5・）h。。。b。。。。。dth．f。。、・f．fi。。1．t．t。。．

The　resu1ts　are　summar『zed　千n　the　fo11ow1ng　tab1e：

　　　　　　　　　　Tab1e　3．5：　　Rad1at1ve　decays　of　J／ψ

Final state Branch'ng ratio (x l0~~ r ( ev ) Experiment 

O 82 i 0.lO 55 i 12 
nY l 30 i 0.4 87 i 27 

DASP o 80 DESY-Heidel berg41 ) 

nlY 2 9 ~ 1.l 152 ill7 
2 3 i 0.7 160 i 50 

DASP40) DESY-He i del berg4 1 ,42 ) 

O 
ITY 0.073 i 0.047 5.~ 3 2 

DASP40) 

f OY 
2.0 + o 7 138 i 48 

PLUT043) 
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Thes,e figures are qYite surpri.si:ng at ftrst s.i.ght, In terms of vector do-

oo minance one would expect that r(J/~ *YITO)* (ce/Y 2 ) r(Jl~+p IT ) z I eV wi'th 
r(J/~ + poITO)~1260 eV. This order of magnitude agPrees wtth the experimental finding, 

but why are r(J/~ + n Y) and r(J/~f~n'Y) almost two orders of magnitude larger with 

r(J/~~n'Y) *r(JI~f> poITO)? And why is the rati'o r(n'Y) / r(nY)'= 3.5i 1.0 so 

l arge? 

A similar argument applies to the J/~ + fOY decay w. hich by vector dominance 

is related to J/~f>foa) with a measured37,38) branching ratio of (0.40 i0.14)x l0~2 

Hence the rate for the final state fOY Should be comparable to ~OY but experi-

mentally it is much larger. 

As will be discussed in the next section these anomaltes can be understood in 

terms of cc admixture to ordinary qq states. 

Finally it should be mentioned that the corresponding decays ~' + nY etc 
have been looked for but not found42,27). 

3:~~~_I~S_Ti~iDg_9f _99_S~~~~S 

ThenYand Y'n puzzle and some other experimental results (see chap. 3.3) 

can only be explained in terms of mixing between C~ states and q~ states of 

ordinary quarks. This mixing can be understood by extending the description of 

the mixing of ordinary quarks. 

It is well known that states of the ordinary vector and tensor mesons are 

wel~ segregated according to quark flavour. The neutral mass eigenstates exhi-

bitinq "ideal mixing" with (1//~) ( Ou i ad) and ~s. As a consequence one expects 
M(eu) = M(p) and M(c) = 2M(K*) - M(p). Both relations. are fullfilled on the per-

cent level . 

The pseudo scalar mesons on the other hand show a strong mixing between 

non-strange and strange quarks inspite of their di'fferent masses. As a conse-

quence the relations M(n) = M (1T) and r･,1(n') = 2M(K) - M(1T) are strongly violated, 

548 MeV against 138 MeV and 958 MeV against 854 MeV, respectively. The proper 
44 ) 

masses are obtained with wave functions 

i 

; ･ ,(Ou+ad){T}/~lss 
' V1~ n 

(3 . Io) 
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which amusingly implies that the probabil~ty to find a ss or a uu/dd pa~r in the 

T1 or n' meson are approximately equal . 

The different mixing for the vector and pseudo scalar particles can be under-
s tood3 , 45 .49 ) 

qualitatively i.n terms of gluon exchanges (see 1.22). To the mass 

matrix corredtion termsX. .- have to be added which take into account annihilation 
IJ 

~ +~･q.. If the 2 quarks are in a JP = l~ state (vector particle) the terms qiqi c J J 

annihilation can only proceed via 3 gluons because of conservation laws. For a 
JP = O~ state (pseudo scalar particle) annihilation via 2 gluons is possible. In 

terms of CD Perturbation theory the fi,rst nrocess is ro ortiona~ to ce3, the 

latter to ots' For sufficiently large masses ocs < I and as a consequence the anni-

hilation corrections will be much more important for pseudo scalar particles than 

for vector states, for which the Aij are negligible. Thus the different mixing 

for the two kinds of particles can be explained in terms of QCD, but of course 

one should not expect too precise results at low masses where ocs is sti~l big. 

If the charm quarks are included in the discussion the mass matrix for 

pseudoscalar mesons can be written in lowest order perturbation theory: 

Aud us X uu 

~ 
us s ss 

~dc A 
sc 

wlth VI = M~ = m2 . M2 = 2m 2- m*2 M2 = m2 
IT S K ,, ' c nc 

uu dd = Xud Slnce M 3 eeV one may assume Isospln symmetry gives X = ~ 

X/ M~ << I and in a first ste to determine the X.. the annihilation q.ql~ cc 

may be neglected. With the experimental masses of IT, K,n and T]' as Input one 
solve equ. (3.ll) and finds46) 

can 

A = 0.30. A = 0.21. A = 0.12. (3.12) 

(all in GeV ) 

SU(3) syr･,Imetric annihilation would require A = Aus = ^* and therefore it is 
uu ss 

obvious that this symmetry is broken substantially. Also these findings can be 

interpreted in terms of QCD. In lowest order perturbation theory one expects 
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lj oLs(mq ) ' oc (m ). 
i S qj 

The immediate consequence of equ I I should be X > A > A , as indeed is ' ( ' ) uu us ss 
found empirically. Furthermore, tne elements A. , should satisfy the factorization 

IJ 
l/2 ･O 19 in good agree-= x 2 From (3 12 one finds X ~ relation X .'X il jj ij ' ' ) ( ) = ' uu ss 

ment with A = 0.21. 
us 

As a next step one tries to predict the annihilation corrections for charm 
quarks46) From table 3.3 one takes oes(Ms2) / as (Mc2) . 2 which is also in 

approxlmate agreement with equ. (1.1). Thus one obtains 

Hence as 

smaller than 

approximation 

oes ( M~ ) 

~ = A . - 0.06 sc ss T~MTS Ms 

ces(M~) ~ 2 

A = A ' ~ 0.03. cc ss TTM~TS S 

expected the annihilation corrections 

for the ordinary ones and consequently 

for the 

M(nc) ~ 

charm 

Mc to 

(3.14) 

quark are 

a very good 

wh i ch 

The 

can 

quark content of Tlc is given in Towest 

cc + (~UC uu + ~ dd + 

be written using X = ~dc = ~us 
uc 

A 
sc 

order by 

~ 
sc 

/~ss 

~s) / rl~ 

as 

(3.15) 

and 

Wi th 

us i ng ( 3 . Io) 

e :: l0~2 

- ~ r ~ CC+1~ I~ n* ~ L US SS 

nc cc + e n 

and e' ~: 2･lo 2 

(uu + dd) 

+ 8' ' nt 

We see that there is an admixture of 

state and again we notice SU(3) breaking 

non-strange quarks is different. 

+ ~S] ~sc / M2 

o rdi na ry 

since the 

quarks to the 

admixture of 

c ha rm 

strange 

( 3 . 16) 

(3.17) 

quark 

and 
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　　　　　Asimi1arapProachfor．thevectormesonsispossib1einprinc巾1ebut

difficu1t1npractice，sincethere1evantmassdifferencem　・m　isnδt
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ω　　　ρ

㎞ownprec1se1yenough．Ifanequationana1ogousto（3．17）iswittenforthe
J／ψonehas

　　　　　　　　　　　　　　　　　　J／ψ＝cc＋ε　・ω十ε1φ　　　　　　　　　　　　　（3．18）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　V　　　　　　　V

Estimat1ngthecoeff1c1entsεandεlfr㎝thedecayofJ／ψ1ntoordト
　　　　　　　　　　　　　　　　　　　　　　　　　　　　V　　　　　V

…yh・d・・・・…f1・d・ε，ε1≦10－4．A・…t1…d・b・・・…h・…11・d・i・t…
　　　　　　　　　　　　　　　　　　　　　　　V　　　V

for　the》ector　charmon1um　states　1s　exact1y　what　one　expects　since1n　this　case

theannih11ationcorrectionsareass．ocratedto3g1uonexchangeandhence

／lゴE、（・、1）・1s（・、j）］3！2
（3．19）

1・・1州・・・・・…／lj・・・・・・・・・・・・・・・・・・・…i・・・・…11・・・・・・…／ij…

thepseudosca1arstates．

3・253Discuss1onofrad1atfvedec雌
　　　　　　　　　　　　　　　　・一　　　　　一キ
　　　　The　decay　（1　　）　今　（0　　）　十Y　i　s　assoc1ated　to　an　e1ectromagnet1c　M1　trans　i　tion・

I　f　the　quark　content　of　the　『ni　t｛a1　and　fina1　state　is　the　Same　the　trans1t1on

probabi1i　ty　i　s　gi　ven　by　（see　a1so　fi　g．　3．8a）：

　　　　　　　　　　・（1一’・・’十）・吾α（半）・…Ω2　　　　　　（・…）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Cl

where　Q　and　m　　are　the　quark　charge　and　mass　and　k　is　the　photon　energy．　The
　　　　　　　　　　　　q

over1ap　i　ntegra1　Ω　i　s　expected　to　be　of　order　1　1f　the　trans，t1on　takes　p1ace　by

asp加f1ip肘舳outchangingtheot晦quant㎝numbers，工ndeedf◎rt㈹nstti㎝s
・1th・・d加・・yq…k・1寸k・㎝◎Y，岬・，州，KOΨY。。。fi．d。。。1。。。。f

Ωbetween0・6and0・9・Tmns旧onswithchamquarks1nthe1n寸t寸a1andfina1
stat・11k・J／ψ÷η。・州11b・di・・・…d1・・h・pt・・3・3・

　　　　　L・t…㎝di…S・th・・・…舳・h…q…ks寸・th・i・iti・1・・d・・di…y

q…k・i・th・f1・・1・t・t・・11k・J／ψ・ηY，ηIY，πoY・・dfoY．Si。。。th。。。i。。i。。

・fth・ph・t…h・・g・・◎・1yth・SpiHfth・syst・・b・t・・tth・q・a・k…t・・ts・・h

transitionscannotgoviadiagr㎝a）off1g．3．8．Am1xingofstateshasto
t・k・p1・…hi・h・…1th・・h・pP…ft・・（［g・3．8b）・・b・f…（［g．3．8・）
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photon emission. As a consequence the overlap integral ~ in (3.20) has to 

be replaced by e ~ where 8 is one of the mixing parameters of equ. (3.17) 

or (3.18). 

Y 

E,E' 

b) C ~~_~C, Fig. 3.8 
i ( 1~ ) ~ c fO~]~ 1,rl I (O~) 

EV/ EV ' 

C) C ---
C - - clu) (1-) ~ ( 1~] 

~ ,TL ( O~] 

S:~~S1 T~S_~Y2_~LY_~D~_fY_ fiD~1_S~~~SS 

In the previous section arguments have been given that the admixture of 
c and oo to J/~ are very small ( 8 . 8' ~ l0~4) whereas the admlxture of n Tl 

to Tlc is of the order of l0~2 Hence diagram46.49) c) in fig. 3.8 can be neg-

lected and transitions like J/~~TIY, n'Y Will go by diagram b). In this case 

one expects from equ. (3.20) : 

= )3 ( 'y-k r( J/~+n ' Y ( ( 3 . 21 ) e 
n - 3.9 7;1~r. r .~+nY 8 t~ 

n 

with the e. 8' values 9iven after (3.17). The experimental ratio (see Table 3.5) 

is 2.9i 0.8 in good agreement with (3.21). Thus the unexpected ratio between 

these two decays becomes plausible. 

With respect to the absolute rate equ. (3.20) ytelds 

r(J/~ + nY) = 5400 82 ~2keV (3.22) 
Simple calculation46) based on harmonic oscillator wave functions ~'/hose parameters 

are adjusted to give the l~(O) 12 values as obtained from the leptonic widths 

(see chap. 3.23) suggest ~2 = 0.1. The overlap integral is relatively small be-

cause the transition energy is 1.5 GeV compared to decays of ordinary hadrons 
like oo ~ IToY, c+nY Where the transition energies are less than 400 MeV and 

consequently ~ close to l. As a result one expects according to (3.22) with 
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ε㌧0．01・・idthr（J！ψ・ηγレ54・V州・h・g…sv・ry・・11withth・…s…d

・1dth（…T・b1・3．5）・f55・12・V．Fo・J！ψ・η’γth・・oザ…p・・d1一・g・・1L・s…

220eVand160±50eV．Theseexce11entagreementsmightbefortu千tous1nview

ofthetheoret1ca1uncertaintiesbut．they1ndicatethat1owestorderQCOper耐ts
to　understand．qua11tative1y　the　experimenta1　resu1ts．

　　　　Th・・1t・・ti・・・・…t・b・…y・耐1・・f・・th・J／ψ・foYd…y．1t・bm・一

・hi・g・・t1・1・・fth・・・・…d・…　th・J／ψ・foω・・dh・・。。。。。t。。d。而m。。。。1th

ω十Y　as　the　sou1（ce　of　the　ph〇一tons　must　be　d1scaザded，　s1nce　1t　pred1cts　a

f．／fωm・1。・f・・d。・π。／。㌧」10－3．Ag．1。。d1．g。。・。f・h。・yp・b）1・f19．3．8，

　　　　　　　　　　　　　　　　　　　　　　　ω

where　the　photon　1s　em〒tted　by　the　cc　must　be　dom1nant，　t　h1s　t1me　1ead1ng　to　a
。ε、・。・。。1・lJpC－2＋＋、h1Ch・he。。1．e、、1・h・h．f．Aq。。。・i・。・1。。。。。1。。1．51）

has　recent1y　been　carri　ed　out．　There　i　t　i　s　shown　that　the　angu1ar　d1stri　bution

o　f　the　photon　conta1ns　1nteres　t　i　ng　1nforma　t　i　on．

　　　　　　　　　　　　　　　　　　　　　　○

蔓二2532Thedecay．蛆コ．Y

　　　　・・…i・・・・・・・…1・…1・・i・・・・・・・・…i…ηC一πo・1・i・・1…舳…

by1・・sp1・・y㎜・t・yrti・d1・g㈹・・）・ffig．3．8・h1・h1・d・・1…t・・db）1・

・・g1・grb1・．S切・・th・J／ψ一ω・1・i・gi・q・it・…11，・…p1・i・・di・3・2552・1t

i・p1…1b1・th・tth・mt・J！ψ今τoYi・…h…11・・th・・J1ψ今ηY・η・γ・

Fr㎝eq．（3．2o）onedehves

　　　　　　　　　　ε1ω・告十・（1篶　　　　（・…）

・i・・Ωωぺ1・・d・・…1・・ΩボΩバO・3（see3・2531）◎neinfe「sfl1mthee㌻

・・h・・…1・・1・・・・・・・・・・…巾・・・・…（…1・3・5）1εψ、トgx1O・Th『s1s

1ndeedtheorderofmagnitudeexpectedfr㎝3g1uonexchange（see3・252）・More
。。。。・1・。・1。。1。。。。・・。・…46）

　　　　　　　　　　；ll・舟3／…崇→・1　　（・…）

ll1111；1；e：：「（；ll。；a；。le．1；fl；；ld：「1閉mln；1ぷ、；㍗：／lll・as・・：漁・。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一2

equa1Ω・Inse「t1ngtheexpehmenta1w舳sone・bt・i・・1εφ、ト（5・4±0・9）10
・・i・・…i・…舳…’1・・・・・・・…1’lllψ、ト・・1・’4・1・1・・川・i・

ε／ε　・61wh1chisagain1nreasonab1eagreementw1ththetheoret1ca1expec一
φω　ψω

tat1on41ofequ．（3．24）．
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In conclusion one might say that first order QCD calculations provide a 

Consistent picture for the radiative decays of charmonium into ordinary hadrons 
explaining in particular the drastic difference between J/~ + nY, n'Y and ITOY-

A study of these decays gives simultanously a deeper insight i'nto the mixing 

of qq states. 

Of course besides QCD there are other possibilittes to understand the data. 
16 48) 

Schemes involving SU(4) breaking have for example been developed ' which do 

not need an explicite potential . Many relations between various decay channels 

could be deduced. 

3.2533 OZI transitions without c~_++__9~_~nd_~i_t_tp_t_~ 

If the transition rates are calculated49) taking into account only SU(3) 

singlett and octett mixing for T1 and T1' one obtains for OZI forbidden diagrams 

with 3 gluon exchange (fig. 3.8c) for the final states the ratios 

r(~OY) : r (nY) : r(Tl'Y) = 3 : cos20: sin20 

wlth the mlxlng ang~e O IIO Thls Is obvlously In drastlc dlsagreement with 

experlment. 

The 2 gluon diagram (fig. 3.8b) yields 

r(1TOY) r(nY) : r(n'Y) = O sln e : cos20 

Here the enhancement of nY' and n'Y with respect to ITOY is properly reproduced 

but the ratio r(n'Y) / r(TIY) = cotan20 * 30 is much too large compared to the 

experimental value 3.1 :~ l. ' 

In conc~usion it should be stated that ordinary OZI diagrams successful 

in explaining the hadronic decays of J/~ and ~' (see 3.24) have to be modified 

by taking into account Tlc ~ T1 mixing in order to understand the radiative decays. 

It seems that the decay ~' + J/~ + n is more analogous to the radiative 
transitions than usual OZI forbidden decays. Its width27) 

r ~~'+~T1) = 9.3il.6 

keV is very large for its little phase space (Q = 40 MeV) and being p-wave, SU(3) 

and OZI suppressed. Hence this decay seems to confirm the cc - qq mixing as 

estabilished in the radiative decays. 
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3.3 The pseudoscalar states 

In terms of the charmonium p~cture one expects that the vector particles 
J/~･ ~' etc. with parallel quark spins (3Sll states) are accompanied by pseudo-

scalar states with opposite quark spins ( So States) (see chap. 2.2). These 
states have the quantum numbers JPc = O~+. Since they are analogous to the 

l 
n particle ofl the light quarks these states are usually denoted by nc (E: I So) 

and Tl ' (E 2 So)' Because of the hyperfine splitting one expects these states 
c 

to be somewhat below the J/~ and ~' ･ respectively. 

3.31 Experimental results for the XL~.83)_~nd_XLS･45)_states 

Since the pseudoscalar states have even C they cannot be produced directly 
in e+e annihilation but can only be reached by decays from J/~ and ~' . Since 

these decays are rather weak our experimental information on the nc and n~ 

states is very scanty compared to the rather complete knowledge of the vector 

states J/~ and ~' . Indeed the existence of the nc and n~ has been in doubt for 

quite some time. There is positive evidence now for nc Which is identified with 

the X(2.83) particle detected by DASP, whereas the existence of the X(3.45) 

level still needs definite confirmation. 

' fig. 3.9. The possible transltlons leadlng to nc and nc are shown In 

1 ~ (A) TCe Tc~ ¥ ~ - _/ Mlforb. 

Y YY p 

Flg 3 9 Transltlons Involving n and n' 

c c A particle cal~edXwith a mass below J/~ has been detected by DASP52) 

looking for 3Y final states from the decay chain J/~ * YX+Y(YY)･ The invariant 

mass plot for YY(high mass solution is shown in fig. 3.lo and exhibits a clear 
80 ) 

peak over the smoothly varying background at a mass of (2.83 ~ 0.03) GeVlc2 

and a width of r = (29 i 14) MeV which is consistent with the experimental mass 

resol uti on . 
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The branching ratio of the decay chain is given in Table 3.6. The DESY-Heidel-

berg53) experiment sees also an excess of events in this mass region but be-

caus~e of thetr worse mass resolution they cannot give but an upper limit of the 

branching ratio. The X particle has recently be seen in a pion-proton scattering 

experiment at Serpukhov56) and hence its existence seems to be well established. 

Table 3.6 Branching ratios of electromagnetic transitions 

involving pseudoscalar states nc and n'c 

Trans i ti on Product of Br nching ratios in l0~~ Experiment 
J/~ + Tl 

J/~ + Y ric + Y(YY) (0.14 i U.04) DASP ) 80) 

< o . 32 
DESY-Hei del berg53 ) 

J/~ + YT1 
c 

< 17 
MPPSSSD54) 

rjc ~ YY > (8 i 3.5) ca I cu I a ted 

J/~ + Y n < O . 26 
DESY-Hei del berg53 ) 

J/~ + Y nc + Y(PP) < 0.2 
DASP52) 

< 0.01 
SLAC - LBL55) 

~I ~ n 

~ + Y nc + Y(YY) < 0.14 
DASP57) 80 ) 

< 0.5 
DESY-Heidel berg53) 

~l ~ Y n 
c 

< 11 
SLAC - LBL55) 

< lO 
DASP 57 ) 

~ +YT1 
C + Y(YPO) 

< O . 18 
DESY-Hei del berg53 ) 

~/ + CV nc ~ CL)(YY) < o . 23 
f l 

~' ~ rl 
I 

~i +Y n 'c + Y(YJ/~) 6~4 
SLAC - LBL55), PLUT055) 

~l ~Y n < 0.07 
DASP57 ) 80 ) 

~ + Y rl.c < 29 
SLAC - LBL55) 

n'c + Y J/~ > 320 ca I cul ated 

~l +Y T1 c ~ Y (rlCITIT) + Y(YYITIT) < o . 06 
DESY-He i del berg 53 ) 
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BecauseX÷2Ytheparti，c1ehasevenCandSPtn1isexc1uded・Thts｛sin
agrSement　w1th　the　expectat寸on　for　η　・
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

　　　　　Themon◎energetic　Y－1ine　aSsoc寸ated　to　the　a11oWed　M1　tranSttion
J／ψ今ηh。。。。tb。。。。。。。54）．S。。。i．di。。ti。。。。。。。f。。。d57）．f。。

　　　　　　C

ψ1今η。今（γY）γb・t・t・t1・ti・・i・・t川t・・p・…Th・…tp…1i・gf・・ti・

the　negati　ve　sea　rch　for　hadroni　c　decays　of　the・η　．　I　n　part1cu1a　r　upPer　1i　mi　ts
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C
　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　　　　　　　　　　0
have　been　obta　i　ned　for　η　　十　pp　and　η　　今Yρ　　wh　i　ch　are　sum㎜a　r｛zed　i　n　Tab1e　3．6．
　　　　　　　　　　　　　　　　　　　　　　　C　　　　　　　　　C

Thetransれ1㎝probab川tiesw川bediscussed1nchap．3．33．

　　　　　Evidence　for　a　1eve1　at　3．45　GeV　comes　from　an　observat1on　of　the

cascadeψ1今Yx（3．45）　dnd　x（3．45）今YJ1ψ．Th1s　state　has　been　observed　with

the　『ntermedi　ate　P－states　（see　chap．　3．4）　but　does　not　fi　t　such　an　i　nterpre－

tation・　ト1ence　the　identification　X（3．45）≡　ηl　may　be　reasonab1e，　a1though　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

o　n1y　1nformat1on　about　i　ts　quantum　numbers　i　s　even　C，　s1nce　1t　1s　reached　by

an　e1ectromagnet1c　trans「tion　fじ②mψ1．　Four　cascade　events　have　been　found　by

SLAC－LBL，　one　by　DASP　and　three　by　PLuT0　（see　fi　g．3・11），　some　of　whi　ch　mi　ght

ori　gi　nate　from　backgrourld．　Hence　more　experimenta1　data　are　urgent1y　needed

to　estab1ish　th1s　1eve1．

　　　　　Th・・・・・・…g・tr・Y－1r…h・1’・gf…ψ’今η’h…otb・・・・…（…
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

Ta　b1e　3．6）　as　we11　as　hadron1c　decays．　The　s1tuati　on　i　s　s　i　mi1ar　to　that　for

theη　．
　　　　　C

3．32Theoret1ca1expec主皇主ユ9口．9f．堕口…ユ圭19口．蛙ε…

3，321　M1　trans1t．ions

　　　　　　The　decays　J／ψ今η　γ　and　ψ1今ηI　are　a11owed　magnet　i　c　d　i　po1e　trans1ti　ons・
　　　　　　　　　　　　　　　　　　　　　C　　　　　　　　C

The　transit1on　rate　1s　g1ven　by

・（1一一一・一十）・舌串・3！2
（3．27）

where　Q　and　M　arethecquarkchargeandmass，kisthephotonenergyand

Ωistheover1apintegra1ofthe1nitね1andfrna1wavefunct1on・A11owedM1
trans1t1ons　are　those　between　states　wh1ch　have　essent1a11y　the　same　spat1a1

wave　funct1on　and　d1ffer　on1y　in　the　sp1n　state．　HenceΩ電1　if　spin－orbit

coup11ngandotherspin－dependenteffectsareneg1ected・

　　　肚h・h。。。。。。。。p・1。。。。。。。。1。。1。・。。4・59）f。・・（3．27）・d…y・1d・h・f

「（J／ψ叩。）讐29k・V・F…th・b・…h1・g・・ti・1・t・b1・（3・6）th・1im1t
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・（J1ψ今・η。）≦1・2k・V…b・i・f・…d・i・p1yi・gΩ2・0・04・

　　　　　Si．11。。1y。。。。。1。。1．t。。59）・h．d。。。y．idth・（ψ1・。η1ト17k・V・h・・…

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

the　observed　1im1t　1s　　r　〈　6　keV　and　henceΩ2　〈　0．3．

　　　　　Theseco岬arative1ysma11va1uesofΩhavecausedsomeconcern・M1tran－

sit1onsbetweenhyperf1nepartnersshou1dbemtherinsens廿1vetowavefunctions
and　1ndeed　this　kind　of　ca1cu1ation　works　to　w1thin　factors　of　2　or　so　for　the

1ightmesons，wherere1ativ1sticeffectsshou1dmake1廿emuchmorediff1cu1t・
0n　the　other　hand，　the　1arge　J1ψ　一　η　　andψI　一　ηI　sp11ttings　might　indicate　that
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C　　　　　　　　　C

theRusse1－SaundeザsapProx加ation1spoor．Thed1screpancyofafactorof20

1s　certa1n1y　worrying．

　　　　　Thetwol1cross’1tmns1tionsη’今YJ／ψandψI÷Yηareforb1ddenM1
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C　　　　　　　　　　　　　　　　C

s1nce　the　main　cluantum　number　　n　　changes　from　2　to　1．　Hence　the　wave　functions

are　orthogona1　1f　spin－dependent　forces　are　neg1ected．The　width　correspond1ng

tothesecondterパnthepowersehesofexp（秋r）1sgivenby

・。。、。i。。、、（・1）嶋帝・・Ω1。、。．
（3．28）

・h…Ωf。。b・・fl・2い…dth・・…i・g・fth・・th…y・b・1・i・th・・・・…　柿

（3．27）．

　　　　　U・元・gd廿f・…t・…f…ti…「（ψI÷Y・。）b・t・…1k・V・・d10k・V…
f。。。d4・5・14）。h1．h．h。。1db。。。。p。。。d・。・h。。。p．h。。。・。1p。。・r．1．id・h

r（ψ1今Y　η　）　≦　2．5　keV．　Thi　s　agreement，　however，　has　not　much　re1evance．　It
　　　　　　　　　C
t。。。。。。tth．t。。1．ti．i．ti。。。。。。。ti。。。t。（3．28）…1・p。。t。。t6・）。。d

factorsof10aザeposs1b1e．

　　　　　The　s　i　tuati　on　for　the　decay　η1÷Y　J！ψ　　i　s　more　comp1『cated．　From　the　data
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

9，ven1nTab1e3．6oneca1cu1atesabranchingmt1oB（η1今YJ1ψ）＞（0．3±0．16）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

wh　i　ch　i　s　very　1a　rge．　S1nce　the　tota1　wi　dth　of　η■　i　s　not　known　i　t　i　s　not　pos　s　i　b1e
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

to　g1ve　an　exper『menta1　parti　a1　width　correspondi　ng　to　th『s　branchi　ng　rati　o．　0n

th・・th・・h・・dth・th・…ti・・1・・t、・・t・・d・11・・…1yF（ηと今YJ／ψ）・・d・・tthe

branch千ng　rati　o．　Because　of　the　unre1i　abi1i　ty　of　equ．　（3．28）　a　better　1■theore－

t1・・111・・t1・・t・…b・・bt・1・・dby・…而・gth・tth…th・・1・…t・・fηと÷YJ1ψ

and　ψ1今Yη　　are　the　same　and　correcti　ng　for　phase　space　one　obta1ns
　　　　　　　　　　C

F（ηと÷YJ／ψい（1／4）F（ψ’今Yη。）＜（1／4）．2・5k・V皇0・6k・V・
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In order to compare r and B it has been trted to estimate the hadronic 

width r(n~ + hadrons) which should be practically equal to the total width. 

As will be shown in 3.323 the hadronic width should be of the order of a few 
MeV. This yields a branching ratio B < lO~J in contrast to the experimental limit 

B > 0.3. 

Another way to compare experiment and theory is to consider the cascade 
branching ratio B(~'+ n~Y+J/~ YY)6Which experimentally is (6i 4)x l0~3 whereas 

theoretically one expects * 3x lO~ . This again is a large discrepancy, however, 

the uncertainties for the calculated forbidden Ml transitions are very large. 

3 322 Tlc + YY 

Transcribing the QED results for the singlett state of positronium one 
finds for the decay rate2,4) 

r(O~+YY) - 481T oc2 Q4 I~(O)j (3.29) 
~ M 

Taking ~(O) as determined for the J/~ (chap. 3.23) one obtains r(nc + YY) * 8 keV 

The experimental branching ratio B(nc+YY) > (8 i3.5) x IC~3 cannot be com-

pared to this expectation since the experimental total width of nc is not known. 

Theoretica~ estimates will be discussed in the next section. 

3.323 Hadronic dec~ys of nc-~nd n~ 

Following the analogy between 

can annihi~ate into 2 gluons besides 

annihilation rate from (3.29) one has 

c,2 Q4 + 20,2s /9 and obtains 

r(O + hadrons) = r(O 

Inserting ocs = 0.2 and using ~(O) as 

r(Tlc + hadrons) = 6.4 MeV. This can be 

of the wave function and is obtained 

QED 

i nto 

to 

and QCD the pseudoscalar 

2 photons. To derive the 
make the replacement35) 

+ g g) 
321T OLS 
T iTz-M !~(O) 1 2 

t'l 

determined from the J/~ 

checked by an estimate 

by taking the ratio of 

TIC 

2 

and n~ 

gl uon 

one has 

which is 

(3.30) and 

( 3 . 30) 

independent 

(3.7) 

r(nc + g g) 27 ~ 

r( J/~ + ggg ) 5(1T2- 9) Oe 
S 

･ 100 (3.31) 
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Tak，ng　the　measured　width　r（J1ψ÷hadrons）　＝　69　keV　one　arr寸ves　at

r（η。・h・d・…）臼7M・V加g・・d・g・・・…t・冊th・p…1・u…timate・
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＞

w1dthcorrespondstoaOZIhrndemncefactorofabout－50・

Thetota1w1ldth．qfηI
　　　　　　　　　　　　　　　　　　　C

r（η’

　　　C
今hadrons） F（ψ’

can　be　eStでmated　accOrd　tng　to

今hadrons）

Th1s　tota1

（3．32）

・1三1・鮒 ＝0．43

andhenceF（η’今hadrons）臼3MeV．
　　　　　　　　　　　　C

　　　　　With　this　theoretica1　hadron1c　width　one　can　now　ca1cu1ate　the　branching
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－3

・・ti・・B（η。叩）；「（η。叩）／「（ηと・h・d・…）臼8k・V／7M・V讐1・2×10・工f
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－3

th1s　i　s　compared　to　the　exper1menta1　11mi　t　B（η　　今YY）＞（8　±　3．5）×10　　　one　obta1ns
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

a　factor　〉　（7　±　3）　of　di　screpancy．　I　n　vi　ew　of　the　uncerta　i　nt1es　th　i　s　does　not

Seem　t〇二WOrrySOme．

　　　　　A　more　seri　ous　prob1em　1s　the　fact　that　so　far　no　hadron1c　decays　of　ei　ther

the　η　　nor　the　η1　have　been　observed．　0ne　way　out　cou1d　be　that　these　part〒c1es
　　　　　C　　　　　　　　C

decay　to　ma　ny　d1fferent　f1na1　states　wh『ch　are　d　i　ffi　cu1t　to　1dent1fy．　Wi　th　sta一

・1．t1。。1。。d．1。。1。。1。・i。。。。。。。。。th。。。61）h。。。th．dt。。。t1。。t．th．p。。b。一

b11i　ty　of　d1fferent　f1na1　states．　They　fi　nd　that　i　ndeed　each　channe1　contr，butes
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　　　一　　　〇　　　　　　　　　　　　　　　　十　　　・　　　十　一
〇n1y　a　few　percent，e．9．τ1　今2Tr　2↑r　　2Tr　7to　15％，η　今2↑r　2Tr，3↑r　Tr
　　　　　　　　　　　　　　　　　　　　　　　　　C　　　　　　　　　　　　　　　　　　　　　　　　　C

2　to　5　％　each，　η　　今pp　＋anyth1ng　a　few　percent．The　fi　rst　channe1　which　i　s　do－
　　　　　　　　　　　　　　　C

m『nant　i　s　hard　to　fi　nd．The　1imi　ts　g｛ven　寸n　tab1e　3．6　may　st111　be　compati　b1e

with　these　rates．

3・33D1scuss1onofpSeudosca1arsta蜂

　　　　　The　compar1son　between　exper1menta1res　u1ts　and　theoret千ca1　expectat　i　ons

concern1ng　the　η　　…　X（2．83）　and　nl　≡　X（3．45）　parti　c1es　can　be　s　umma　ri　zed　1n　the
　　　　　　　　　　　　　　　C　　　　　　　　　　　　　C

fo11ow1ng　way：

　　　　　a）　Whereas　the　ex1stence　of　the　X（2．83）　i　s　we11　estab11shed，　the　X（3．45）

　　　　　　　　needs　conf1rmat1on．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3　　　1

　　　　　b）The1argesp11ttingbetweenthe　Sand　Sstateswhichohgfna11yhas
　　　　　　　　caused　much　concern　does　not　seem　too　much　of　a　prob1em．　It　can　be

　　　　　　　　understood　qu1te　coherent1y　by　attr｛buting　an　anoma1ous　g1uon　coup1寸ng
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c) 

d) 

62) 
to the quarks (see chap. 2.2). Recently it has been shown that the 

existence of instantons may be responsible for the large splitting and 

indeed it could be considered as direct evidence for the instantons. 

Serious difficulties exist for the Ml transition rates. In particu~ar 

it seems difficult to explain the large discrepancies for the allowed 

,MI transitions between HFS partners. The even larger discrepancies for 

the forbidden Ml "cross transitions" are perhaps less worrying because 

of the large theoretical uncertainties. 

Thp real puzzle ~s the fact that no hadronlc decays of nc and nc 

h*･ve been seer･,, although partial width of several MeV ar,e expected. 

The hadronic transitions seem to be suppressed and one puzzling conse-

quence is the very large B(n'c+YJ/~) > 32 '/.. 

Because of these difficulties some authors have questioned whether the 
X(2.83) and X(3.45) are really the IS states87) Harari tried to identify the 
X(3.45) with the ID2 (J = 2~+) and Kr~semann and Krammer63) interpreted this 

state as a relativistic "time like" P-state. Both proposals are not very 

attractive since they do not solve the problems for the X partlcle and where 

is then the n~ state? 

Several authorsl6 48 64) have shown that the transltlons J/~ + nc Y 

and Tlc+YY can be hindered by SU(4) symmetry breaking. Indeed by a proper cholce 

of the parameters r(nc+YY) < 3.7 keV can be obtalned May be relatlvlstlc 

models are needed to interprete the decays involving nc and n~-

As a possibility to verify the nature of the X(2.83) and X(3.45) Par-
ticles it has been suggested65) to look for the decay ~'+Y X + Y(TT+7T~)X+ Y(7T+7T~)(YY) 

for which a branching ratio larger than 4 * l0~5 has been estimated. Unfortu-

nately the upper limit given in table 3.6 has about this value and the hope that 

this decay chain is strong does not seem to be realized. 

In conclusion one has to state that 

desperately required to solve the puzzle 

With all the success of the charm model 

that remains to be eliminated. 

more experimental information 

of the pseudoscalar charmonium 

this seems to be the only major 

is 

s tates . 

troubl e 
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3.4 The intermediate P-states 

According to the standard charmoni.um model one expects 3 triplett-P-states 

and one singlett P-state with masses between the J/~ and the ~' . As explained 
in chap. 2 these P-states fall inbetween the two lowest 3Sl states because the 

potential deviates from a pure Coulomb shape and hence the P-states are 
10wered. Having C even the 3P-states cannot be produced directly in e+e anni-

hilation but can be reached by an electromagnetic El transition from ~' . They 

can decay eather by a El transition to J/~ or into ordinary hadrons. 

The IPI state with JPc = l+- cannot be reached from ~ by e~ectromagnetlc 

transitions because of its negative charge conjugation. The decay 
3p2(2++) ~Y IPl(1+-) is possible but phase space is probably very small . Hence 

it is not surprising that the P1 state has not been obser~ed so far. The 

following discussion has to be restricted therefor to the P states. 

~:~l_~~P~CiT~D~~1_r~Syl~S_f9r 3P:S~S~~s 

The first evidence for an intermediate state called P was found by 
DASP66) in the cascade ~' ~ YP + Y (Y J/~). Later this an~ cascades to other 

intermediate states which wereCgiven the generic name X Were seen at SPEAR54,55) 

by DESY-Heidelberg ) and pLUTO 69 ) 
. The results are shown in fi9･ 3.11. 

Clustering in the (J/~ Y) invariant mass can be seen at 3.42,3.45,3.50 and 3.55 

GeV. A11 these states have even C since they are reached by an electromagnetic 

transition from a I state. The state at 3.45 GeV has a different character 

than the others since its decay into hadrons has not been observed. As dis-
cussed in chap. 3.3 it is tempting to identify this state with the 21So level 

and since the relevant experimental data have been given in chap. 3.31 we 

shall not discuss it here. 

The mass distribution of the Y J/~ system in the decay ~' + YYJ/~ as ob-

tained in recent measurements 
68 ) 80 ) 

is shown in fig. 3.12 a and b. The peaks 

at 3.51 and 3.55 GeV are clearly seen, there is a small indication at 3.41 GeV, 

whereas no significant structure is observed at 3.45 GeV. 
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For　the　three　P－stateS　the　monoenergetic　1ines　correspond1ng　to　the　transit1ons
　　　　　　3
ψI今Y　p　have　been　observed　（fig．　3．13）　and　the　branch1ng　rat1os　were　determ1ned．

These　branch1ng　ratios　together　with　those　for　theγY　cascade　are　co11ected　1n

tab1e3．7．
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Table 3.7 ~' + YP + YY J/~ cascades 

state 
MeV+) B(~'+Y3P) B ( ~ ' +Y 3 P+Y ( Y J /~ ) ) Parameter++) a of Experiment 

(lo) o! (7.) ", l+ a cos20 

l _ + 0.2 
DASP66)80) 

3543 - 7 + l.O ~ 0.6 a= 0.3 ~ 0.4 
SLAC-LBL55) 

3561 - 7 + 7,0 i 2 2.2 ~ l.O 
MPPSSSD54) 

2.3 ~ 0.6 DESY-Heidel 
68 ) 

, 

l.1 ~ 0.3 
DASP66)80) 

3504 i5 2.4 -+ 0.8 a= 0.1 ~ 0.4 SLAC-LBL 

3511 
- 7 + 

7.l +_ l.9 5,0 i l.5 MPPSSSD 

3.3 i 0.8 0,1 _ + 0.3 DESY-Heidel 
68 ) 

t 

- 1.4 O . 34i o . 20 
DASP80) 

3413 ~ Il 7.5 *~ 2.6 0.2 ~ 0.2 a= l.4 ~ 0.4 SLAC-LBL 

3413 - 9 + 7.2 + 2.3 3.3 ~ 1.7 MPPSSSD 

0.2 _ + 0.l DESY-Heidel 
68 ) 
, 

+) 

++ ) 

Mass from hadronic decays 

For J = O, a = l, for J = = - 1/3 and 0.08 for pure dipo~e l and 2, a 

transi ti ons . 

3 
Information about the spin of a P state can be obtained from the angular 

distribution of the first (low energy) Y in the cascade with respect to the 

beam axis. One expects a distribution proportional to I + a cos20 where O 

is the angle between the first photon and the beam axis. With J = O for the 

intermediate state one has a = l. For J = I or 2 the prediction for a is not 

unique since mixing of multipoles is possible. The experimental results for 

a are also shown in Table 3.7. 
No 3P + YY were observed69). 
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The hadronic branching ratios of the 

P-states have been determined by' the SLAC-

LBL experiment. Invariant mass spectra for 

different final states are shown in fig. 

3.14 and the branching ratios have been 
summarized by G. Goldhaber70) (Table 3.8). 

The most striking fact is that the 3.41 
and 3.55 GeV states decay into IT+1T~ and 

+-K K whereas the 3 50 GeV Ievel does not 

4 

o 

d) 

TC+TC~or K+K~ 

? .O 3.0 3_2 3.a 3.6 3 8 
Fig. 3.14 Mass (GeV/c2) 

ments which measured the 

J ~ O. Hence the assignment 

mati on . 

3 55 GeV The presence of IT+1T~ or K 

2++ ... state. The angular 

the assignment JPC _ 2++ 

These assignments71) are in perfect 

levels. This ordering of the spins is 

the El transition probabilities (see 

The 3.45 GeV Ievel which is the 
3 

does not fit into the P ~evel sequence 

3 . 42__AsSi gnTeD~_9f_gyaotuT numbers 

On the basis of the experimental ma-

terial presented in the previous section 

one can try to determine the quantum num-

bers of the 3 Ievels with even C and see if 
they are compatible with 3P states. 

3.41 GeV: The observed decay Into IT+1T and 

K+K~ implies natural spin-parity 

++ ++ for this state, i.e. O , 2 ... 

and it has to be an isoscalar. The 

angular distribution is in agree-

ment with J = O and hence one can 
PC ++ safely design this state to J =0 

3.51 GeV: The absence of TT+1T~ and K K~ flnal + 

states indicates unnatural spin-

- + parity O , I , ... . The two ex-

angular distribution disagree but both require 
JPC = l++ seems plausible but needs confir-

K decays is again in favour of a O , 

distribution indicates J ~ O and hence 

seems plausible. 

agreement with the expectation for 3P 

further corroborated by the discussion of 

next section) . 

fourth intermediate state with even C 

and hence it is suggested to associate 
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Table 3.8 70) 

3415 branchin rati os 

Decay Mode Events Ef f i c i ency B ( ~ ' ~X ) B ( X+f ) B(X + f ) 
a) 

+- (7.5i2.1) x lO (1.0i0.3) x lO TTIT 32 i 6 0.19 
+-KK 

27 i 5.5 O . 16 (7.8~2.3) x lO 
-4 
(1.0i0.3) x lO 

-2 

+- +-TTITITIT 181 i 16 O . 19 (3.5i0.7) x lO 
-3 
(4.6i0.9) x lO 

-2 

IT+~~ K+K~ 
83 i ll 0.ll ( 2 . 8iO . 7 x lO 

-3 
(3.7i0.9) x lO 

-2 

+-TT IT pp 23 i 6 O . 18 (4.7il.3) x lO 
-4 
(0.6i0.2) x lO 

-2 

+ - +-- + 
37 i 8 O . 08 (1.4t0.5) x lO 

-3 
TrTr~1TITIT (1.9i0.7) x lO 

-2 

tpY l l O . OOI l (2 i2 ) * lO 
-3 
(3 i3 )xlO 

-2 

a) We use B(~'+YX) = 0.075. The errors quoted for B(X*f) do not include the 
overal l scale uncertainty of 35 % due to the error (i 0.0026) in B(~' + YX) 

, 

3505 branchin ratios 

Decay Mode Events E f f i c i enc y B~ '+YX ) B~ +f) B~ 
+ f) a) 

+- +-7TITTTTr 74 i 12 o . 20 (1.4i0.4) x lO (2.0i0.6) x lO 
Tr+1T~ K+K~ 

24 i 7 0.ll (0.8i0.3) x lO 
-3 
(1.l~:0.4) x lO 

-2 

+- 6i 4 O . 19 (1.2:t0.8) x lO 
-4 

IT Tr pp (1.7il.1) x lO 
-3 

+-+- +- 48 i 15 O . 08 ( 1.9i0.7) x lO 
-3 
(2.7:~l.1) x lO 

-2 
ITTrlTITTrTr 

~Y 12 i 4 O . OOll (2.4~0.8) x lO 
-2 
(34 ill ) x lO 

-2 

a) We use B(~'+ YX) = 0.071. The errors quoted for B(X + f) do not include the 
overa~ ~ scale uncertalnty of 27 % due to the error (i 0.019) in B(~' +YX) 

, 

3550 branchin ratios 

Decay Mode Events E f f i c i ency B ( ~ ' +YX ) B(X +f) B(X + f) 
a) 

+-TrlT 
9~4 O . 18 ( I . 9iC . 8) x lO 

-d, 

or ( 2 . 7il .1) x lO 
-3 

+-KK 

+ - + - 89 i 12 o . 20 ( I . 7iO .4) x lO 
-3 

( 2 . 4io . 6) x lO 
-2 

7TITIT7T 
IT+Tr~ K+K~ 

47 ~ 8 O . 12 ( I . 5iO . 4) x lO 
-3 

( 2 . IiO . 6) x lO 
-2 

+- 13 i 5 O . 19 (2.6il.O) x lO 
-4 

( 3 . 7il . 4) x lO 
-3 

Tf IT pp 

+- +- +- 23 t 15 o . 08 (0.9i0.6) x lO 
-3 

( I . 3iO . 8) x lO 
-2 

7TITTTITTTIT 

~Y 4-+ 2 O . o009 ( I . 0~0 . 6 ) x lO 
-2 
(14 i8 ) x lO 

-2 

a) We use B(~' +YX) = 0.070. The errors quoted for B(X + f) do not include the 
overal l scale uncertalnty of 29 % due to the error (i O . 020 ) in B( ~'+ YX) 1, 
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　　　　　　　　　　　1

1ttothe2S1eve1asd1scussedinchap．3．3．However，sinceneather，hadro市c
decays　nor　angu1ar　di　stri　but1ons　cou1d　be　observed　there　i　s　no　d1rect　expeh－

menta1　1nformat1on　on　the　quantum　numbers　of　th1s　state　except　1ts　even　charge

COnjugatiOn．

§二壬…一IりS9蛙工⊆昌1一皇犯…堕堂9口．f9二．旦．軸口…坦9口．じ2蜂

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3
　　　　　The　trans　i　t1ons　from　ψl　to　the　　P　1eve1s　and　from　these　to　J／ψ　are　e1ectri　c

dipo1etransitions．
…ψI一・3・。・…i…4）・・・・…舳1・i…

　　　　　　・。（・1）・嵜1・（…1）・・［…川…1・　　　　（・…）

where　Q　isthequarkcharge，kthephotonenergyandJthespinofthef柿a1
State．

　　　　　The　experi　menta1　va1ues　for　the　branch　i　ng　rat　i　o　B　（ta　ken　from　Tab1e　3．7）

・・dth・p・・t1・1・idth「J（・・1・・1・t・d・ithFt．t（ψI）・228k・V）・…h…

i・t・b1・3・9・Th・・idth「Jf・・th・3t・…iti・・・・・・・・…k・b1y・…t・・t・Th『・

isduetothec廿cumstancethat（2J＋1）k3wh1chaccord1ngto（3．33）deter一

而…「Jt・・・…tt・・h・・g…1yby・f・・t…f2（…t・b1・3・9）b・・・…
・fth・b・1…1・gb・t・…（2J・1）・・dk・．Th・f・・t・・k3・1・…h・・g・・by・

f・・t…f50・A・・・・…q・・…th…p・h…t・1・…t…y・f「J・・pP・・t・…y

・t…g1yth・・・・…d・p1…d・h・g・『…f・・d廿f・…t・p千・・FJ…1d・h・・g・

by　1arge　factors．　Th　i　s　statement　1s　1ndependent　of　deta11ed　ca1cu1at　i　ons　of

the　matr1x　e1ement．

　　　　　0hg1。。1。。t1。。・。。2・4）。f・h。。b。。1。・。d。。。y。。・。。。・。b。。。d。。t・。

crude　apPザoximations　and　1ack　of　precise　know1edge　of　the　transi　tion　energ1es・

The　resu1ts　of　1ater　ca1cu1at1ons　are　gi　ven　i　n　tab1e　3．9．　They　are　i　n　very

9・・d・g・・・…t・ithth…p・h…t・1「J・Th1・…f廿・・th・tth…q…k・h・・g・

1s　Q　＝　2／3　s　i　nce　for　Q　＝　一1／3　a　d1screpancy　by　a　factor　of　4　wou1d　emerge．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

　　　　　Th・t・…iti・・p・・b・b川ti・・f・・th・d…y・PゴYJ1ψ…gi…by

　　　　　　　　　　　　　　　12α

　　　　　　　「J（E1）・万Q2k31・1・1・12p・1・　　　　　　　　（3・34）
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Table 39 
3P 

~+Y J transitions 

J k (MeV) ( 2 J+1 ) (* lO') k3 B(~ ' +Y3PJ) o~ r J 

rJ (kev}2 Henriques ) theoretical 
exp . 

( keV ) 

Jackson4) 

2 123 O . 93 7 i2 16 ~5 + 19 14 

l 173 l . 55 7 . Iil .9 16 ~4 + 27 Zl 

o 271 2 . oo 7 5i2.6 17 ~ 6 + 31 22 

Tab7e 3 . lO 

3 
PJ + Y J/~ trans i ti ons 

J k (MeV) 
k3(*l07) 

B( PJ+YJ/~) % theoretical rJ (keV) 

Jackson4 ) Eichtenl4) Henri ues72) Lane4) 

2 466 lO 14 t 8 300 400 367 320 

l 416 7.2 34 ill 230 300 2 58 200 

o 318 3.2 3i3 lOO 140 120 90 
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Compared　to　（3．33）　（2J　＋　1）　has　been　rep1aced　by　3　and　hence　no　ba1anci　ng　of　the

k3d・p・・d・・・・・・・…．Th…p・・i…t・1・…1t・f・・th・b・…h1・g・・ti・三…gi…

1n　tab1e3．10．　Since　the　tota1　w1dths　of　the　P－states　are　not　known　r　cannot　be
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　J

d・t…1・・d・0・th・・th・・h・・d・f…（3・34）・・1y「J…b…1・・1・t・d・A・・・・…’

匂uence　a　d1rect　co㎜pari　son　between　exper1menta1　arld　theoretica1　resu1ts　is　not
P。。。1b1。．J。。k。。。73）h。。t．1．dt。。。t1。。t．th．t．t．1．1dth．f。。。。。。。。1。。。。d

QCD　but　the　res　u1ts　are　not　accurate　enough　to　enab1e　a　deta　r1ed　compar　i　son．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3　　　　　　　．

　　　　　q…t1t・t1・・1y・・・・…by1・・p・・t1・gt・b1・3・10th・tB（P1÷YJ／ψ）・・1・・’

gerthantheothertwobranchingmtiosanda1soitsabso1uteva1ueof（34±11）％
i・・・…k・b1yb1g・1・…t…tth・th・…ti・・1・・1・・rJf・ザthi・tm・・1ti・・1i・・
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

b・t・…th・・th・・t…Thi・1・d1・・t・・th・tth・h・d…i・d…y・・fP1（3・51）…
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

supPressed　compared　to　the　other　　2　P－states．　This　can　be　understood　in　terms　of

QCD　as　wi11　be　exp1ained　in　the　fo11wing　sect1on．

蔓二全｛』迎9ロユ⊆一蛙蛸一9f上§虫蝿

　　　　　In　terms　of　the　s『mp1e　charmon『um　p千cture　the　hadronic　w1dths　of　the　P－states
。。。gi。。。。pP。。。1。。・。1．by・h。。。。汕11。・1。。。f。δi。・。・。。g1。。。。35）f。。J・0，2

…1・・…1・…（・・1・1・・・・…11…。1。・i・74））・・…　1．

9
Or

〕：02
　　　　，

9

］：1

ζ

c1

　　　　　The291uona㎜寸h↑1at↑oncanbeca1cu1ated↑nastraightforwardwayus1ng

theana1ogytothe2photonannihi／ati㎝ofposi’tronium洲chgives：

　　　　　　　　　　　　　　　α2

「（PゴW）・NπlRI（O）12 （3．35）

where　　M　　is　the　c－cluark　mass，　RI　is　the　derivat1ve　of　the　radia1　part　of　the

・…f…ti・…dth・・・…i・・1・…t・・t・…N。・256／3・・dN2・1・24145・

The291u・・annihi1・ti・n〒・・bt・1・・dbyth…b・tit・ti・・α2Q㌧αξ（219）・h…

Q1sthec－chargeandonearhvesat
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・（・ゴ・・）・・；条1・・（・）1・
（3．36）

　　　　　　S　　　　　　　　　S
w1th　N　　：　96　and　N　　＝　128／5．
　　　　　　o　　　　　　2

ThetermlR’（0）12hastobeca1cu1atedfromanaSsumedpotent1a1anda㏄ording
to　whether　a　pure　Cou1omb，　Pure　1i　near　or　a　mi　xture　of　both　1s　used，　one

f1．d．4・35）1・1（0）1・・0．04・。0．09G。・5．F。。。（・．36）。。。d．d。。。。・h。。・h．

eSt1mateS

　　　　　　　　　　　　　「（P2（3・55））今h・d…ト0・5M・V　　　　　　　（3・37）

　　　　　　　　　　　　　F（P。（3・41）卜h・d…）竺2・0M・V・

u・1・gth…p・h…t・1PゴYJ／ψb・…h『・g・・t朽・…g・t…ti・・t・・f・・th・

rad，at1on　w1dths　of70and60　keV，respective1y．A　comparison　with　the　theore－

t1・・1FJ（PゴYJ／ψ）11・t・d1・t・b1・・3・10・h…di・…p…i…ff・・t…4

and2．Thiscanbeconsideredasareasonab1ea1thoughcertain1ynotg◎od
success　of　QCD．

　　　　　Th・d…yp・・b・b川ti・・PJ今W・…1・・1・t・df…（3・35）・・・…p1・t・1y

neg1ig1b1etothehadron1cw1dths（3．37）andthereforea1sotothetransiti㎝s
・バ・・／ψ．1・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・…57）・i・・

　　　　　　　　　　　　　　　　　　　〈　　　一4

Blψ1今PJザWY）一4’10・

　　　　　FortheJ・1P－statestheQCDpredrct1onismuch1esscertain．Ithas
・・・・・・・…74）・・・・・・・…1・11・・r・・r・・・…1…1・・・・・…3・1（・・1＋＋）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　　　＋一

d…y・h・・…th・g99f『・・1・t・t・i・m・ti・p・・t・・tf・・th・P1（J・1）・t・t・

which　has　not　been　observed　so　far．　Both　of　these　transit1on　rates　invo1ve

1oga　r1thm1c　d　i　vergences　　at　zero　b　i　ndi　ng　energy　and

・（・1・・・・・…）・・1ポ・1（・）1・1・（←・）　（・…）

　　　　　　　　　　　　　　　　　　　　　　　十十　　　　　　　　　　　　　　　十一

・ithN1・128／3πf・・1・・d32019πf・・1・

肚hth・1・g・hth…ti・・t・d・・21・（1／α。）…fi・d・f・・b・thJ・1・t・t・・

F（P1＋h・d・…）・0・15M・V・Th・・1dthi・・b・・t1／3・f「（Pゼh・d…）・・dth・

・・d・・t1・・i…1・1yd・・t・th…t・・p…〔・α。・Thi・d・11・・…1・・th・

q　ua11tati　ve　exp1a　nat1on　for　the　1arge　e1ectromagneti　c　bra　nch1ng　rat「o　of

p1（3・55）・h1・h・h…f・㎝th…pP・・s・・d3g1・…mihi1・ti…fthi・P－st・t・・
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　　　　Thegenera1QCDfomu1a（neg1ect1ng1ogahth㎜1cdivergencies）

ann1h11ation　of　a　state　with　orb1ta1　angu1ar　momentum　　見into　　n

for　the

g1u◎ns

。。yb．q。。・。dh。。。59）

where

・ヰ（÷）2見I・1見）（・）1・

　　　　　　C　　　　　C

R（見）1．th。見．thd．h。。ti。。。fth。。。。。f。。。tr。。．

（3．39）

　　　　　旧threspecttoindiv1dua1hadronicdecaycha㎜e1softheP－statesvery
　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　3　　　　　　　　　．　　．
11tt1e　theoret1ca1　work　has　been　done．　The　decay　　P÷J1ψ　　十TrTr　1s　un1mportant

and　has　not　been　observed　1n　contrast　toψ　I今　　J／ψ　　十TrTr　which　dominates・　The
・・・…5）i・・・・・・・・・・・…3・ゴ・／ψ・π・…11・・1・・・・・・・・・・・・・・・…i・一

dered　by　the　centri　fuga1　baザr　i　er．

　　　　　An　enorm◎us　effort　at　SPEAR　and　DORI　S　has　produ　ced　over　the　1ast　few

years　conv1ncing　ev1dence　for　the　charmon1um　mode1　and　for　qCD．

　　　　　The　1eve1　scheme　◎f　the　cc　system　as　deduced　from　exper1ments　1s　shown

1n　f1g．　3，15　1nc1ud『ng　1eve1s　ab◎ve　the　b1nding　1imうt．　A11　the　various　types

of1eve1s　have　been　found．　The◎rb1ta1　momentum見＝　0state　with　para11e1　spins
　　　　　一一　　　　　．　　　3　　　　　　　　　　　　　　　3
J　＝　1　　，　the　tr1p1ett　　P－states　and　the　1owes　t　　D－state．　The　－　by　now　we11
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1

estab1ished－X（2．83）Partic1e1svery1ike1ythe1owests1ng1ett　s－state

a1though　1ts　quantum　numbers　have　not　been　determ1ned　exper1menta11y．　If　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　　　　　　．
state　at　3．45　GeV　ex1sts　an　d　1f　1t　i　s　the　f1rs　t　exc　i　ted　　S－s　tate　rema1n　s　to
　　　　　　　　　　　　　　　　　　　　　　　　　　1

b・・1・州・d・Th・・i・g1・ttP1一・t・t・1・・t川・i・・i・gb・tthi・1・p1…1b1・

s　i　nce　1t　cannot　be　reached　by　rad1at1ve　trans　i　t1ons　from　1　　　states．

　　　　　Thespindependentsp1ittingsofthe1eve1sseemtoposenoρhnc1pai
d廿fi・・1t1・・b・ty1・1d・・th・・th・・h・・d・・1・・b1・i・f・m・ti・・6・th・・p1・

dependentforces．Themther1argesp1廿t1ngbetweenthethP1ettandsing1ett
S－s　tates　may　be　as　soc　i　ated　e1ther　t◎　anoma1ous　g1uon　moments　◎r　the　ex　i　s　tence

o〔nstantons．The　sp1itt1ngoftheP－statesindicatesthatthe1ongrange

conf1n1ng　Potent1a1c◎nta1nsLorentz－sca1arparts．

　　　　　Thehadron1candradねtivetransれ1onsofthe1　statescanbeexp1ained

qua11tat1ve1y　1n　the　frame　of　QCD　by　the　ann1h11ation　into　hard　g1uons．　In－

terestlng　1nformat1on　on　the　mechanism　of　OZI　hinderance　and　the　m1xing　of　qq
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states can be extracted. 

The electromagnetic El transitions involving 

stood and contribute to the determination of their 

to explain the various hadronic decay channels is 

The 

and 

The 

rea l 

the 

Ml transitions involving the 

puzzle seems to be the fact 

X(3.45) have ever been seen. 

IS 

that 

the 3P state 

spins. The 

still rather 

states present maJor 

no hadronic decays 

are well under-

theoretical work 

s ca rce . 

di ff i cul ti es . 

of the X(2.83) 

Because of the exciting questions to be answered 

clarification of many details of the charmonium system 

may hope that experimentalists and theorists will come 

since many interesting information on the interaction 

be obtained. 

Lk 

a.2 

N a ss. 

GeV 

3.8 

3 .6 

3A 

3.2 

3.0 

2.8 

~fA.L1) 

F Ft D~ 
, 

at higher 

has been 

back to 

between 2 

D~D f etc . 

energies the 

suspended. One 

these problems 

quarks might 

tp'( - A. IS ) 

~H(A.03) 

~ ~ ~r: ~ ~ [3,68)-

X [2.83] 

/ 
H1/ 
l Ttrc 
[A9:~) 

¥¥ M1 
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¥ 
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H1 

D~, D~i Dt ~~etc. 
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3D (3 77) 
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Y f7'/.) D D 

Y(7' ' X2(3.SS] 
Pc/XI (3'51) 

Y[5'/.) Y 
[71/.] X o (3.al l 

Hadrans / 
f9'/.) Y~: Y 
(13'/.)/ (1L'/.) 2rt or2K Lrc etc. 

~(A7.) / ~ Y ' / (3hV.) LTtetc. 

l/tp (3.0g) 2rc.2 K ,ATt etc 
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ISo 

t 

3S1 

t 

3P 
1 , 2, 3 
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4 . Tota l Cross Secti on and I ncl usi ve Yiel ds 

A measurement of the total 

tant information on quarks and 

chap. 1.13 this process can go 
provided the total e+e energy 

nance. 

cross section e+e + hadrons can give impor-

the strong interaction. As discussed in 

via an intermed~ate resonance state with J = 

E coincides with the rest mass of the reso-

l 

4,1 Asymptotic limits of atot 

Away from resonances the total 

in the quark model on the basis of 

corrections and one finds 
76) 

where 

energy 

Q are the i 

dependence 

hadronic cross section 

an asymptotically free 

a(e+e + hadrons) = a~v 

quark charges, oes is the 

is given by (1,1), and 

3 ~. Qj (l 

9 1 uon-quark 

can be 

theory 

+ crs(E)/~) 

coupl i ng 

estimated 

with gluonic 

constant 

(4.1) 

whose 

uu ~ (41T/3) (ot/E) 86 8 nb / (EIGeV) 

is the e+e + ~+~~ total cross section. The sum has to be extended over those 

quarks whose qq pairs can be produced at a given energy E. The factor 3 comes 

from the 3 colour degrees of freedom (see chap. 1.21). 

Since oes(E) decreases with increasing energy E the ratio 

+-R = a(e e + hadrons)/a tends to an asymptotic value from above. In the 
~~ 

energy region 3 to 8 GeV oes is of the order 0.2 (see 3.21) and hence in (4.1) 

the last term arising from gluonic corrections should be of the order of 10 ~ 

or less. For the 3 Iight quarks the asymptotic value is Ru,d,s = 3(2/9+4/9) = 2 

and above the charm threshold one expects an increase by ARC = 3(4/9) = 1.333 

which would give R = l0/3. 

A heavy lepton with a sufficiently large mass can decay into hadrons and 
hence can contribute to a(e+e~ + hadrons). If the lepton is pointlike its 

production cross section will be equal to a (3~ ~3 /2 where the term mul-ul~ ~ ) 
tiplying a gives the threshold behaviour for a s in l/2 article ~ = vlc of 
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B x (3~ -e3) / 2 where the lepton). The contribution to R will be ARlepton ~ 

B is the branching ratio of the lepton into hadrons. Since, however, in most 

experiments measuring atot hadrons, electrons and muons are not identified decay 

electrons and muons are taken for hadrons and consequently B = I and 

2: I well above threshold. ARI epton 

4.2 Ex erimental results for a e+e~ ~ hadrons 

The ratio R = a 

to 7.7 GeV is shown 

energies as obtained 

scattering. In fig. 

(e+e~ + hadrons) / a(e+e~ ~ u+v~) in the 

in fig. 4,1, as measured at SPEAR77). The 

from Orsay, Frascati and Novosibirsk are 

4.1 one notices a step around 4 GeV which 

range E = 2.4 

data at lower 

still somewhat 

is attributed 

R 
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openlng 
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In fig. 4.2 recent data from 
DORIS obtained by the PLUT078,79) 

and DASP80) experiment are shown 

for the energy region 3.6 to 5.1 GeV. 

The data of these two groups agree 

very nicely and as far as the peaks 

are concerned their position coin-

cides with those of the SPEAR data. 

However, as can be seen from 

fig. 4.3, where the SLAC-LBL and 

PLUTO data are compared, there is 

a discrepancy of 10 to 15 % at 

might be due to systematic effects, 
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e,g. acceptance corrections. These 

should be smaller for PLUTO because 

'of its larger acceptance (86 % as com-

pared to 65 "A for SLAC-LBL) and a more 

general trigger. Recent data from 
DELC086) seem to agree as far as the 

absolute values are concerened with the 

DORIS data but the systematic errors 

are st~ll about 20 ~. 

It seems important to clarify the 

discrepancy between PLUTO and DASP 

on one side and MARK I on the other, 

since a 10 % difference corresponds 

to half a unit of R which is quite rele-

vant for the interpretation. 

The looser trigger enabled PLUTO to 

into charged multiplicities, as shown in 

R 
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these partial cross sections and in particular the 2prong cross sections 

show the same structures as atot' The dip at 4.3 GeV is deepest in 2-prongs, 

and indeed at this energy R can almost alone be attributed to light quarks 

and the heavy ~epton. 

In fig. 4.5 the various contributions to a(e+e~+hadrons) are shown 

schematically. For the 3 Iight quarks the asymptotic limit ~ = 2 is assumed. 

It is remarkable that the new PLUTO results near E = 3.6 GeV are only about 

lO "/" higher than this limit. The reason for this small difference can be due 

to gluon corrections as discussed above or tails of lower resonances. The con-
tribution of the T-lepton has been calculated for a mass81) of 1.8 GeV. The 

rise above the charm threshold can only be guessed but it was assumed that the 

asymptotic limit of l0/3 has been reached around 5 GeV. The experimental va-

lue of R = 4.7 is higher than the expectation of about 4.2, which could be due 

to tails of the resonances shown or because of the opening up of new thres-

hol ds . 

6. o 

5.0 

R - l; 
3.0 

~~ Ir Rr ~~ /_~~ 
uu 

7' d ~ l' 

4.0 4 5 5.0 Gev 
Fig. 4.5 

In conclusion it can be stated that the data are in quite good agreement 

with the 4 quark model and the existence of the heavy lepton and they confirm 

explicithy the colour factor 3 in equ. (4.1). 

In passing it might be mentioned that the average number of charged 
hadrons is given29) by <nch> ~ 2.1 i 0.7 In (E/GeV)2 with a value of about 4 

in the region E = 3.6 to 5 GeV. It is remarkable that such a logarithmic rise 

is found also in hadron-hadron collisions. 
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4.3 Unbound resonances 

Above the thresho~d for two D-mesons Ethr = 2MD = 3.726 GeV charmonium 

resonances can decay into D~.Above this threshold one expects therefore pro-

cesses of the. type e+e~ + ~*+D~ according to the quark diagram 

~ 

The total width of these unbound resonances should correspond to ordinary 

hadronic widths in contrast to J/tp and ~' which are below the threshold and 

hence can decay only by OZI hindered hard gluon intermediate states (see chap. 
3.24). If the CE system has JPC _ l~~ these resonances should be observed 

in cy(e+e~ + hadrons). However, a peak in this cross section does not necessarily 

belong to a resonance. It could also be produced by the opening of a new threshold 

and associated fc>rr,, factors which make the cross section drop f'ast at the high 

energy side of the peak. Which case is realized has to be found out by detailed 

studies. The situation of having discrete levels in the continuum is familiar 

from nuclear and atomic physics and can occur if the potential is not Coulomb-

l i ke 

4.31 I~~ 3Pi~:ZZl!S~~~~ 

A resonance very close to the charm threshold was found at (3.77i 6) MeV 
by the SLAC-LBL collaboration84) Its widths was found to ber = (28 i 5) MeV. 

This can be considered as a beautiful confirmation of the arguments based on 

charm and QCD since the ~' which lies only 88 MeV Iower but has a much smaller width. 

This demonstrates the difference between an allowed and a OZI hindered decay. 

The mass, the total and leptonic widths have been predicted by the Cornell 
14.85) for the lowest 3Dl~state with the help of the potential 

theory group 

model (see chap. 1.23) with astonishing accuracy. Therefore one might ask why 

this resonance has not been detected before. The reason becomes obvious from 

fig. 4.6a) which shows the uncorrected data. One notices that the resonance 

falls on the large tail of the ~' and an appreciable amount Qf stati.sti.cs. had 

to be accumulated. 
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Inf，9．4．6btheresu1tsafterapP1ying

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　rad『ati　ve　correct1ons　are　shown．　0ne

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　not1cesthattheresonanc6shape1s
　　　　　　1O

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　asymmetr1c．　I　f　one　f〒ts　the　data　by
　　　　　　，l　　　　　　　　　　　　　　　　　　　　　　　　　　　a〕
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　a　Brei　t－Wi　gner　form　one　has　to　assume

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　that　the　w1dth　r（E）　depends　on　the

　　　　　　l　aSm・asUred　　　　　　e・e・gy．Th1si・t・mi…p・・tedb・一

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　causeoftheprox1mityoftheDDthres－

　　　　　　7　　　　　　　　　　　ho1d．W1ththeseassu岬tionsgood
　　　　　R　　　　　　　　　fれ・t・th・d・t・（…fig．4．6b）…
　　　　　　5
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　beobtained．Theresonanceparameters

　　　　　　，1戸　　・…’…’…b1・4・1・

い㌧、、、ギ1、。、、F；：lllfClfll、：o，b1崇’llll：l11．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　at　3．87　GeV　which　1s　we11　above　the
　　　　　　3

　　　　　　，r・1・帆　　1）　「esonance・Asaconsequencethe3・77
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　GeV　part，c1e　shou1d　decay　a1most　ex‘

　　　　　R
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　c1us1ve1y　into　OD．　The　branch，ng　rat1os
　　　　　　ム

　　　　　　　　　　　　　　　　　　　　　　　　　　　　÷　　d・t・mi・・df…th・i・d1・id・・1Dd…y・

　　　　　3　　　　　　　　　…1i・t・d1・t・b1・4・1・Th1・p・・p・・ty

　　　　　、仙・　酬　；llelllltlllls「lll：lnll．1，ll：a；、lOu「Ce

　　　　　　　366　3，723，763，803．肌3，88
　　　　　　　　　　　　　　1、．、．（1．V，　　　　P…ib川tyf…　d・t・i1・dst・dy・f

　　　　　　　Flg．4．6　　　　　　　th…pa・tic1・・（・…h・p・5・2）・

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　旧threspecttothenatureofthe

3，77　1eve1　there　seems　to　be　no　doubt　that　1t　s　hou1d　be　1dent1fi　ed　w〒th　the
　　　　　　　　　3

P・・di・t・dD1・t・t・・H・・・・…i・・・・…1・ti・i・ti・t…t…t・O一・t・t・d…
　　　　　　　　　　　　　　十　・
not　coup1e　to　e　e　．　It　can　obta，n　a　1epton1c　w1dth　by　m『x1ng　w1th　an　S－state
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3　　3

・・d・i…th・ψ1「・…1・・・・・…p・・t・ph・・h1y・1Dゴ2S1・i・i・g・If…
。h・。。75）f。。・h．1．p・。。r。。id・h

where　　a　　and　　b

　　　　　　3
・p…　D1・t・t・・

　　　　　　　　　　　　　　　　　　　　3　　　　　　　3
r。。（3・77）三・F。。（2S1）・bら。（D1）　　　　（4・3）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

…耐・i・gP・・…t・・…d「。。（D1）｛・th・1・pt・・1・・idth・f
舳・・1舳・・r・・・・・…1・…ee（3・1）一・・1・・・・・・・・…75）
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and inserting the experimental ree for the 3.77 and 3 68 GeV states one 

obtains a/(a+b) * 0.13. This implies an ap.preciable mixing. If the mixing is 
expressed in terms of a mixing angle one finds84) G = (23 d: 3) . o 

Table 4.l Parameters for unbound resonances 

State Mass r r 
MeV/c2 keV keV Branching ratios Experiment 

3772 ~ 3 28 +_ 5 0.37 i o . 09 
0-0 DD 

44i 22 ~ 
SLAC-LBL82) 

+-DD -
44~ 33 % 

3770 ~ 6 24 i 5 0.18 :~ o . 06 
DELC086 ) 

4035 i 2 55 +_ 5 0.7 i 0.l PLUTO 
8 

4040 i lO 52 i lO 0.75 i O . 15 
DASP123) 

4146 i 4 47 i ll 0.4 ~ 0.l PLUTO 

4156 i 20 78 i 20 0.77 i o . 23 
DASP123) 

4414 i 5 33 ~ lO 0.44 i 0.14 SLAC-LBL 

4400 t 3 33 +_ 9 0.3 +_ 0.l 
PLUT083) 

4417 i lO 66 i 15 0.49 i 0.13 
DASP123) 

~:S~__~i9~Sr_CSS9~SnLSS_LSLS_~Sy ~_E_~_5 gSy~ 

The total e+e~ hadron cross section shows further peaks at 4.03, 4.15 and 

4.40 GeV. If they are associated with resonances one can determine the parame-
3 ters given in table 4,1. These resonances could be 3Sl levels or D states with 

some S-state mixing. Unfortunately there is no d~rect experimental evidence 

to support such assignments. Also the predictions from the potential r,~0dels 

are not very reliable because of decay channels and other corrections (see 

chap. 1.2). Structures can also be produced by opening thresholds, interfe-
rence effects between resonances and form factors in e+e~ ~ D~. D~D*. D* :*D etc. 

Consequently the identification of structures becomes less reliable the higher 

the energy. 

The pronounced peak at 4.03 GeV is due to the conjunction of the 33Sl state 

*1:1E 
and the opening of the D D threshold at 4.012 GeV. That this peak is never-

- . 14 ,87 ) theless a resonance can be seen in the Argand diagram for DD scatterlng . 
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

　　　　Th・p・・k・t4・15G・V…1db・・tthb・t・d1・th・・t・・d・・d・・d・1t・th・201

state－but　i　t　a1so　11es　j　ust　above　the　FF　thresho1d　at　4．o6　GeV．　To　c1ari　fy　the

character　of　thi　s　peak　i　t　wou1d　be　i　nterest1ng　to　1ook　for　F　producti　on　wh1ch

1s　di　ff1cu1t，　however．　Neverthe1ess　some　evidence　for　F　productio」n　has　been
f。。。d123）（。。。。1。。4．43）．Th．A．g。。ddi．g。。。。。pP。。・。・h．1。・さ。p。。・。・i。。。。

。。。。。。。。。。14）．

　　　　　・・・・・・・・・・・・・・・・・・・…i・・11・…1・・・・・…i・…85）・・・…3・1・・…．

This　『s　supported　by　the　sp11tting4．4o　－　4．o3　GeV　＝400MeV　wh1ch　agrees　w1th
　　　　　　　　　　　　　　　　　　　　3　　　3

th…p・・t・ti・・f・・4S1－3S1b・td・・…tf1t・…11・『th・D一・t・t・・A・1一

・i1・…g・…t・pP11・・t・th・1・pt・・i・・idth・Th…ti・F。。（4・4）1r。。（J／ψ）三0・1

seems　to　be　compa　t　i　b1e　w『th　an　S－s　ta　te　but　too　1arge　for　a　D－s　tate　（s　ee　chap．

3．21）85）

　　　　　Some　broad　s　tructure　seems　to　beco㎜e　a　pPa　rent　around　3．95　GeV　（see　fi　g．　4．7）．

州・b・・p・・yh…t・d・・ithth・・p・・i・g・fth・D予th…h・1d・t3，872G・V。・d

舳・・…1・・h．3Sd。。。y。。p11・。d．87）．Si．11・。。1y・h．b。。。d。・。。。・。。。。。。。。d

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・米
4．35　GeV　may　be　associated　to　the　FF　　thresho1d　at　4．17　GeV．　To　chek　th1s　〒t　wou1d

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　￥
be　very　i　nterest1ng　to　1oo　k　for　F　and　F　　producti　on　1n　th　i　s　energy　reg『on．
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　　　　　Thes1tuation1nthe3・9to5GeVenergyregion1sbynomeanssett1，ed・
The　thresho　l　d　and　the　s　pecu1at1ve　as　s1gnments　a　re　s　hown　，n　tab1e　4．2．　トlowever，

the　standard　potent1a1　mode1　（see　chap．　2．1）　may　be　wrong，　i　n　parti　cu1ar　the

γ一sp11tt1ng（seechap．6）seemstorndrcatethattheconfin1ngPotent1a1is
not　11near　at　higher　energies．　As　a　consequence　the　S－sI⊃acing　cou1d　be　much

sma11er　and　a11　the　structures　above　4　GeV　cou1d　be　S－wave　resonances．　More

exper1menta1andtheoretica1work1sneeded．

Tab1e　4．2 Thresho1ds　and　specu1at1ve　ass　i　gnments　to　peaks

1nthe3．8to5GeVreg1on

Thresho1d P　e　a　k

Type E（GeV） E　（GeV） Interpretation observed
decays

DO 3．726
13・1・・（・3・1・1・1・・） ・

3．772 DD

■米DD

3．872

一3．95 thresho1d　＋　form

factor

　＊・米D　D

4．012

4．03
　33S　　1 ‘　　・’米DD，DD，D

十thresho1d

FF 4．06

4．15
　32D　　1

FF

or　thresho1d
　一＊FF

4．17
一・4．35 thresh◎1d？

　＊一＊F　F

4．28

△△∩
　3／1　（　　　　つ

I一戸＊

4．40　　　　＾S　　？
　　　　　　　　　　　　　’　1

F「

D甲
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~:SS_I~S_~~~lySiy~_~~L~yS_9f _~~~_~:9S_SS y:r~S9n~D~~ 

The 4.03 GeV resonance is above the thresholds for D~D, DD;F and D*=D;F decay 

but below the thresholds for decays into F-particles. At SPEAR a large sample 

of data has been accumulated and the branching ratios for the 3 decay channels 
(see chap. 5) have been measured88,89). The results are shown in table 4.3. The 

surprlslng result Is that after correctlng for the very different phase spaces 
the D;F production is very much favoured. In a naive quark mode7 the ratios of 

the production probabilities should simply be given by statistical spin factors 
$F-;F 

which indeed favour the D D channel but much less than experimentally found. 

Table 4 3 Excluslve productlon of DO from decays of the 

4.03 GeV resonance 

　OD　from O・OD　D O一＊0　＊0・0D　D　＋D　D ・＊OD

charged　D Ref．

FractionsExpehment

0．05±O．03 0．38±O．08 O．40±0．10 0．16±0．11 88）89）

Exp．afterPhase　spaceCOrreCt10nS

0．2 ±0．1 4．0 ±0．8 128 ±40 70）

Statistica1sp1n　fac－tOrS

1 4 7 85）23）

node　in　decayamp11tude

0．04 4 30 85）87）

decoup11ngscheme

0．9 4 175 90）

O o -o O *O *0-0 *O -*O 

(normalized to second column) 

The Cornell theory group has tried to explain the experimental ratios 

in terms of a coupled channel model which produces a p-wave decay amplitude 

33 - -S+ (cu) + (cu) which is oscillating and has a node. As a consequence the 
section a(e+e~~D~) has a zero near 4 GeV and the D~ production is strongly 

~1~:1e 

suppressed with respect to D D .The ratios inferred from this model are 

glven (after phase space correctlons) in the fourth line of table 4.3. The 

f or 

cross 
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tendency　agrees　w1th　the　experimenta1　va1ues，　1〕ut　there　are　sti11　differences

of　factors　4　to　5．　Wh11e　i　t　seems　poss　i　b1e　to　tune　the　mode1　to　get　a　better

．g。。。。。。・。。枕。。。・i。。1・。。。。。drffi。。1・88）・・g・・・・・・…b1・。。・1。、、n・、。

the　same　ti　me　exp1a1n　the　maxi　mum　of　　R．

　　　　　A。。1｛。。。。・i。。。。p1。。。・r。。g1）h。。b。。。。ff。。。df。。・h．1・・g．D布米p・・一

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　米・＊

d・・t，o・byass・・1・gth♀tthe4・03GeVp・・tic1・is・OD一・o1…1e’・Ifthis

weretrue，oneexpectsbyarearrangingofthe4quarksthedecay1ntoJ／ψ
。hi．h。。。。。tr。。t．dt。。。。。。。。th．10％1。。。1．PLUTOg2）h。。1。。k．df。。th．

1nc1usi　ve　producti　on　of　J／ψ　1n　the　energy　reg1on　from4．O　to　5．O　GeV．　A

cross　section　of　　31　±　21　pb　has　been　found　which　corresponds　to　0．13　％of

the　tota1　hadroni　c　cross　secti　on．　Consequent1y　no　enhancement　due　to　1mo1e一
・。1。。lh。。b。。。。。。。。。d・h。。b。。。。。dJ／ψP。。d。。・1。。。。。b。。。d。・。・。。dg3）

i　n　terms　of　norma1　0ZI　forb1dden　trans『ti　ons．

　　　　　S・111。。。・h。・・。d．1go）・。。。p1．i。・h。。。h。。。。dD＊5＊P。。d…i。。j…

above　thresho1d　is　based　on　a　decoup1ing　scheme．　Its　basic　assumpt1on　wh1ch

can　be　defended　on　clu　i　te　genera1　grounds　says　that　of　a　vector　parti　c1e

d…y1・gi・t・2p・・ti・1…1th・p1・・J1・・dJ2・・1yth・g・…d・t・t…d

th・f廿・tJ1＋J2…1t・ti…（・・d・・ght…）・・・…p1・t・th…2p・・t1・1…
　　　　　　　　　　　　　　　　　　　　　　　　　　　　P　　　□
Hence　the　ground　state　of　a　J　　＝　1　　parti　c1e　can　decay　1nto　two　J　＝　0　part1c1es

butnottheh1gherrecurrences．Thisse鮒toho1dfortheρ，ωandφRegge
tmjector1esseparate1y（e．9．forbiddingρ1（1520）÷2π）．IfapP1iedtochar－
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3　　　　　　　3　　　　　　3
mon千um　states，　one　expects　the　1　S　（＝　J／ψ），　2　S　（＝　ψ1），　3　S　（＝　4．o3　GeV）

　　　　　　　　　　　　　　　　　　　　米一米
・t・t・・t・…p1・t・DD（…hh・・『・g・p『・1・・dh・…J1＋J2＝2）・h・・…
　　　　　3　　　　　　　　　　　　　　　　　　　－
the3Sstateshou1dnotcoup1etoDDwh千chexp1a1nsthesupPress1on・Ade－
tai1ed　ana1ys1s　w1th　form　factors　yie1ds　the　rat1os　g『ven　in　tab1e4．3which

reproduce　the　tendency　of　the　experimenta1　va1ues，　but　aga1n　some　di　scre－

panc1es　rema1n・

　　　　　Th1s　decoup1i　ng　scheme　cou1d　he1p　to　sort　out　the　s　tructures　of　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

tota1cmsssect千on．Itpredictsthatthe4Sstate（Perhapsat4．40GeV）
　　　　　　　　　　　　　　　　　　　　　　米・・＊　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一

shou1dnotdecay1ntoDD　pa廿sorany1owersp1nconf1gurat1on1ikeDD，
OO＊。t。．Th．23D。。d330．h。。1d。。。p1．t．D㌔＊。h。。。。。th．13D。。。。。。p1．

to　DD　（and　higher　sp1n　configuration　wh1ch　are　forb『dden　by　energy　conser－
　　　　　　　　　　　　　　　　　　　　　　3　　　　　　　　　　　　　　　・・＊　　一＊
vat1on，　however）．The　2　D　may　a1so　decay　，nto　DD　　＋　DD　　whi　ch　mi　ght　he1p　to

ident廿ythe4．15GeVpeak．



73 

4.4 Inclusive article ields 

Inclusive particle production can give interesting informati~on in various 

ways. Inclusive particle spectra are related to parton models and indeed the 
momentum distribution of hadrons produced in e+e~ annihilation29) found con-

siderable theoretical interest. However, it is beyond the >scope of this review 

to cover this subject. Here we are rather interested to learn something about 

the production of new particles, which can produce steps in the total yield of 

one kind of particle. As will be shown in chap. 5 the D mesons decay preferen-

tially to K-mesons and also electrons. Therefore at the threshold for D pro-

duction one expects a 'sudden increase in the inclusive K and e production. 

Similarly the F mesons tend to decay to nand therefore a measurement of the 

n yield seems interesting. Charmed baryons will lead to final states with 

nucleon-antinucleon pairs, which have been looked for. 

~:~l_IDglySiyS_~:pr9~y~~igD 

A step in K-production at an energy where the e+e~ ~ D~ channel opens 

up provides very good evidence for the existence of charmed particles. 

Strangely enough such an increase 'in the inclusive cross section could not 
be seen for quite some time. Only at the beginning of 1977 PLUT095) was able 

to see a step in the KOs Cross section at an energy of 4 GeV. This was imme-

diately confirmed by DASP96) for charged K-mesons (fig. 4.8). Assuming that 

the increase found in the K cross 

nb 
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Fig. 4.8 

5,0 

section has the same origin as the 

step in atot one finds that 60 to 80 ~ 

of the final states produced in the new 

phenomenon contain kaons. The number 
of KO s Per event is 0.39 i 0.06 and 

since the number of all kaons is four 

times larger one has 1.56 i 0.24 kaons 

per event, which comes close to 2. 

This figure is expected if pairs of 

charm particles are produced and each 

decays into a kaon. Additional proOf 

that the kaons are associated to charm 

production comes from the K-spectra. 
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e+ e~-~Kt x 
10 

In fig. 4.Q:; two spectra for charged Ecb V~ (GeV) 
kaons are shown as an example96) 4xp dp '~ .. o 3.6 *~ ¥ e 4.05 
One spectrum was taken below, the + ~ >0 ¥ + *,-

~ DASP 
other just above the charm threshold. 

c The spectr~ agree above a K-momentum 
t 

of about I GeV/c whereas at lower 

f 

momenta a clear difference can be 
f ･･._ 

seen. This is exactly what one ex- 0.1 

pects from D's decaying almost at "'¥. 
rest. Each D carries roughly the beam 

energy and about half of this ener-

gy or less is available for the kaon 

' 0.5 1.0 1.5 
i.e. EK ~ Ebeam/2. 

Fig. 4.9 E (GeV) 

Kaon yields obtained97,98) by MARK I also show the pronounced rise at 

4 GeV but the yields are larger than those found at DORIS (fig. 4.lo). How-

ever, the MARK I data were corrected by about 20 "/, for losses at low 

K momenta and losses in the analysis. No such corrections have been applied 

to the PLUTO data. The remaining discrepancy has about the same size as the 

difference of the total cross sections, except at an energy of 4.415 GeV. 

Here the MARK I point lies significantly higher than the PLUTO result. This 

could be due to the fact that the r,1ARK I data were taken exactly at the peak 

of the resonance whereas the PLUTO data are averaged over i 15 MeV. 
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4･42 ID9lySiye_slsctr9D_yiSl~S 

R 
e 

o.a 

o:, 

Charmed particles can decay by weak interaction to final states con-

taining only hadrons or also leptons (semileptonic decays) (see chap. 5). 

As a consequence one expects a step in the cross section for electron 

production. Indeed since ordinary hadrons have very smal~ branching ratios 

for the decay into electrons, the cross section for electron production 

should jump from practically zero to a large value at charm threshold. The 

electrons originating from charm decays are accompanied by several hadrons 
since e.g. e+e~ + D~ + (D+ K e ¥;)+(~+hadron). The decay of a heavy lepton 

on the other hand leads preferentia~ly to 2 prong final states, e.g. 
e+e + TT+ (T+e ~)~))+(T+u¥)~)) Therefore the electron yield is measured 

for events containing 2 or more additional prongs besides the identified 

el ectron . 

Three groups have measured inclusive electron spectra. DASP80)126) and 

DELC086) use Cerenkov counters for electron identification, whereas MARK 1 9- 8) 

has recently be complemented by a lead glass wall . The results of the three 

groups are presented in fig. 4.ll. Indeed, one notices the rise of 
. DeLCo Re ~ a(e+e~ + e + anything) / a(e+e~+~+~~ 

' DASP from zero below charm threshold to values 
I Pb Gt- Weu 

of the order of 0.2 above 4.0 CeV. A peak 

can also be seen at the 3772 GeV resonance 

There is a marked difference between the 

DASP and DELCO data around 4.2 GeV. The 

dip seen by DELCO at 4.25 GeV is not pre-

f 

f~ I ffffff 

l 

sent in the DASP data but this may be due 

to the averaging of the DASP data over 

30C f.',eV. The dip may even be consistent 

with no charm production since the sepa-

ration of the lepton decays was not per-

fect and hence the value of Re at the dip 

could be entirely associated to T decays. 

It should be noted that also the total 

cross section has a dip at that energy 

(see 4.2). 
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One can now attempt to calculate the branching ratio Be of the charmed 

mesons into electrons: 

R' 
B (D+e + anything _ 
e ~ r 2 Rcharm . D + anything ~ 

Re Is derlved from Re as shown in fig. 4.ll by correcting for losses of electrons 

at low momenta and of events with 2 charged tracks and by subtracting the con-

tributions from T decay (10 to 20 "/.). Furthermore Rcharm ~ T ~ old' where R-R R 
Rold is the R-value below charm threshold. 

The results are shown in fig. 4.12. The SPEAR data tend to be lower than 

the DASP-results which is mainly due to the difference in R used to calcu-

l ate B 
e' 

Fig. 4.12 demonstrates that Be does not change much with energy. This is re-

markable since at higher energies F mesons and charmed baryons can contribute. 

The constancy of Be can either mean that F and baryon production is negligible 

or that the branching ratios of these particles are similar to those of the 
D meson. 

_ 0.30 
nc 

~ 0.25 

u 
~ 0.20 
H Q~UJJOh 0.15 

~< UJOC 
u]OZ O.]O 

0= <u c: ac z 0.0~, 

LLI< 
>QC <co 0.0 

o DASP oi(e;Fe~ - e+_ + ~ 2prongs 

X DELCO 
A MARK 1 2･ o~(Charm) _ 

h--

3 .6 3 . S 4.0 4.2 4.4 4S 4.8 5.0 5.2 7.0 
Ec. m . (GeV ) 

Fia. 4.12 



77 

4.43 Inclusiye n pr9gyL~i90 

Kaons in the final state indicate the decays of D mesons, the appearance 

of n is a sign of F decays (see chap. 5). The inclusive yield of n offers 

therefore an interesting possibility to find energies where F production is 

a ppreci abl e . 

Unfortunately the slgnature to identify a n decaying into 2Y is not very 

strong and therefore it seemed for sometime very unlikely to find them at all . 
A solution to this problem was found by the DASP80)99)123) collaboration. * 

Instead of looking for the reaction e+e~ + F~ they tried to observe e+e~+F~ . 

The Fq( decays F* + YF and with an estimated photon energy of about 100 MeV 

(see chap. 2.22) this ~ow energy photon yields an additional signature. With 

F + nlT + YYIT one arrives at final states containing 3 photons, 2 originating 

from the n and one having low energy. The invariant mass distributions for 
two photons are shownl23) for different energies in fig. 4.13a and b. For the 

energy interval 4.36 to 4.48 GeV a clear n signal can be seen besides a ITO 

peak. For the other energy intervals non signal appears. If the back-

ground is subtracted one obtains the inclusive n yield as function of the 
e+e energy, as presented in fig. 4.14. The cross section is consistent with 

zero except at 4.4 GeV, where almost all of the n mesons are accompanied by 

a low energy photon. A rough estimate gives a value a ' <n > - few nb, where 

n n an is the production cross section and <nn> the average multiplicity. These 

data indicate that n production is strong at the 4.4 GeV resonance but small 

everywhere else. This might indicate a similar behaviour as for D production 
where DD* production is dominant somewhat above threshold (see chap. 4.33) . 

Exactly because of this ana~ogy the F search was st~rted around Ecm' 4'4 GeV. 

Recenthy the analysis of events containing n could be improvedl23) and 

as a result the requirement of having a low energy photon in the final state 
could be dropped. Hence a search for n originating from e+e~+ FP became possible. 

A clear n signal was found in the energy interval 4.lO to 4.22 GeV (fig. 4.15) 

which is just above the threshold at 4.06 GeV. No n's were observed in the 

energy interval 4.00 to 4.06 GeV as is expected. This F production just above 

threshold can be compared to D production at 3.77 GeV and shou~d be an ideal 

source to study F decays. Indeed electrons indicating semileptonic decays have 

been observed (fig. 4.15). 
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4 44 Incluslve po' antinucleon and strange particle production 

Incluslve nQ productlon has been reported by PLUT079). The po spectrum 

follows the same exponential shape as found for charged pions but the absolute 

cross section is about a factor of 2 higher. The yield as function of the e+e~ 

energy is shown in fig. 4.16. The large error bars indicate systematic 

R(S] = ole'e~-- "an ) 

apP 

PLUTO 
pretkr'inary 

2 

1 
f 

W 
3. 5 

4 . 16 

(.o (.5 5.0 Gev 

errors which are independent of energy. The data, therefore, exhibit a step 

just below 4 GeV, the threshold of charm,but also of heavy lepton production. 

The average value of R(pO) * 1.3 for W > 4 GeV may be used to estimate which 

fraction of charged pions comes from vector mesons. The result is that more 

than 50 ~ of all pions originate from vector mesons. Predominance of vector 

mesons over pseudoscalars is expected from the quark model simply on the basis 

of statistical spin factors. 

The observation of antinucleons and strange baryons is very interesting 

since it can indicate the production of charmed baryons. Some early results 
for ~ production have been obtained by DASPloo) (fig. 4.17). Very nice results 

lol ) . -from the MARK I detector have been published recently (flg. 4.18) for p 

and A + A production. The antiprotorswere identified by TOF measurements. 

The difference of R(p + p) = 2R(p) between the DASP and MARK I data is probably 

due to different cut-offs at low ~ momenta. The data indicate a rise by a fac-

tor of about 2 in the region between 4 and 5 GeV. 
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The increase of the cross sections coincides with the expected thresholds 

for singly charmed baryons (stranq_eness O or l) around 4.4 GeV. If the in-

crease is indeed due to charmed baryon production, the ratio of charmed bar-

yons to uncharmed baryon production is about the same as the corresponding 

ratios for mesons. 

R(A+A) is about 10 to 15 "/, of R(p + p) = 2R(p). The smallness of this 

figure indicates that the weak decays of charmed baryons prefer modes with 

nucleon p~us strange meson and pions in the final state instead of A's. 

The production of anti-sigmas has been measured by the UCLA-SLAC coll-
boration89) ~ by combining the ~ with a IT~ in a mass . The ~ were identified 

plot. The n were detected through their annihilation properties, and their 
momentum was measured by TOF. At an e+e~ energy of 7 GeV 27 events were ob-

served, but practically none at 4 GeV. This gives an increase of 
AR(~i ) = 0.ll i 0.05. 

The most direct evidence for the production of charmed baryons in e+e 

annihilation would be the observation of a peak in the mass distribution of 

the expected decay particles. This has not been achieved so far and a compa-
l02) and neu-

rison with the two charmed baryon candidates found in photo 
l03) 
production is not yet possible. Here is a rich yet uncovered field trino 

for e+e~ experimentation, although it seems that baryon productlon cross 

sections are in general re7atively small 
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5．　Cha㎜edMesonsandthe廿WeakDecays

　　　　　A。。。。。。1．p。。。。。di．g．h．p・。。。，th。。h。。。hyp。・h。。1，106・107）。。。・・岬・

most　of　the　exper1menta1　f「ndi　ngs　connected　wi　th　the　cc－system．The　fi　na1　proof

for　charm　comes　from　the　detecti　on　of　mesons　cons　i　st1ng　of　a　charm　quark　and　a

lightantiquarkand・the1，rantipart1c1es・0fcourse，oneexpectsthata㏄ord1ng

tothetwore1ativesp1nor1entat1onseachcqstateoccursaspara（J・0）and
ortho　（S＝　1）　part1c1e．The　fo11owing　nomenc1ature　is　genera11y　accepted：

　　　　　　　　　　十　　　　　■
C　：　十1：　　　D　　　　＝　cd，

　　　　　　　　　　■　　　　　　　　　　　　　　　　　　　　一

C＝一1：　D　　；cd，

　〇　　　　一　　　　十　　　　■
O　　　：　cu，　　F　　　＝　cs

・O　　　・　　　　　一　　　一

D：cu，F＝cs
　＊十　　　　　・　　　　　米0　　　　、　　　　　＊十　　　　、

O　・cd，　D　・cu，　F　・cs

etC．

pseudosca1ars

　　　J＝0

VeCtOrS

　　　J＝1

　　　　　十　　　　〇　　　　　　　　　　　　　　　　　　　　　　　十
The　D　　and　D　　form　an　i　sodoub1ett，　whereas　F　　1s　an　i　sos　i　ng1ett　（s　ee　chap． 1．21）．

Th。。。。。。。。f・h。。。p。。・1．1。。。。。。p。。d1。・。d3・23・34）。れh。。・。。1．hi・g

accu　racy　on　the　bas　i　s　of　the　na　i　ve　mode1　（chap．　2）．　The　experimenta1　mas　ses

a　re　co11ected　1n　Tab1e　1b．　The　great　tr1umph　of　the　charm　mode1　i　s　the　ex1sten－

ceofa11thecqstatesthathadbeenpredicted，at1eastforthestateswhere
c　arld　q　have　orb1ta1　angu1ar　momentum　zero．　P－states　for　the　cu　and　cd　system
h。。。b。。。p。。di．t．d。れhth．f．11。。加g。。。。。。23・24）：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D（1P1）・2・5G・V

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D（1P。）竺2・4G・V

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D（1P1）讐2・6G・V

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D（1P2）22・6G・V

l，1one　os　these　states　has　been　，dentif1ed　so　far．

　　　　　Theexcitedstatescandecaytothegroundstatesbyhadr㎝icore1ectro一
　　　　　　　　　．　　　　　　　　　　　　　　　米　　　　　　　　　＊　　　　　　　　　　＊
magnetic1nteract1on，e．9．D今D＋π，D今D＋YorF今F＋Y（seechap．5．4）．
The　higher　states　are　therefore　expected　to　have　rather　1arge　widths．The

ground　states　（pred1cted　to　be　the　pseudosca1ar　states），　however，　can　decay

on1y　by　weak　1nteract1on　and　hence　shou1d　be　c1uite　narrow．This　1s　because　the

strOng　i　nteract　i　on　conserves　charm　charge　and　therefore　a　cq　system　i　s　stab1e，

whereas　the　weak　i　nteract1on　can　convert　a　c－quark　to　1i　ght　quark．
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　　　　　In　order　to　di　scuss　the　weak　decays　of　the　D　and　F　mesons　we　sha11　very

bri　ef1y　reca11　the　structure　of　wea　k　i　nteracti　ons　1n　i　ts　s1mp1est　form．

5．1　　Mi　ni　ma1　theory　of　wea　k　1nteracti　ons

　　　　Th。。i．i。。1f。。。。1i。。1・9・11・・111）。f。。。い。t。。。。・r。。i．b。。。d。。SU（2）w

doub1etts．　Assuming　that　there　are　4　1eptons　and　4　c1uarks　one　has

Q Leptons Quarks Q 

n）11一
l¥' 

e e 

L 

¥, Tl ~ 

L 

U dl 

L 

C SI 

L 

f 213 = -113 

A11　these　doub1ets

1eptonsares，ng1ets

chap．6．）

contain1eft－handedpart1c1es・Thehght－handedquarトsand
・・d・・SU（2）w．（F・・1。・g。。g。。。p。。。。・。。。。。。p1，108）・・d

・・・・・…1…1・・・・・・・・・・・・・・…1・、苧・。・（百1・。）・・石・、争／。・（て11。）

where　　q　　and　　見　stand　for　a　cIuark　and　1epton，　respective1y　and　　1　and　　2

be1ong　to　the　same　doub1et．　I　n　the　fo11ow1ng　we　s　ha11　us　e　the　abbrev　i　at　i　on

（百1q2）・・d（τ1見2）・AV－A…p1i・gi・・・・…d・

　　　　　Thedandsquarksareeigenstatesofthestrongintemct1on．Thisneed
not　be　true　for　the　weak　i　nteracti　on．Hence　the　most　genera1　poss　i　b11i　ty　i　s

the　Cabibbo　structure，　which　a11ows　mixing　between　fsodoub1ets．　As　can　be　shown
th。。。。tg。。。。。1。。。。f。。4q。。。k．i。。。。。。。dby・h。。。・。・1。。108）

d1　：　　d．cosθ　　十　s　．　s1nθ

s1　：　一d・sinθ　　十　s　．　cosθ

（5．1）

WhereθistheCabibboang1e．
A　m1xing　for　the　1eptons　has　no　phys1ca1　meaning　if　the　neutrino　masses　are

zero，　si　nce　i　n　th1s　case　the　rotated　as　we11　as　the　unrotated　states　are

ei　genva1ues　of　the　mass　matr「x．　The　m「x1ng　between　quarks　ensures　that　there

i　s　on1y　one　conserved　baryon　number　whereas　the　non－m「xi　ng　of　neutr1nos　resu1ts

inseparate1yconservede1ectronandmuon1eptoncharges．
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The ef f ec t i ve 

HWeak 

The lepton 
current Jc 

weak 

4GF 

7~ 

Hami 7 ton ~ an 

(J~ + 

current J~ and 

and a neutral 

in lowest 

Jh) (J~ + 

the hadron 
current JN 

Jh) t 

order 

current 

wi th 

Jh 

is given by 

can both be split in a 

(5.2) 

charged 

c J~ = (¥;e e) + (~¥;uu) 

J = (ve ¥;e) + (~f ~ ) - (~e) (~u) 
~ llu 

c 

= cosO(u~~'d + c~s) + sine (us cd) 

N_-Jh ~ uu + cc - d,d' - sln2 eW Je~ (5.5) s's -

uu + cc dd ss sln2 O W Je~ 

In 5.5¥ the electroma netic current J has been added and the Weinberg anglelll) 

eW is the SU(2)Wx U(1) mixing angle.We shall not be concerned here with the uni-

fication of electromagnetic and weak interaction but for completeness the 

following relations may be quoted: 

~ = JL2 37.3 GeV 
MW ~ 

e/g = sine M - Mt^' coso W' Z~ w/ -W 

where g is the SU(2) coupling constant, and MW' MZ are the masses of the 

charged and neutral intermediate boson. 

More important for the following discussion is the GIM mechanisml07) . 

The existence of the charm quark had been postulated in order to explain the 

o +-absence of strangeness changing neutral currents as in the decays K ~ IJ Il 

or K ~ IT v ¥'. The hadronic neutral current (5.5) is invariant under rotations 
in the Cabibbo angle, as can be seen explicitly. JNh does not contain O and 

in particular the terms sine . cosO (~:s + ~sd) are cancelled. Hence transitions 

between the d and s quark are forbidden and the missing of the IAsl = l 

K-decays is thus explained. However, the GIM mechanism automatically forbids 

also the neutral transitions between u and c quark. The experimental eviden-

ce for this expectation will be discussed later. 
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The charged hadronic current (5.4) contains two parts. One is proportional 

to cose involving the transitions u<~d and c~->s. The other contains the factor 

sine associated to the transitions u<->s and c<H･d. From the hinderance of 

strange particle decays relative to non-strange decays one finds sinO :~ 0.2. 

Hence one cal~s the decays proportiona~ to cosO Cabibbo allow~d and those in-

volving sinO Cabibbo forbidden. 

The behaviour of the hadronic currents can nicely be summarized in fig. 5.1. 

Each corner of the square represents a quark whose charge is indicated in brackets. 

a. 
U (2/3) 

cosec 

d (-1/3 ) 

u㈱ ド；ニニ］二一。・←”

0SθC

＼　　／＼．／　×

COSθ
　／．＼／　＼ ・■・一■■一

（一刎 ，○・□一・一・■■　一SinθC C㈱

sin e c ~ 0.2 

-sl n e c 

Fig. 5.l 

S (- ll3) 

cos ec ~' O. 97 

--- IAQ I=1 

-'- IAQl=0 

c (1/3) 

The full arrows show the Cabibbo allowed, the broken arrows the Cabibbo for-

bidden decays. Both involve a change of the electric charge by one unit. 

Neutral current transitions would have to be represented by diagonal 

arrows. The transition d~+s has IAsl = I and the transition u ~+c has IACI = l. 

These strangness or charm changing neutral currents are cancelled by the GIM 

mechanism since the amplitude going from s to d via u is proportional to sinO 

cosO whereas via c a factor -sinO ･ cosO i.s picked up and thes.e two cQntributions 

cancel each other. Similarly the transition u<->c via s and d is cancelled. The 

only neutral currents which exist connect each corner of the square to itself, 

e.g, u~>u. 

It might be mentioned that the c-quark was not only invented for the 

GIM mechanism but also establishes symmetry between quarks and leptons. One 

consequence is that the sum of all fermion charges is zero (counting the quark 

charged three times because of colour) ensuring the absence of anomalies as 

required in renormal izable theories. 
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The most important message we get from this structure of 

actions for the detection of charmed particles is the strong 

c and s, resulting in a predominance of strange particles in 

More spec~fically one has the diagrams 

weak inter-

coupling between 

D and F decays . 

U 

U 

K~ 

D 

S 

---w 

o 

Cabi bbo 

111 11 'l / 

~ 

~ 

a I I owed 

KK 

--w 

F+ 

(- cosO) 

O 

TL~ 

U 
Do 

f o rb i dden 

d 

_ _w 

( -s i ne) 

where the W boson can couple on the right side to leptons (semileptonic 
decays) or quarks (hadronic decays). In both cases DO decays preferentially 

into K and F into n, n'. Therefore these strange particles in the final state 

are important signatures to observe the D and F. 

5.ll L_~p~On i g decayS_gf _~ and F 

c<~>s 

the 

From (5.4) it can be seen that 

whereas c<->d is suppressed by 

following decays with leptons 

the 

tgo 

onl y 

Cabibbo allowed decay 

in the amplitude. Hence 

in the final state 

transforms 

one expects 

os e Ve , Vu 

F+_ u+ tV u e,u 
al I owed 

The decay F+~ T'+¥'1J is analogous to IT 

ll2) 
expects for its decay rate 

d 

~ IJ ¥)~i 

sine Ve, Vu 

D+__ u + Vu e, u 

suppressed 

or K + ~ ¥'u' Hence one 
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r(F+u~)) = 

Assuming 

r ( K+u¥) ) 

that the 

f F 

TK 

decay 

ctg02 

2 m 3 m - m2 
K F IJ. m ' m -m K 

constants fF 

r(F+~¥)) 

(5.7) 

and fK are equal : 'one fin.ds with mF = 2.03 

= 4.2xl09 s~1 (5.8) 

GeV 

The actual value could be larger by a factor of - 2 since one expects 

fF ~ fK ~ fT and indeed fK = 1.28 flT' 

As wlll be shown later the decay width into hadrons is of the order 
13 rtot(F) = 10 s~1 and hence the branchlng ratlo B(F+v¥;) 3 = lO~ to l0~4 whlch 

is very small . However, the u spectrum is characteristic for a two-body decay 

and might be observable. 

+ + The decay F +e ¥,e is suppressed relative to (5.7 by a factor m /m 2 ) ( e l!) 
and is negligible. 

The particularly interesting decay F+ ~T ¥,T is unfortunately very difficult 

to observe. 

The leptonic decays of D particles are Cabibbo forbidden and hence are re-

tarded by a factor tg2e ~ 0.05 with respect to allowed decays. As a conse-

quence their branching ratios are very small . 

In summary it can be stated that leptonic decays of D and F are very weak 

and indeed have not been observed so far. 

5 12 Semllep~9Di9 ~ec~yS_9f D and F mesons 

wa y 
J+~ 

is 

a re 

Such decays 

to study the 

Jh (see 5.2) 

multiplied by 

are of parttcular interest since they offer the cleanest 

charm current. This is because they originate from the product 

which implies that the hadronic current appears only once and 

the well known leptonic current. The two possible decay modes 

decay 

C 

C 

+ s ~+¥) 

+ ~d~~) 
e 

e 

ampl i tude 

cosO 

- s i ne 

AS 

l 

O 

AI 

O 

l/2 

AQ = AC = AS 

AQ = AC = Ill 
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　　　If　the　c－c1uark　1s　comb1ned　eather　w1th　u　or　s　one　has　the　fo11ow1ng

decays：

o

i＝i

K・

Do

S

C

VL

ビ

ηハ

ζ

；

a11owed

F＋

S　　　　　　　　　　　　　　　U

Ve

ド

口

f

Do

d

C

Ve

け

forb1dden

The　decay　rates　can　be　est1mated　us1ng　sy㎜etry　arguments　and　mak1ng　assumptions
。b。。・・h．f．mf。。・。。。112・114）．0。。・r．d。・。。。。。。p1，112・114）

叩・一ゼ…）側5・・・・…（・・一π一・㍉）

　　o　　　・　十　　　　　　十■o　＋　　　　　　　　　11　　－1

F（D今Kい）・F（D今Kい）一，4・10　s

（5．9）

（5．1o）

and　w，th

　　　　　　0　　米・十　　　　　〇　・十
　　　r（O今Kい）／r（D今Kいト0．54 （5．11）

one　obta1ns

　　o＊、十　　十一米o→・　　　11－1F（D＋Kい）汀（D今Kい）：O．7・10　s　．

　　　For　the　decays　of　the　　F

are　1ess　re1’i　ab1e　because　of　η

　　十　　　　　十一
F（F今φ見・。）
　　十　　　　　十一

F（F今η見v）　　　　　　　　　e
　　＋　　　　　＋・
F（F今η’見v）
　　　　　　　　　e

（5．12）

meson　one　can　der1ve　s　i　m11a　r　express1ons　but　they
。。dη1．1．1．g．E。・1。。・。。。。。112・114）

　　　　　　　　　11　－1
＝　0．9　　x　　10　　s

　　　　　　　　　11　－1
ご　　1．1　　x　　10　　　s

　　　　　　　　　11　－1
＝　　0．3　　x　　10　　s

（5．13）

1mp1ying

　　　F（F今η1い。）／「（F今η見・）・O・29　　　　　　　　（5・14）

ThedecayF今ω見v　1sOZIsuppresseds1ncetheωhasvery1itt1estrange
quarkc㎝tent．
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For the Cabibbo forbidden decay one finds the estimatell3) 

r(DO + IT~~ ~') / r(D0+K ~¥)) 2 tg O O l 

and slmllar suppresslon factors for D+~Tro~+¥) and F ~ K ~ v. the decay + 0+ 
F++1TO~+¥) is Cabibbo and OZI suppressed and hence negligible. 

Besides the transition rates one can calculate the momentum spectra 

the leptons. These will be discussed below together with the experimental 

resul ts . 

Measurements of the ratios given above present an important test of 

structure of the hadronic current. Significant violations cou~d indicate 

pieces in the hadronic currents. 

(5. 

of 

the 

new 

15) 

~:l~_~901~P~9niS_~~9~yS_gf_p_~nd F mesons 

The understanding of nonleptonic decays is complicated by the influence 
c ct. Charmed and strange of the strong interaction on the weak current product Jh Jh 

particle decays are differently affectedll2) : 

l) asymptotic freedom suggests a reduced influence on charmed particle 

decay ampl itudes 

2) the quark field of strange particles contains the combination cc - uu 

which couples to a gluon. In the Cabibbo-allowed decays of charmed par-

ticles, on the other hand, a corresponding coupling does not exist. For 

Cabibbo suppressed decays the combination ss - dd has a small effective 

coupling to gluons. 

3) two-body decays of charmed particles are more energetic and therefore 

less influenced by final state interactions. 

5.131 gyar~_9rap~s foC_~w9:~ody_D9nl~p~gDi9_~S9~yS 

Because of the arguments given above two-body decays of charmed particle 

should be particularly suited to be described in terms of simple quark dia-
ll2,ll4) 

. Amp~itudes are usually calculated using colour factors and grams 

exact SU(3) and ignoring gluons. This approach should allow to test the 

general structure of weak interactions involving c quarks. Corrections should 

be comparatively small to ratios of decay rates. 
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5.1311. ga~i~b9 ~~10we~ OoD-lept9nic_d~c~yS 

The graphs are shown in fig. 5.2.Examples are the decays 
DO + K~Tr+. D+~ Ko IT+ and F+ ~ nlT+. The diagrams on the right of fig. 5.2 

are suppressed by a colour factor l/9 compared to those on the left. This 

is because of the sum over the three colours in the outgoing meson for the 

diagrams on the left, whereas the colours must match in the diagrams on the 
right side and hence the colour enhancement is lacking. The decays of D+ are 

K~ I K ~ Tt: ~,~', po. . . 
u Tt~,P1,... 

__b"d~ 
s 

o 

o 

c U 

o 

C 

K 

~ 

l 

K~o 

s 

D+ 
C 

/u _Tt' t,P~. 

-- ~/d~ 

Ttt 

d 

~ 

~ p,.. 

u d -KO L;~o 
,r¥ .. 

c 

D+ 

s 

~ 

c,1, ･ -

Fig. 

S 

*+ ~p 

F+ 

5'2: 

~ 

K+i K *+ 

u 
~0 ~t o 

S 
t 

s 

F+ 

Cabibbo allowed two-body decays of charmed particles 

special since the two diagrams lead to the same fina~ states and therefore 

add coherently. 

One immediately finds many relatlons for the Cablbbo allowed decays 

r(DO + K IT+) 2r (F++ nTr+) (3/4)2 r(D+ + KolT+) = 

= 18r(D0+ KO TrO) = 9r(F +K K ) 
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　　　十0
0ne　i　nterest1ng　consequence　1s　the　suppress1on　of　F　　＋　　K　K　　wh1ch　makes　th1s

　　　　　　　　　　　　　　　　　　　　　　　　　　＋
decay　unfavourab1e　to　1ook　for　F　．

　　　　Decay　rates　for　Cab千bbo　a11owed　decays　have　been　ca1cu1ated　ta　k1ng　1nto
・・・・・…h…d1・・・…g1。・。。。。。。。・i。。。，SU（3）b。。。l1．g。。d．f。。。f。。・。。。112）．

Theresu1tsaregivenintab1e5．1．

Tab1e　5．1：
Th。。。。・i。。1。。。1．p・。。r．2－b．dy。。・。。112）

of　Cabi　bbo　a11owed　decays　of　D　and　F

Decaymode Decaywidth Decaymode Decayw1dth
　11－110・s 　11　－110　s

co1our　enhanced

〇　　　一　十D今Kρ

2．3 Do今戸oρ十 3．4
米・　十K　ρ

1．7
・0　＋K　ρ

3．7
・　　十1く　Tr

1．7
・＊0　＋K　Tr

2．7
米一　十K　Tr

0．96
一0　　＋K　1T

3．7

co1oursupPressed co1our　enhanced

0　　　0、＊0D÷ρK

0．14
十　　　十F÷φρ

2．2
O、＊0ωK

0．14
十

ηρ 1．6
’

O一米OTr　K

0．22
・十ηρ

0．5
　口＊OηK

0．06
　十φπ

1．1

1一＊OηK

0．0005
十

η↑r 1．1

O，OρK

0．09
1　＋η‘Tr

0．6

　　口0ωK

0．08
O，0↑r　K

0．2 co1oursupPressed
　　一〇η　K

0．08

η1口

十　　米十■＊OF÷1〈　K

0．4

0．03 十　一＊01く　K

0．5

＊米．Olく　K

0．2

十　・0K　K

0．4

　　　　Bes　i　des　the　graphs　shown　1n　fi　g．　5．2　other　graphs　can　contri　bute　to

two－body　decays　wh1ch　a　re　of　two　types
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- - ~(-q 
q 

~ 
o Trt 

F--P 'b 

Ti d 

q 
l 

l 

~ 

C o o 1;o S D-~P n 

Fig. 5.3 

The amplltudes for these graphs are multlplled by the factors mlT / (mF mlT) 

and mK2/ (mD ~ mK)' respectlvely and hence they can be neglected relatlve 

to the graphs of fig. 5.2. The expectation 

+ 0+ 
r(F+ + ~OK+) 

can be considered a significant test of the ideas underlying the quark graphs. 

If an additional qq pair is added to the final state of the left graph one 
obtains a prediction for the 3 body decay F+ + IT+ + -

ITIT 

* + ++-* F +1T IT IT << l 
r ( F+ + K+K~~+ ) 

which provides a similar test as (5.17). 

5.1312 ga~i~b9 forbid~eD DOD Iept9nic_dSc~yS 

In non-leptonic decays the Cabibbo suppression proportional to 

can occur on either or both vertices. This is shown in fig. 5.4. 

Flg 5.4: Cabibbo forbidden non leptonic decays 

( 5 . 18) 

sino 

sc

・　　　　　　　一

u・d Sc

一　　　　　　　・

dc

一　　　　　　・

dc

一　　　　　　　　一

u－S

△S 1 O 0 一1

△ 2，32
0，

A叩1itude一 COS2θ COSθ，SinO 一S柿O．cOSθ 一S1n2θ

Examp1e
0　　一十D→K↑r O　　　lD今m O　　＋・D今1Tw 0　　00D今KT
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Thecorrespond1ngsing1eordoub1esupPressionfactorsaretg20竃0．05and
tg・θ一，…p・・t1・・1y．F…th・g・。ph．th．f．11。。1．g。。1．t1。。。。。。b．d。。。d．d115）：

虹ユ、。ピ、ユ・・㌧・oπ十、。
　　　o一十　　十　〇十2＋　＋r（D÷Kπ）　r（D÷Kπ）　F（F今ηπ）

　　　十　　　十〇
r　F今　K　Tr

　　　十　　一0＋
r（F今K　K）

（5．19）

A11theseratiosareofordertg2θ．
F・・th・・1・g1y・・pP・・…dd…yF＋今ηK＋th．d。。。y。。t．1。。。ti。。t．d112）。。

　　　十　　　十　　　　　　　　11　－1
r（F÷ηK）・0．05・10　s．

皇ニユ32Sextetpred〇四地口⊆ε

　　　　　　Thepa・t・fth・1・t・・a・t1o・thatg1・es巾・to・・n－1・pto・i・decay・1s

・r・・・…青・青十・・（…）…1・・・・・・・・・…耐1…r・・・・・・・・・・・・…。。。

・fth・・y㎜・th・．碧・・d碧・・p・・…t・ti・…fSU（4）・B・・k・・d…r・t・SU（3）

representations　one　has

Su(4 Su( 3 

Ac = o AC = 1 

20 _8 (AI 
l~' 

l/2) 6, ~ ~ 
,~;-

84 8, f, 27 (AI 312) 15, I~ 
d~l .J '~l IV 

　　　　　　　　　　十　　　〇十

ThedecayF今πい1sCabibboandOZIsupPressed．

Accord1ng　to　the　we11　known　△I　＝　1／2　ru1e　which　was　found　experimenta11y，

the　non－1epton1c　decays　of　strange　parti　c1es　　（△C　：．0）　are　enhanced・　1＝’rom　the

above　tab1e　i　t　『s　seen　that　th1s　octet　en　hancement　can　be　1nterpreted　a　s　2o－p1et

enhancement　i　n　an　exact　SU（4）．　I　f　t；h　i　s　were　true　the　oc　tet　enhancement　s　hou1d　be

assoc1ated　to　a　　sextet　enhancement　of　the　decays　of　charmed　part1c1es．　Whether

th　i　s　concept　i　s　true　i　s　one　of　the　i　nteres　t　i　ng　ques　ti　ons　tha　t　can　be　answered

from　a　study　of　non－1eptoni　c　decays　of　cha　n11parti　c1es．

　　　　　0f　course，　the　predom1nance　of　the　2o－P1et　with　respect　to　the84－P1et

ca　n　be　due　ei　ther　to　an　enhancement　of　the　2o－P1et　or　a　su　pPres　s　i　on　of　the

84－p1et．An　enhancement　of　the2o－p1et　and　consequent1y　of　the　sextet　wou1d

1ead　to　a　1a　rge　non－1epton1c　decay　rate　and　a　sma11　sem11epton『c　branch1ng　rat1o
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for the D 
D+ + KOIT+ 

decay is 

observed . 

di fferent 

decays. The suppression of 84 and hence of 15 forbids the decay 

. As will be discussed below the semi-1eptonic branching ratio for 
ll i 3 % which is not small and also the D++ K07T+ decays have been 

In conclusion it seems that there is no sextet predominance and a 

explanation for the octet enhancement has to be found. 

D 

~:lS~_Uyl~iParti c~ e ~n~_in9lySiyS_~e9~YS and total dec~y _ ra_ ~eS 
-

Deca ys 

p roport i ona l 

An example 

of 

to 

D and 

cos40 

is the 

qua rks : 

wlth C I S = O 

DO 

D+ 

F+ 

~ 

~ 

+ 

F mesons 

and have 

(K 

(R 

(n 

d~ca y 

D+ + 
ca 

+n 

+n 

+n 

K 

SU , 

in 

Ac 

man y 

= AS 

hadrons 

= i l. 

IT )O 

+ IT) 

IT)+' (n' + 

+ 
IT 

du , 

C = o, S 

Such a final state having Q = 

formed from an s quark and one 

3 quarks. These exotic states 

particle decays. The decay to 

is 

K*+ 

T he 

by 

unfavoured 

++-+ KITTr 
i ncl us i ve 

compa rl ng 

+ 
Tr 

du 

+1, S 

u or 

wi th 

a non 

D+ + K+ 
su , 

for charm particles 

leptonic yield and 

the graphs 

, 

a 

which 

T h e y 

a re 

can 

nlT)+, (R K + 

Cabibbo allowed are 

be written symbol ically 

n IT )+ 

( 5 . 20) 

= -1, Q = +1 

'' '' = -1 is called exotic because it cannot be ' 

d in the framework of SU(3) but rather needs 

strange particle are a signature of charmed 

exotic state (total quark content su) Iike 

+ 
IT 

du , 

but 

the 

IT 

ud 

a~ I owed 

tota l 

f o r 

hadron i c 

no rma 1 

width 

particles like 

can be estimatedll4,ll6) 
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■

　　　　　　e

／二て ／㌧工
　　　　　　　　　　　　　　　　　　　1
　　　　　　　　　　　　C

　　　　　　　　　　　　　　　　　　q
V　μ

司

d

u

S

q

From　the　f　i　rs　t　two　graphs　one　conc1udes

F（charm今見v
・・・・・…）・（キ）5・・…1・・（ザ・・）・・…1・12・一1

（5．21）

where　m　　and　m
　　　　　　　C　　　　μ

r（μ今ew）・0．45

arethecquarkandμmass，respect，ve1yand
　　　　　　－1

・106s　．

　　　　Ass　um1ng　that　the　fi　na1　state　i　nteract1on　of　the　quarks　i　nd1cated　by　the

bubb1e　i　n　the　d『agram　on　the　ri　ght　goes　w1th　un　i　t　probab■1ty　one　f1nds

・（…一一・・・・…）・・（キ）5・・・・・…（川）…1・1・12・’1 （5．22）

where　the　factor　3　comes　from　the　fact　that　ud　occurs　i　n　three　co1ours．

If，　however，　a　sextet　enhancement　as　di　scussed　i　n　5，132　exists　r（charm今　hadrons）

wou1d　i　ncrease　by　a　factor　of　20．　I　f　（5．21）　and　（5．22）　are　apP11ed　to　D　decay

oneexpectsa1eptonicbranchingratro

F　O今見vK
r　D今　a　ron

二11㍑l10：lx：：ltll、：lllll：；ent （5．23）

Thi　s　prov　i　des　an　exce11ent　p◎s　s1b11i　ty　to　test　experimenta11y　the　ex　i　stence

of　s　uch　an　enhancement．

5．14 D　－D
O　　　O
m1X1ng

　　　　　　　　　　　　　　　　　　　　　　　　　○　　　　　　　　　　　　　　　　　　　　　　　　　　口0
　　　　　If　the1ife　time　of　a　D　is　suffic1ent1y1ong1t　cou1d　mix　with　O　by

fi・・t・・d・・1△Cl・2…t・・1・・・…t・i…　耐1・…y・・Ko・・dマo・i・by

1・・ト2・・・・・…117）．1・・hi・・・・・・・・・・…1。・・1・・・・・・・…。・・f・o…1d
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　　　　　　　　　　　　　　　　　　　　　・O　　　　　　　　　＋　・　　　　　　　　　　　■　十

decayas『〔twe・eaD・e・9・toK打i・steadofKπ・A・othe・・aytp1ookfo・

　O・O．．．．　　　　　　　・．〃O　　－　O　m1x1ng　1s　1n　assoc1ated　product1on　of　DO，　DD　　etc．，where　the　kaon　　　．

ori　g〒nat1ng　from　the　two　charmed　parti　c1es　have　oppos　i　te　charge　for　no　mi　xi　ng

（S　conservat1on）　and　equa1　charge　for　mixing．

　　　　　M，x1ng　must　compete　with　Cab1bbo　forbidden　decays　with　△C　：　一△S　at　a
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－3

fract1ona11eve1of◎rders1n4θ一10　（seechap．5．1312）．Awaytodiscrimト
。。・。115）b。・。。。。・h。・。。p。。。1b川・1。。i。・h。。。ghp。。d。。・i。。。。dd。。。。。f

ψ（3722）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　十

　　　　　　　　　　…一・1（・…）一…1・一K∴十’．’　　（・…）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　e　e＋　．．．

The　f「na1　state　w1th　two　equa11y　charged　K　ar1ses　through　both　mechanisms，
　　　　　　　　　十　十

whereas　e－e・　so1e1y　through　mixing　Prov1ded　the　semi1eptonic△q：△C　ru1e

・is　va1．id．

　　　　　　　　　　　　ol　　　　　　　　　　　　　－13
　　　　　S1nce　D∫decay　prompt1y　1n　～10　　　　s　there　1s　1i　tt1e　ti　me　for　mi　x　i　ng　and

hence　the　theoret『ca1　predi　cti　ons　for　m1x1ng　a　re　very　sma11　（much　1es　s　than

・p・・・…，f・・11・・・・・・・・…113））．

蔓二；．．E犯…r1menta1resu1tsonDdecays

　　　　　The　dec1s元ve　confi　rmat『on　for　the　cha　rm　i　dea　i　ntroduced　to　exp1a　i　n　the

J／ψ　　Pa　rt　i　c1e　and　the　other　c　ha　rmon　i　um　states　i　s　the　ex『stence　of　the　charmed

　　　　　　　　O　　＋　　　　　＋
mesons　D　，　D　　and　F　　（see　1．21）．　Hence　i　t　i　s　not　su　rpr1s1ng　that　a　b　i　g

effortwasstartedverysqqnatSPEARandatDORIStofindthesePartic1es．
1。れ1．11y・h1。。。。。。h。。。。。。。。。。。。f．1118）。、d．1。。・h。。。p。。・。dh。。i。・h．

1nc1us1ve　K－y1e1d　at　charm　th　res　ho1d　was　not　seen　（see　4．41）．　The　exper1menta1

work　at　SPEAR　and　DORIS　was　comp1ementary　s1nce　MARK　1　concentrated　on　the

「nvest1gat1on　of　hadroni　c　decays，　whereas　PLuTO　and　DASP　were　1ooki　ng　for

sem11epton1c　decays．　Both　ki　nds　of　searches　became　successfu1　i　n　spri　ng　1976

afte・K－ident1ficat1o・becamepossib1e6t舳RK1bytime－of－f119ht・easu・e－

ments　and　e1ectron　1dent1f1cation　was　『ntroduced　at　DASP　by　Cerenkov　coun－
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0
ters．　PLuTO　cou1d　estab1，sh　for　the　first　t1me　e－K　　corre1at1ons．

　　　　　Theobservationofhadron1cf1na1stateshastheadvantagethat1n－

variant　and　reco11　masses　can　be　measured．　トlence　beauti　fu1　and　very　prec1se

mass　va1ues　cou1d　be　publ1shed　fトom　the　SPEAR　groups．　Thi　s　1s　not　poss　i　b1e

for　the　sem11epton　i　c　decays　s　i　nce　the　neutri　no　rema　i　ns　undetected．　However，
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i nteresti ng 
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information on 

of these decays 
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i nteract i on 

DORIS groups. 

COul d be extracted f rom the 

5 .21 U~~r90is_~~93y~_9f_g_TSSgDS 

The experimental results will not be described in their 

but rather in a more systematic manner. We shall start with D 

at the 3772 MeV resonance. This energy is below the threshold 

and hence the decay of the 3772 MeV resonance provides a pure 

historical order 

meson production 

for D+ production 

sample of D mesons 

50 

LO 

20 

~ ~0 :~ 20 
~ 
~; 10 

z = F; 
~O ~ 30 
= ~ 20 
10 

O 

5 211 D mesons from the 3.77 GeV resonance 

The decay ~(3.77 GeV) ~ DD is very close to threshold which allows a very 
precise determination of the D masses. The mass is calculated from m = (E2-p2)1/2 

where the energy E of the D must equal Eb' the energy of the incident beams. 

Eb is known very precisely and has a spread of about I MeV only. Being close to 

threshold p2 = 0.08 (GeV/c)2 is small and thus any error in p is demagnified 

in its effect on the mass. As a result a mass resolution of about 3 MeV/c2 can 

be obtained which is factor 5 to 10 better than normal mass resolutions (see chap 
1 . 13) . 

The data were collectedl04) with MARK l. Charged kaons are identified 

by time-of-flight measurements and neutral kaons by measuring the dipion mass 

and checking the consis_~ency of the vertex position with the kaon decay time. 

Oo o! The invariant mass spectra for 
2 # KT,1: K s Tt~ 

'~d!~f 

I 

t~ 
lb) 

Ksrc'Tt~ f ' 

I I#f~H:~#wf#~ 

K***rf*- l') 
f 

~,1 !'~{f4t 

10 

5 

O 

LO 

30 

20 

10 

O 

i 

I 

I 

Ki t t 
,tTt 

1.75 1.80 

le] 

1.85 1.90 

MASS 

Fig 

~ Il~ll l 

1.75 

l GeV/c 2] 

. 5.5 

1.80 1.85 1.go 

different K~ combinations are shown 

in fig. 5.5. Three clear mass peaks 

are seen in neutral final states and 

two decay modes for charged final 

states. With an additional lead glass 
counter also the decay into K; Tri ITO 

with direct observation of the ITO 

could be seenll9) . 

The results on the masses are 

M(Do) = 1863.3i0.9 MeV/c2 

M(D+) = 1868.3i0.9 MeV/c2 and 
M(D+) = M(Do) = 5.0 d: 0.8 MeV/c2 
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The mass difference is known more pre 

cisely since several systematic errors 

cancel . 

The angu'lar distribution of D's 

relative to the incident beams must 

be of the form P(e) - (1+cecos20), 

lot[ ~ I for any D spin and OG = -l 

for spin O. Fig. 5.6 shows the angular 
distribution for D+ and DO decays. 

The values of oc are cc = -1.04i 0.lO 

and -1.00 i 0.09, respectively, con-

sistent with the spin O assignment 

for the D mesons. 

In order to verify that a ~o 

is produced together with a DO the 

recoil mass against the K:t Tr+ system 

restricted to the DO mass has been 

determined. The result is shown in 

fig. 5.6ej. A clear peak at the mass 

of the DO is seen. Thus associated 

production is verified which proves 

the conservation of the new quantum 

number charm. 

An important point is that for 

D mesons originating from the 3.77 GeV 

branching ratios B can be deter-

mined, whereas at higher energies 

only a ' B can be given. 

This requires, however, two assumptions: 

isospin (O or l) and its only substantial 

tained under these assumptions are shown 

30 

20 

10 

o 

20 

10 

o 

O K+ TC~+ 

f 

~ - K _b+ 

-1 o 

the ~(3.77) 

decay mode 

in table 5. 2 

must 

is DD 

+ 
TL~ 
+ 
11~ 

O 

COS 

Fig. 

have 

. The 

a 

5.6 

(a) 

(b) 

1 

def i ni te 

results ob-

O 
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Tabl e 5.2: D branching fractions 

Mode 

DO ~ 

D+ ~ 

K 

~KO 

K~ 

K~ 

KO 

~O 

K~ 

IT 

IT 

Tr 

IT 

IT 

IT 

TF 

+ 

+ 

+ 

+ 

o 

+ 

+ 

IT. 

~ 

O 
Tr 

IT 
+ 

IT 
+ 

Branching 

in "/" 

2 

3 

2 

12 

l 

3 

2 

5 

7 

5 

5 

f racti on 

i 0.6 

:!1 1.l 

:!: 0.9 

i 6 

<6 
i 0.6 

i 0.9 

Ref erence 

l04 

ll9 

l04 

The channels listed in table 5.2 

account only for the lesser part of 

xlO1 the toal width. The unidentified 1.78 - M f KTr) - I . 92 GeV E cm:3.7 ~ GeV 

7 decays are not found because of Recoi [ agahst Oo 

5 neutral particles, sma~l branching 
5 fractions and small detection 
f eff i ci enci es . h 

3 Of particular interest is the + -o + decay D ~ K IT Which shou~d be 

f suppressed ~f sextet enhancement holds 
1 t h~,$Ht f (see 5.132). The experiment98) yields, 

O r(D+~K07T+) / r(D0~K Tr+) 0.70:!:0.23 
1 A 1 6 1 8 20 22 2a 26 ReCOi[ MassTo KtTClh and there seems to be little suppression. 

Within errors the two channels DO +. K~7T+ 

Fig. 5.6a and D+~ ROTT+ are consistent with the 
relation (5.16) . 

The other branching ratio have been compared98) to the statistical 

model61). The experimental values come out too small except for the K~Tr+1To 

where B is too high. 
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　　　　Fina11y　it　shou1d　be　ment1oned　that　the　average　charge　mu1t1p1，c『ties　　．
。。。1db．d．t．m加。dg8）。。

　　　　　　　　　O

for　　　O　　＜n　　　　　　　　　　　　　　ch
＞　；2．3　±

　十

D＜n〉＝2．3　　　　　　ch

O．2

±　0．3

wh，ch　1s　i　n　fa　i　r　agreement　w『th　the　stat　i　st1ca　l　mode1．

5・212gPrgψc主rgn－a主SngrgiSs．a旦oye．4．GSV．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＊
　　　　　　A　1arge　amount　of　da　ta　concern　i　ng　hadron　i　c　decays　of　D　and　D　　were

taken　at　SPEAR　at　4．03　and　4．4　GeV　where　the　tota1　cross　section　shows

peaks．　From　these　data　the　resu1ts　for　the　D　mesons　are　corroborated，　and
　　　　￥
the　D　　mesons　cou1d　be　estab1i　shed．
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Fig．5．7

　　　　The　NARK　1　detector　was　used　for

州sexpehment，andaga1nthe1den－

t廿1cationofkaonsbyt1me－of一川ght
measurements　〒s　essent1a1．　The　decay
　　　　　　　　　　　　O　　　　＊
modes　of　the　D　　and　D　　to　vari　ous

f1。。1．t．t。。1．1）i。。h。。。1．

f1g．5．7．Theresu1tsforσ・Bare
s　ummar1zed　i　n　tab1e　5．3．　As　one　sees

there　1s　not　much　energy　dependence

and　the　resu1ts－at　3．77　GeV　are　con－

fi　rmed．　I　n　pa　rt1cu1a　r　the　11exot　i　c11

　　　　　　■　十　十
state　K　Tr1T　　1s　seen　aga『n，　whereas

theCabibboforb1ddendecaysare

absent（fig．5．8）．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○
出gh・…1t巾11・it1・・1ik・K3¶・K．m

arefavouredover1owermu1t巾1rcit1es
11ke　lく1T．The　K3↑r　state，1s　domi　nated

by　KρTr　wh11e　the　contr1but1on　from
　＊
1く　1TTr　i　s　sma11．　I　f　the　max1ma　at　4．03

and4．4GeV　1n　the　tota1　cross　section

a　re　a　ttr　i　buted　ent　i　re1y　to　c　harmed

meson　product，on，　then　the　〒denti　f1ed
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50 

LO 

20 

>¥u a 

Q, 
Z 200 

e c¥l ); I OO 
~ z ~!O 
u* 

AO 

20 

O 

Fi g . 

Table 5.3: 

　　　　　　◆　・へ伽二 　　　　　rr伽M

㌔　市廿㌦　　㌦　　　へ、　　　　　｝
　　　K㌣◆r～◆へ㌧

　　　　　rrπt〃～　　　　　〃 　　　　　KS冗之へ淋、．．

l.6 1.8 2.0 2.2 1.5 1.8 2.0 2.2 
E FFECTI VE MASS [ SeVlc2) 

5.8 Search for Do, D+ Cabibbo forbidden 

decay modes at 4.028 GeV 

a . B in nb for various D decay modes atthree 

values of E 
c.m. 

Mode E。．。．（G・V）

3774 4
Do　K㌦± 0．27±0．05 O．57±〇二11 0．30±0．09

O＋■1く1丁↑r＋C．C
O．44±0．11 1．09±0．30 0．91±0．34

一±十・1く十πTrTr

0．34±O．09 O．83±O．27 0．91±0．39
十一
↑『↑「 ・一 く0．04 ・・

十一KK

一一 ＜0．04 ■一

　　　　OTota1D

observedmodes 1．05±0．15 2．49±0．42 2．12±O．53

十　　　〇十D　　　　K↑r　＋c．c．

0．15±0．05 ＜0．18 一　　一

＿十　十K＋丁一Tr

O．34±0．05 0．40±0．10 0．33±0．12
±　十・
↑r　T「1T ■一 0．03 一・
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hadronic decays add up to only about 10 "/, of all decays. The reasons for 

this small percentage are undetected neutrals and low detection effi-

ciencies. As will be shown below at these energies the D mesons are pre-
dominantly produced via or associated with D;F states. 

From the D decays it could also be inferred that parity is violated as 
should be expected for a weak decay. The DO + Ki~i decay mode is a natural 

spin-parity state (JP = 0+, l~,.. .) whereas Di + K TrilTi is compatatible with 

unnatural spin pahty assignment, since 3 ps. eudoscalars cannot be in a JP = 0+ 

state. The cases JP = l~ and 2+ can be ruled out by studying the population 

of the Dalitz plotl20) 

5.213 P*_proglugtion ~n~ ~eLays_ 

If charm is a conserved quantum number. D and D* mesons can only be 

produced in association. The most likely channels are for DO mesons 

+ - nO ~no 
ee u u ~ unO ~*o + ~DO D*o 

*o -*o D D 
(5.25) 

+ and similarly for D . 
A possible way to find D~ is to determine the recoil mass 

p2 against a Do with momentum p and mass M. M~ecoil = (E - Ifr~TT2-
cm This has been done by the SLAC-LBL group using Mark 170,89) The recoil mass 

distribution against a DO is shown in fig. 5.9. Narrow peaks are seen at 

Mrecoil = 1860, 2005 and 2145 MeV/c2 and a broader peak at 2440 MeV/c 2. 

The first two peaks can be interpreted by the first two channels of (5.25). 
The third peak could be due to the third channel but e+**- ~~ DO D**o could 

compete. However; this interpretation is ruled out, as can be seen from 

two upper parts of flg 5 9 The curves are calculated on the basis of 

e e D D and one sees a shift and broadening of the peak at 2145 MeV/c + 
4.02 GeV to about 2200 MeV/c at 4.41 GeV, exactly as expected for 

cm 
this reaction. 
The broad peak at 2440 MeV/c2 could be due to multibody processes such 

** as D D TT or to production of charm states with higher mass. 
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5.0. p.ecoil spectra against DO 

The corresponding recoil mass 
distribution against a D+ in the exotic 

++ channel K IT~Tr~ has a much more severe 

background. Nevertheless a peak at 
2010 MeV/c2 was observed (fig. 5.lo) 

which can be interpreted as e+e~+ D+D*~ 

and charge conjugate. Indications for 

the other peaks might also be pre-

sent . 
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Fig. 5.lO 

*+ The D*o and D being established 

as peaks in the recoil mass distri-
bution against DO and D+ we sha~~ now 

turn to the decays of these particles. 

*o o Obviously the decays D * D Y and 
D*+ + D+Y Should be possible since 

they just involve a spin f~ip of the 

c quark (transition between HFS sta-

tes). If the mass difference is large 

enough, the strong interaction 
decays D*o + DOITo, D+1T~ and 

D + D+1TO, DolT+ should also occur *+ 
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　■
　　　　These　decays　are　di　ff1cu1t　to　detect　at　e　e　　energ1es　be1ow　5　GeV　s　i　nce

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＊
1n　th1s　case　the　p1ons　or，9i　nat，ng　from　the　D　　have　1ow　momenta　and　w『th　ex－

per1menta1　momentum　cut－offs　at　about　100　MeVlc　the　detect　i　on　eff　i　c　i　enc　i　es

are　1ow．　For　th1s　reason　measurements　1n　the　range　E　　：　5．0　to　7．8　GeV　were
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　m
白。。f．m．d1211．Th．1。。。h。。・。。。。di。・。ib。・1。。。fKπ±。h。。。・・1…Dop。・k．

　　　　　　　　　　　　　　　　　　　　　　．　　0　　　　　　　　　　　　　　　　　　　　　＋　　　　　　　　　　　　＊
I　f　the　K　　combi　nat1ons　1n　D　　pea　k　are　comb1ned　w『th　the　Tr　　one　expects　a　D

peak1nthe1nvahantmassp1ot．Theguant1tythatisprecise1ymeasured1s
th・・…d廿f・・・…M（Doπ）一M（Do）．Th・di・thb・ti…f洲・d1ff・・・…i・

。h。。。89）i．f19．5．11．F・…h…d・…h・・…d廿f・・・…D＊十一Doi・f…d
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　tobe145．3±0．5MeV／c　orequ1va1ent1y

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＊十　　0＋
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　the　　q　　va1ue　for　the　decay　D　　今D　π

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ison1y5．7±0．5MeV．Becauseofth1s

25　　　　ホ㌔研7・ ω

＼
宵

111い朴

sma11　phase　s　pace　the　e1ectromagneti　c
　　　　　　　＊
decays　O　　今OY　　can　compete　wi　th　the

str◎ng　decays．The　mass　s　pectrum　of

fig．　5．11　gives　a1so　an　upPer　11m1t　on

ヒh。。idth．fth．D料。1thr（D＊十）・2rl・V・

1◎
げガ十rπ◆　　ω

・　l
　　　　11l　1　ll
◎

　　　14◎　　　・45　　　I50　　　I55　　　16◎　　　165

［9．5．11mパm。（M畝2）

　　　　　For　a　prec　i　se　ma　s　s　determi　nat　i　on

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　■

1t1sofadvantagetogotoaee
energyjustabovethresho1dsince1n

thi　s　case　the　momentum　errors　have　1ess

千nf1uence　on　the　mass　va1ues　（see　5，211）．

In　fig．　5．12　the　momentum　spectrum　of
　O
D　　mesons　decay1ng　1nto　2　and　3　par－

ti　c1es　ta　ken　at　4．03　GeV　『s　shown．

Infig．5．12a）thevahousprocesses
　　　　　　　　　　　　　　　　　　　　O
contr1but『ng　to　the　D　　spectrum　are

shown．Thepeakatabout200MeV／c1s
　　　　　　　＊＊
due　to　D　D　．　Three　channe1s　contribute：

D＊o今Ooπo，D＊o今DoY・・dD＊㌧Doπ十．

The　d1str1bution　for　the　↑r　decays　shou1d

beGa・ss16n¢urveA，B），whereasforγdecaysthedisthbution1sdN／dp－Pwhich
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　米0　　　0　0　　　　　　．
resu1ts　i　n　a　tri　angu1ar　shape　（curve　C）．The　D　　今　D　Tr　decay　1s　c1ear1y　seen

　　　　　　　　　　　　　　　　　　　　　　　　　＊O　　　O　　　　　　　　　　　　　　　　　米十　　　〇十
and　a1so　the　ev1dence　for　D　　＋D　Y　　1s　there．　For　the　D　　今D　w　on1y　a　fa1nt

indicationmightbe・ecoginized．Ap・e・1s・va1・・ofth・D米・as・・a・b・1・f・…d

from　the　measured　momentum．



The peak at 500 MeV/c and its 
shoulder is due to DD* and charge con-

jugation: The central value determines 
M(D) + M(D$F) while the shape of the 

shoulder and peak determine the rala-

tive contributions of the different 

channel s . 

l02 

Finally the peak at about 750 

oo MeV/c is due to direct D D pro-

duction. A similar, but simpler, 
situation ho~ds for the D+ spectrum 

(fig. 5.12 c). 

A fit70,89,98,l04) to all these 

data gives the results shown in 

table 5.3 (isospin constraints have 

been used in the fit). In addition 

values for the production processes 

have been obtained from these data. 

Since they have been discussed alrea-

dy in chapter 4.41, they will not be 

considered here further. 

Finally it should be mentioned 
that a detailed studyl22) of angular 

distributions has shown that the 
spins of D;F are compatible with I as 

expected . 

The approximate equality of the 
decay probabilities of D)Fo +Y Do and 

)F+ + o D + ~ D is in qualitative agree-

ment with the theoretical expecta-
tion85). The main reason is, of course, 

the suppression of the strong decay 

by its small phase space. 
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Tab1e　5．4：
　　　　　　　　　　　　　　　　　　＊
MassesanddecaysofO

Partic1e

米O

D
＊O

O
　O

D
　＋

D

　　　　　　　　　　2
Mass（MeV／c）

2006．　　±　1．6

2008．6　±　1．0

1863　±3

1874　±5

Decay Branch1ngrat1o

＊0　　　　　　00　今　YD

0．75　±0．05

＊十　　　　　　十00　　今　　↑r　D

0．60　±0．15

Mass d i f f erenc e s ( MeV ) Q-val ues (MeV ) 

D+ _ DO 5.0 
_ 0.8 + D*O ~ DO o 7.7 +_ l.7 

D*+ _ D*o D*O 2.6 
_ 1.8 + 

- 1.9 +_ l , 7 

+0 (D -D ) - (D*+ n0+ ¥ -v / 
2.4 i 2.4 D*+ + DO + 5.7 i 0.5 

D*+ + D+ o 5.3 :!: 0.9 

Th・・…。・・fDo・・dD＋。g…。・11・1thth…d・t…1・・d・t3．77G・V

（seechap．5，211）．

　　　　I　n　fi　g．　5．11b　the　non　exoti　c　K↑rTr　comb1nat『ons　a　re　s　hown．　From　the

d・t・・tth・p・。iti。。。fth．D＊一。。。。th．1i而t89）

O　　　＋・
D　今K↑r
　O

D　今KTr
〈16％ （90％CL） （5．26）

…b・d・h・・d・hi・hp・t・・T1・1t・・Oo一万o・i・i・g（・…h・p．5．14）．F…

th・…b…f・…t・・h…th・K1・th・io・…i1h・・th・・・…r9…
i・Do・diff・…川耐t・・Oo一百o．i．i．g。。。b。。bt．1。。d89）：

　　　　　　　　　O　　　　＋．
　　　　　　　　D　今K1T
　　　　　　　　　。　　＜18％（90％CL）　　　　　　　　（5．27）
　　　　　　　　D　今K　Tr
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Ifwe〒ntroducetheparameter

N（K．pP。。1・。）’N（K。。。。）

ε　＝ （5．28）

N（K．pP。。i・。）十N（K。。。。）

where　N（K）　9〒ves　the　number　of　events　w1th　kaons　of　opPs，tve　and　same　s　ign

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〉
respect，ve1y，one　obtains　experimenta11y　　ε　～0．8．
　　　　　　　　　　　　　　O　　，0　　．　．
For　comp1ete　D　　－　D　　m1x1ng　　ε　：　0　and　for　no　m1x1ng　　ε　：　1．　The　exper1ments

are　thus　compatib1e　w1th　the　non＿existence　of　a　neutra1　f1avour　changing

C　urrent．

The　data　a1so　y1e1d　the　1，m1ts　for　the　Cab1bbo　forbidden　decays

　　　O　　　＋　・
r　D　今Tr　Tr
　　　　　　　　　　　　　〈　0，07
　　　0　　　■　十
r（D今Kπ）

（5．29）

旦く。．。。
　　　O
r（D今Kπ）

andhencetg2θ・0．07．

5．22　Semi1epton1c　decays　of　O　a　nd　F　mesons

　　　　　　The　observati　on　of　semi1epton　i　c　decays　of　chanTled　mesons　i　s　very　i　nter－

est1ng　s1nce　the　hadronic　current　apPears　on1y　once　and　therefore　a　rather

c1eantestoftheweakchamlcu・・entisposs1b1e（ξeechap．5．12）．

　　　　　　Semi1epton1c　decays　of　c　ha　rmed　me　sons　wi　th　an　e1ectron　1n　th　e　f1na1

。・。・。。。。。。b。。。・・df。。・h．fi。。・・1。。by・h．DASP。。11．b。。。・1。。124）i．

spring　1976　at　the　t『me　when　the　hadron1c　decays　were　found　at　SPEAR．　Very
。。。。PLUT0125）。。。1d．h。。th．tth。。1。。t。。。。。。。。。。。。1．t．dt．K・。。。。。。。。

one　wou1d　expect　for　the　decay　D　÷　e　v　K　（see　fi　g・　5．14　and　5．15）．

　　　　　　Semi1epton1c　decays　「nto　e1ectrons　requ1re　a　c1ean　，dent1fi　cation　of　the

e1ectron．　I　n　the　DASP　expeh　ment　th　i　s　was　ach，eved　by　Cerenkov　counters，　1n

the　PLuTO　exper1ment　by　the　showeri　ng　Property　of　e1ectrons．　Fo11ow，ng　a

・hi…　t。。・h。。。h・…th。。。。。。fth・D。。。㎝（1．86G・V／・2）…y・1…t・

・h・・…。f・h．h。・・y1．p・。。81）（1．80G。・／。2）．H。。。。・h・・・・…p・・dr・g1・p…
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spectra　cover　s1mi1a　r　energy　reg　i　ons　and　one　ha　s　to　f1nd　ways　to　sepa　rate

the　two　phenomena．　Th　i　s　can　be　done　on　the　bas　i　s　of　two　cr1teri　a：

1・）Thechamedmesonstendtoproducefina1statesw1thmorethan2charged
　　　　tracks，whereas　the　heavy1epton　has　predom1nant1y　two　tracks　in　the

　　　　f，na1　state．

2・）　The　D　mesons　decay　ma1n1y　1nto　lくmesons　whereas　the　heavy　1epton　has

　　　　a　ve　ry　1ow　branch1ng　rat1o　for　kaons．

　　　　　I・th1…y・・・…d1Sti・g・1ミht・・typ・S・f・…t・：hて9h・・1tiP1i．ity．

1a　rge　kaon　content　versu　s　1ow　mu1t1p1i　c1ty，　few　kaons．　Thes　e　two　k1nds　of

・・・…h…b…1…t1g・・。d127）q．1・。。。。。f．11。。。di・。。。1db。。1。、。

thatthemesonand1eptondecayscanbeseparatedqu1tewe11．Theaverage

numberofchargedkaonswasfoundtobe0．90±O．18permu1trPザongevent

and0・07±0・06pertoprongevent．Thrsa1soshowsthatforcharmedpar－

t1c1es（i・e・h19hmu1t1p11c1ty）theweakcurrentcoup1esstrong1yto’strange－
ness　『n　accordance　wi　th　the　GIl》l　mechan1sm．

　　　　　Tl．1n．1u．1v。。1。。・。。。。ρ。。・、。。。。。。。。。・・。DA・・126）・。。・1。・。。g．

E・3．99to5．2GeV，sshown1nf1g．5．16beforehavlngbeencorrected．0ne
　Cm
not1ces　that　the　contam1nat1on　from　the　heavy　1epton　『s　qu　l　te　snla11．　I　n　f1g．

5．17　the　e1ectron　sρectrum　taken　c1ose　to　E　　＝4　GeV　ls　shown　after　subtracting
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Cm
・h．b。。kg。。。。d．T。。・h。。。。・1。。1。。。。。。128）。。。d。。。。f。。・1．d。。。y．D今K。。

　　　　　　　　＊
and　D今K　eリ．　The　accuracy　1s　not　good　enough　to　dl　sti　ngu1sh　between　the　two

channe1s．　The　best　f1t　1s　obta1ned　for　a　m1xture　of　both．　S1nce　the　contribut1on

of　the　two　decay　modes　to　the　D　decays　depends　sens1ti　ve1y　on　the　V，　A　structure

o　f　th　e　we　a　k　cu　rrent，　i　t　seems　very　1mporta　n　t　to　1n〕Pザo　ve　t　he　mea　s　u　rements　s　u　ch

thataseparat1onofthetwochanne1sbecomesposslb1e．Th1smlghtbeach1eved
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by　the　DELCO　detector　at　SPEAR　wh『ch　covers　a　mu　ch　1a　rger　so1i　d　ang1e’wi　th

C－counters　than　DASP　（60％　compared　to　7％　of　4Tr）．　So　far　the　stat1sti　ca1　accuracy
th．t。。。1db。。b・。1。。dd。。。。。t．11。。。。。h。。。p。。。t1。。y．t129）．S。。。。。・・1t。

舳1・…ミ…i・・i・・1・・・・…。・…ザ・・…1。・1・・・・・…i・…。・…113o）．

A11　these　data　are　1n　good　agreement．

　　　　　。。。。・、。、1・・）。、。、n、。。1。・、、・s・。、n。・、、1．1cc・、、。、。・。・、、。。。・、。。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Cm

wh1c　h　1s　not　tri　vi　a1　s　i　nce　they　were　ta　ken　above　the　thresho1ds　for　F　and　cha　r－

med　baryon　product1on．

　　　　　From　the　spectrum　d1sp1ayed　in　f1g．　5．17　one　can　1nfer　a　1imit　on　the

1・pt・・、・d…yD今・whi・h…1dp・・d・…　p・・k・…pぺ1G・V／・・O・・f1・d・

σ（D÷・・e）／σ（D今・X）く0・09（90％C・L・）i・・g・・・…t・ithth・th・…ti・・1

expectat『on　（see　chap．　5．11）．　The　Cabi　bbo－suppressed　decay　D今↑r　e　v　（see
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＊
chap．　5．12）　produces　a　spectrum　s1mi1ar　to　those　from　D÷　K　e　v　and　D今K　　e　v

but　i　t　1s　sh1fted　to　hi　gher　momenta．　1：rom　the　fi　ts　to　the　measured　spectザum

i　t　can　be　exc1uded　that　the　decay　D今1T　e　v　i　s　the　so1e　1epton1c　decay　mode．

　　　　　Integrat1ng　over　the　spectra　and　comparing　to　the　tota1　cross　sect1on

㎝ecandehvethe1eptonicbranch1ngrat1os．Thesehavea1readybeend1s－

cussedinchap．4．42．

　　　　　Recent1y　an　1nd1cation　of　the　semi1epton1c　decay　of　the　F　meson

h。。b。。。f。。。dbyDASP123）．Th。η1．f。。。d。・E竃4．16G．V。。。。。。。。i．t．d
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Cm

toe1ectrons（f1g．4．15，hatchedevents）．Ava1ueforthebranchingrat1o

cannotyetbegiven，s1ncetheeva1uat1onoftheeff1c1enciesissti11
underprogress．

　　　　　E1ectronspectraforthedecaysF今ηev，η1ev，φevhavebeen
。。1。。1．t．d131）．

　　　　　No　sem11epton　i　c　decays　of　cha　rmed　mesons　wi　th　muons　i　n　the　f1na1

states　have　been　seen．　Th1s　is　because　the　detect1on　and　ident1f1cation

of　muons　w『th　momenta　be1ow　1　GeV／c　1s　very　d1ff1cu1t．
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5.23 Discovery of F mesons 

As has been explained in chap. 5.13 the lowest states of the F mesons 

tend to decay to final states containing ss which results in h and n' ･ Since lce 

it is more difficu~t to detect n's than K's the discovery of the F mesons has to 

be considered much more difficult than those of the D mesons which are charac-

terized by kaons in the final state. A first indication of F production was ob-

tained from the inclusive yield of n which shows an abandance at Ecm = 4'4 GeV 

(see chap. 4.43). Since n is a frequent byproduct of T1' decay, a search for 

n includes a search for n' . 

The DASP groupl05) succeeeded in detecting F mesons by their decay 

F+n7T, however, this could be achieved only by using a "trick". The signature 

of this decay channel is not specific enough to separate the F decays from the 

large background. The theoretical prediction was that the first excited state 
F~( (the ortho c~ state having parallel spins) should be close to the spin-zero 

ground state F (see chap. 2.22) and the favoured decay should be F* + F Y 

with a photon energy of about 100 MeV. This low energy photon delivers an addi-

tonal selection criterium. What has been observed are events of the type 

e+e~ + F* ~~ nlT F 

YY 

Y F 
1 ow 

A good event is characterized by 3 photons, one of which has a low energy, the 

other two forming a mass in the r] region. In addition an identified charged pion 

with momentum above 0.6 GeV/c had to be seen. These events could, however, also 

originate from the reaction 

+- -* * ee F F + 
F Ylow L~ IT n 

L~f 
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The　observed　events　were　fi　t　fo　r　both　proces　ses．　The　most　recent　res　u1ts　a　re

．h。。。123）i。刊g．5．18，。h。。。・h．1。。。h。。・πη。。。。1．p1。・・。d．g．1。…h・

reco11mass．Ac1earc1ustehngofeventscanbeseencorrespond1ngto（5．26）

or（5．27）．Inf1g．5．19theprojectedmmassdisthbut1on1sshown・Thepeak
1n　the　mas　s　b1n　2．C25　to　2，050　GeV　1s　attr1buted　to　the　F．The　events　a　t　1ower

・・・・・・…1d・hgi・・t・f…A2d…y・・

The　conc1us1on　on　the　masses　1s

m（F）　・2．03

　　　＊
m（F　）　　＝　　2．14

±O．06　GeV／c2

±O．06　GeV／c2

（5．28）

・h…th・・・…t・i・ty・hgi・・t・・・・…ti・11yf…th…big・れy（5．26）・・

（5・27）・Th・・…d1・・・・・…F￥一・…b・d…mi・・d伽・・1．f。・。・1。。。e，g。

・fγ1。。・・dth・・…1ti・：

　　　＊

m（F）一m（F）・120±40MeV （5．29）

Th・1・t・・p・・t・t1㎝・fth・HFS一・p1舳・gh…1…dyb・d1・・・…di・・h・p．2．2．

It・g・・・…t・・1gh・i・g1y・・11・ithth・th・…t1・・1・・p・・t・t1㎝．

　　　　　Thesedata・…t・k…tE。。・4・4G・V・h…th・1・・1・・i・・ηP・・d…i・・

・h・…　p…1…tp・・k（…f1g・4．13）．H・・・…，1t…1db・…ジ・t・・。・ti．g

toobserveFFproduct1onjustabove1tsthresho1dat4．C6GeV（seetab1e4．2）
　　　　　　　一米　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一
where　FF　　is　not　yet　possib1e，　in　comp1ete　ana1ogy　w1th　DD　product1on　at

3．77　GeV．　The　r1ght　p1ace　for　such　a　search　seems　to　be　the　peak　at　4．1　GeV
。。d1．d。。d。。1。。ザηP。。kh。。。。。。。・1．b。。。・。。。d123）1。・h。パ。。。h。。・・。・・

d1str1but1on　（f1g．　4．15）．　In　th1s　case　no　1ow　energy　photon　was　requ1red，　of

course．Theshadedevents1nf1g．4．15showeventsw1thanadd1t1ona1e1ectron．

0nenot1cesthattheηPeak1scorre1atedw1the1ectrons1nd1cat1ngthataweak
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　一
decay　wa　s　1nvo1ved．　No　η　pea　k　wa　s　s　een　fo　r　e　e　　energ1es　4．0　to　4．06　GeV，　1．e．

be1ow　FF　thresho1d．
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~:~~_Summary on charm partlcles 

Of 
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) 

) 

) 

Perhaps the most striking success of the charm model is the discovery 

the char~ed mesons predicted by the model .The most important results are: 

o + Both the isospin doublet D . D and the isospin singlett with strange-
ness F+ have been seen. As expected the lowest states are the ones 

with J = O (quarks spins opposite). The corresponding states with 

J = I have also be found and the HFS splitting agrees with the ex-

pectation of the potential model (see chap. 2.22). These ortho states 

decay to the ground states by strong or electromagnetic transitions. 

The transition rates present no problems to their theoretica~ inter-

pretat i on . 

The mass spectrum of the charm mesons and the observed transitions 

are summarized in fig. 5.20. 

Hlgher exclted states e.g. P-states have not been seen yet 

The weak decays of the ground states of charm mesons are compatible with 

the expectations of the minimal model of weak interaction (see chap. 5.1) 

The rule AC = AS = i I which is implied by the minimal theory is drama-

tically confirmed by the dominance of kaons in the final states. Also 

the Cabibbo structure of the charm current is evident by the suppression 

of AC = i l. A S = O decays. Parity vio~ation has been demonstrated. 

The chirality structure of the charm current could not been verified 

yet. The accuracy of the semileptonic decay spectra is not sufficient 

to distinguish between V-A and V+A. A distinction between D * e ¥, K and 
D + e ~) K;F would help, since the first decay goes by pure V, whereas 

the second contains V and A components. 

Polarization measurements would be the most direct way to clarify the 

chirality structure. Ao POlarization from charmed baryon decays could 

offer a possible way. 

No sextuplet enhancement is found in charm meson decays. As a conse-

quence, the AI = l/2 enhancement found in ordinary strange particle 

decays cannot be explained by 20-plet enhancement. 

No DO - ~o mixing is found. The present accuracy excludes the existence 
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6．）

℃f　neutra1　currents　with△C＝0of　order　G　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　F’

A1though　there　『s　ev　i　dence　for　charm　baryons　i　n　neutr『no　react1ons，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　・

theycou1dnotbeidentrfiedsofa［nee．Ind1rectev1dence1spro－
v1dedbysteps，nthepandAinc1us1vecrosssection．

　　　　　So　far　a11　the　observat1ons　on　charm　mesons　are　compat1b1e　w1th　the　mi　n1ma1

theory．　Th1s　mode1，　however，　cannot　be　exact　1f　embedded　i　n　a　wor1d　w1th　6　1eptons

and　more　than　4　qua　rks．　Hence　i　t　wou1d　be　very　1nterest　i　ng　to　f『nd　dev　i　a　t「ons．
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6. The Upsilon 

o 

o 

¥ > 
o 
¥ c~, 
E 

c lO 

6,1 Ex erimental results_ 

132) under the 
In 1977 a Columbia-Fermi~ab-Stony Brook Collaboration 

guidance of L.M. Lederman bombarded nuclear targets by 400 GeV portons and 

observed the reaction 

p + Nucleus ~ ~+ + ~~ + anything (6.1) 

in a two-arm spectrometer which allowed the identification of the muons and 

the measurement of their momenta. From these the invariant mass of the muon 

pair can be computed and the distribution of the invariant masses is shown in 

fig. 6.1.Superimposed on an exponentially decreasing background one notices 

d:!cr enhancements at the J/~ and ~' masses 
-5 2 

-53 

-34 

-35 

-36 

-5 7 

- 38 

-39 

-40 

l cr 

dmdy y'o 
J/~ 

~' 

- 0.3 _ic y ~(~ + 0.3 

li I 

and a broad structure between 9 and 
lO GeV/c2 If the smooth background 

subtracted one obtains the data dis-

played in fig. 6.2. The experimental 

solution in this region is 200 MeV. 

Is 

re-

04 
coa' 

c:=0 a2 

¥ > 
o ¥ JD0.0 
CL 

+ 

2 4 6 8 10 12 14 16 18 
'L~IL~ MASS <GeV) 

Flg. 6.1 

mass CGeV) Fig. 6.2 

Hence the width of the structure cannot 

be due to the experimental resolution 

but indicates some complicated structure. 

Indeed, just looking at the data of 

fig. 6.2 one would assume peaks around 
2 

9.4 and 10 GeV/c . 
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The authors have fitted the data by two different 

2 or 3 a_ussian peaks, respectively. The position of the 

branching ratio x production cross section are given in 

assumptions, by 

peaks and their 

table 6.1. 

much 

that 

200 

The existence of 

can be said about 

their widths are 

MeV . 

the 

the 

smal l 

T" is statisti:cally not certain, of course. Not 

width of the peaks. In the fits it is assumed 

compared to the experimental resolution of about 

Table 6.1: Resonance Fit Parameters 

2 peak 3 peak 

Ml 9.41 i 0.013 9 . 40 i 0.013 GeV 

r B da dy l 

O . 18 i 0.01 O . 18 i 0.01 pb 
y=0 

M2 lO . 06 i 0.03 lO . Ol i 0.04 GeV 

I~l 
dCF B dyl 

0.069 i 0.006 0.065 t 0.007 pb 
y=0 

M3 lO . 40 i 0.12 GeV 
Y'I 

B da d y 

0.011 ~ 0.007 pb 
y= O 

X2 1 DF 19.3 / 18 14.2 / 16 

be 

From the 

i mpo rta n t 

f i gu res 

for the 

of table 

discussion 

6.1 one 

in chap 

can extract 

. 6.2. 

the following data which Wi I l 
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2 peaks 3 pea~s 

M(Y' ) - M(1~) 650 i 30 MeV 610 +_ 40 MeV 
M (Y ' l) _ M(r) lOOO ~120 MeV 

Rati o bf r' IY 0.38 i O . 04 o . 37 i o l 04 

B 
da 
~ly I y=0 

Y~l ' Ir o . 06 i O , 04 

Clearly it seems very important to resolve experimentally the complex 

structure In Its components. This might be possibly only by producing ther 
In e+e colllsions. Although not being designed for such high energies, DORIS 

mlght be pushed to reach the T reglon and thls wlll be trled in spring 1978. 

6.2 Poss ibl e i n terpretati on of the T fami I y 

After the discovery of the T there appeared a flood of theoretical 

papers making the assumption that the T family is just a replay of the 

J/~ story. This means that there exists a family of QQ-bound states, where 

Q is a heavy quarks of charge i 2/3 or d: l/3 and the mass of Q is about 

half the T mass i.e m = 4 6 GeV 
' . Q . . 

6_J:21__E_~9i~~~l 9D_SDSr9iSS 

Even before the detection of T the standard model with a linear 
confining potential has been extendedl33) to larger quark masses. The 

excitation energies above the lowest lying state are shown in fig. 6.3 

Iooo , as functlon of the quark mass. The .. . Iooo 

>., 

= 
~ 
a: 
LJ 

Z u 
~ 
F < h ~ 
LJ 

800 

GO 

400 

:*~Idt + 5q entinuu.f'~ "!~!;.1*" 

~ (3772) 

I~ 
~' 

¥~ 
x 

IT 
3S 

2P 

ID 

2S 

800 

eoo 

~~, T 
'P 

400 

aoo 

o 

IT 
200 

o 

essential point is that for a linear 

potential the excitation energy is re-
duced ro ortional to m ~1/3 Since the 

continuum boundary on the other hand goes 

up one expects more bound states. For 

mQ ~ 4.6 GeV not only the IS and 2S states 

are bound but also the 3S Ievel . 

t 2 3 4 

mQ < GeV) 

5 

Fig. 6. 3 
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According to this model one expects M( ~' ) - M(T ) 420 MeV and 

M( ~r" ) - M(I~) = 750 MeV, values which are smaller than the experimen-

tal ones. Indeed, the experimentally found splittings imply 

M( r') - M(Y) * M(~') - M(J/~) in contradiction to the prediction of the 

linear confining potential . This perhaps is not very surprising since the 

naive standard model failed to give the proper positions of the charmonium 

P states. One possible remedy was to assume that the confining potential 

is not a Lorentz vector but a scalar (see chap. 1.232). Indeed it was 
shownl34) that a scalar linear potential gives splittings independent of mQ 

and of the right magnitude. 

An other possibility is to look for a vector potentia~ with mQ-inde-
pendent excitation energies. Indeed it could be shownl35) that a logarith-

mic potential V(r) - In r does exactly that. It also gives good account 

on the charmonium levels and even is better than the linear potential, 

as far as the P Ievels are concerned. However, it predicts too large El 
87 ) 

transition rates and gives uncomfortably large relativistic corrections . 

If the interpretation of the f family as a new QQ system is right 

then the study of the excitation levels of this system together with that 

of charmonium offers us a unique possibility to learn something about the 

quark-quark forces. The spectrum of the QQ system could even be much 
133) 

richer than the charmonium decay scheme but we shall not discuss it 

here further, since the scaling of the excitation energies is not clear 

yet . 

~:~~_Er9~y~~ioD_~D~_~eg~yS 

The interesting question is whether r is made of charge 2/3 (top) 

or l/3 (bottom) quarks. A number of authors have tried to answer this 

question by comparing the measured production cross section to different 
model s 136 ) . 

Clearly B ' da/dy is 4 times larger for a 2/3 charge than for 

Most of the theoretical estimates are in favour of l/3 (for a comparison 

Ref. 132), but the uncertainties are so large that no definite conclusion 

be drawn. 

ll3 

see 

can 
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A surprising fact is the large ratio of B ･ da/dy for T' compared to T. 
In analogy to ~' one would expect87) a large branching ratio for the transi-

tion T' + T + 2~. For the ~'/~ couple the ratio is R = (1.7 i 0.5) ~ whereas 

for T' / T one has R = 0.4. This could be taken as evidence against the assumption 

that all states belong to the same family. However, from a somewhat naive appli-
cation of ACD one can find87) plausible arguments that the T' + Y + 2TT tran-

sition is suppressed by OZI mechanism by a factor of about lO. More experimen-

tal information is needed to clarify this issue. 

Of particular interest will be the hadronic decays of the r family. 

The masses of these particles are large enough that hadron jets originating 

from gluons should be well developed. This might provide an excellent test 
of the ideas of QCD. Because of conservation laws a 3Sl state can decay 

into 3 photons (e.g. ortho positronium) or 3 gluons (J/tp family, see 
chap. 3.2) but not 2 photons or gluons. A 3P state on the other hand decays 

into 2 photons or 2 gluons. Hence it is expected that r (9.4) decays into 
137) as 3 coplanar hadron jets. 

3 gluons which should appear 

The excited states of r are expected to decay to P states by electro-
magnetic transitions and one expectsl38) decays like 

Y (lO O) - Y + 3P2(9.8) - Y+2 g - Y + 2 Jets 

where one finds two jets with distinct lab energies (x 5 GeV) accompanied 

by a monochromatic photon. The angular distribution allows to differentiate 

between jets originating from gluons and from quarks. 

If the QQ interpretation of ~r is right, particles with Qq etc. should 

a~so exist where q is one of the 4 Iighter quarks. Obviously they are 

analogous to the D and F mesons and their ground states would be stable 

with respect to strong interactions. Their weak decays and possible mixing 
between BO ~o and T T has been discueed (B - b~ TO - t~)136)137)138)139) 

6.3 Se uential uarks and le tons 

The existence of the charm quark made is possible to group the 4 
and 4 Ieptons into weak SU(2)W doublts and a minimal theory with GIM 

quarks 

mecha n i sm 
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cou1d　be　formu1ated　for　the　weak　1rlteraction．　It　is　compat1b1e　w1th

a11　exper1ments　（see　chap．　5．1），　except　for　the　non－observat1on　of　par1ty
．ib1．ti。。r。。t。。1．t。。。。iti。。。14・）。hi．h，h。。。。。。，。。。d。。。。fi。。舳。

andthesma11CPv1o1ation1nKdecays．Thebeauty
of　th，s　mode1　，s　the　symmetry　between　quarks　and　1eptons　wh1ch　i　s　needed

to　cance1　the　tr1ang1e　anoma1i　es　wh1ch　wou1d　otherwi　se　have　destroyed
・h。。。。。。。。1r。。bi11・y．f・h。。。。k。。d．1。。・。。。。g。。・i．g。。g。・h。。。。141）．

　　　　　旧ththediscoveryofanotherheavy1eptonτandprobab1yanother
q　uark　『t　1s　tempti　ng　to　extend　the　We1nberg－Sa1am－Ward－GIM　mode1　by　add　i　ng

further1efthanded　quarkand1eptondoub1ets：

（∴） u　　　C　　　t．．．

d1　　　s・　　　bI　．．．
　　　　　　　　　　　　　　　　　　L

（6．2）

The　extens1on　to　a　6　quark－　6　1epton　mode1　was　f1rst　proposed　by　Kobayashi
・・dM。。k。。。142）．1・。。・。i。。・h。。。・。。。1。。pP。。。。1㎝。f・S・1。。d・C・1

effects　a　s　observed　and　preserves’the　phenomeno1og1ca1　succes　as　fa　r　as

neuthnoscattehng1sconcemed．

　　　　　A　very　1mportant　poi　nt　i　s，　however，　that　the　6　quark　mode1　gi　ves　CP

v｛o1at1on　『n　a　natura1　way．　Th1s　i　s　achieved　by　a　genera1izat1on　of　the

Cab千bbo　structure　of　the　hadroni　c　current　（see　chap．　5．1）．　The　most　genera1
。。y．f．i．i．g・h．1．f・h。。d．d．h。。g．1／3q。。。k．1，143）

d’＝・1．d　＋・1・3 ’S 十s1s3　　・b

・　　　　　　　　　　　iδ　　　　　　　　　　　　　　　　　　iδ
・・一・1・2・d＋（一・2・3…　1・2・3）・・十（・1・2・3＋・2・3・）’b

・．・・1・。・・一（・1・。・。・・。・。・’㍉…　（・1・。・。・・。・。・’δ）・・

（6．3）

whereas　the　213　charge　quarks　u，　c　and　t　rema1n　unchanged．　1・1ere　the

・bb…1・t・d・・t・ti㎝・1・・i・θ1・・1・…θ1・・2：・i・θ2・…h・・b…
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…d・・dθ11・id・・ti・・1t・th・C・b1bb…g1・・Th・4q…k・・d・1i・r・p・・．

d…dbyθ2＝03＝δ：0・

　　　　　S1nce　t11e　or『gina1　Cab1bbo　structure　agrees　we11　w1th　observations
・。・・・・・…1・・・・・…．・・・・・・・…1…i・・…1・・1・（・川・…1，136））

。・・・・…一1i・・～・・・・・…i・（1・）…（1・）・i・…12．・。2・・・・・・…

・1th・12・0・05thi・・・・…32く0・06・H・…θ3・・…tb・…h1・・g・・th・・

th・C・b『bb…g1・θ1b・tit胴y・・f・・・・…b・…h…11…Th・…th・t〒…

・・θ2・・・…h…k・…dd・p・・d・・th・q…k・・・・…F…ビ5G・V…

f1・d・・22・0・2・・df…t竃・パ65G・V・22・0・03・

　　　　　The　phase　parameterδ　introduces　CP　v1o1at1on　and　appears　on1y　if　one
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－3

has　at　1east　6　quarks．　From　the　measured　CP　vio1at1on　parameter　ε　3　10
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－3

onededucesthatδcann◎tbearbitrah1ysma11：ls1nδ1・3・10　for
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－4

・t・5G・V・・dl・i・δ1・6・10f…t・65G・V・

　　　　　B・・・・…fth・11・it・f・・θ2・・dθ3㎝・・ight・p…1・t・廿th・y…

exact1y　zero．　Th　i　s　ha　s　qu1te　amus1ng　consequences．　The　decay　of　the　strange

part1c1es　to　ord　i　nary　hadrons　i　s　on1y　pos　s　i　b1e　becau　se　of　the　d－s　m1x　i　ng．

Wi　thout　thi　s　11feed－throughl1the　1i　ghtest　strange　part千c1es　wou1d　be　abso－

1・t・1y・t・b1・・W1thθ2・θ3・0，b…1d・・t・1・・れhd・・d・・・・…

be　seen　from　（6．3）　and　as　a　consequence　parti　c1es　1i　ke　bq　wou1d　be　stab1e

廿thebquarkis1ighterthanthetquarkorv．v．Suchstab1epart1c1es
of　a　new　ki　nd　of　matter　cou1d　be　captured　1n　nuc1ei　and　the　consequences

f。。the・・…1・gX一・aysp・・t・…df・…t1・・ofhyp・m・・1・1h…b・・・…e・t1y
d1。。。。。。d1．d．t．11144）．

　　　　　1fth．i・t・・p・・t・t1…fth・γf・・r1y…　qO・p・・t・…f・…k1・d

ofq…kt・mso・ttob…1ghtthena…be・ofq・esti・・sa・ises・e・9・

1）1・th・・・・・・・…q…kt・・㎝p1・t・th・…p1・（t・b）？

　　2）wh1choneisthe11ghter，torb？

3）1・th・・t…t・…fth・…k・・・…t…h・…p・・t・d

　　　　　from　a　mi　n1ma1　theory？

4）a・e6q・a・ksa・d61・pto・sth・b・s1・e1e…tsof・・tte・

　　　　　oraretheremoresequentia11eptonsandquarks？

　　5）aree1ectronsandmuonse1ementarycont1tuentso・are
　　　　　they・・d・・p・fs・・11・…t1t1・・h・・1・g1／3・・d2／3ch・・g・s？
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　　　　　　　　　　　　　　　　　　　　　　十　・
I　t　1s　ho　ped　that　the　e　e　　storage　r1ngs　PETRA，　CESR　and　PEP　wh1c　h　w「11

’’co111e　1nto　operation　soon　m1ght　make　it　poss1b1e　to　shed　some　11ght　on

theseexc1t1ngandfundamenta1quest1ons．
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Appendix l (see p. 30) 

Table Al: Decay modes of the ~ into mesons 

Topo I Qgy Decay Mode Observed Number Eff tciency Branching Ratio 
of Events 

~MM Ks~ < 4 0.23 < 8.9 x lO 
-5 

+-ITIT 

all l.7 i l.7 't o . 040 (1.6i 1.6) x lO 
-4 

+-KK 
al 1 l.8 i l.4 ' o . 036 (2 0+ 1.6) x lO 

-4 

KsK~ IT 
~ al 1 126 +_ 15 0.13 (2 6+ 0.7) x 10 

-3 

O:, ,,O KK -O ･O +KK 

45 7.8 o . 044 (2 7+0.6) x 10 
-3 

+ 
+ ,t-KK -,t+ +KK 

48 7.7 o . 040 (3.2t 0.6) x lO 
-3 

+ 
O-"'FO KK -o ･･o +KK 

l i 2.7 o . 007 < 2.0 x lO 
-3 

+ IF･-KK + K~Klt' + -l 2.7 o . 006 < 1.5 x lO 
-3 

i 

~ +7T ~ K+ K~ 
all 205 +_ 17 0.076 (7.2i 2.3) * lO 

-3 

K 
*o-,t,to K -･o ,tlro +X K 

40 > 8.4 0.016 (6.7i 2.6) * 10 
-3 

K 
,to-･O K 

l.5 i 4 o . 048 < 0.5 x lO 
-3 

K 
,f,tO-!t,tO K 

2.5 i 4.5 o . 009 < 2.9 x lO 
-3 

+-tplT TT 

23 - 5 + o . 043 (1.4t 0.6) " lO 
-3 

cf ~l o . 023 ( 3.7 x lO 
-4 

~+7T 7T+~~K+K~ al 1 30 i 6 O . 026 (3 l+ 1.3) x lO 
-3 

+- + -~ll 11 IT IT 
~3 < 0.013 ~ 1.5 x lO 

-3 

~ K+K~K K~ 

all lg + 5 0.075 (O 7+ 0.3) x lO 
-3 

cK+K~ 14 + 5 o . 040 (O.9i 0.4) * lO 
-3 

cf ' 6 3 O . 020 (O 8+0'5) x lO 
-3 

+ 

~ +11 ~ K+ K~ o all 309 i 50 0.073 (1.2t0.3) x lO 
-2 

TI 

+-tL)K K 

22 t 12 o . 068 (0.8i0.5) * lO 
-3 

et]f l -2 + 2.4 o . 034 < 1.6 x lO 
-4 

cn 5 2.5 0.013 (1.0t0.6) x lO 
-3 

+ 

+-+-11~KK 
,el en 1 ~2 0.011 < 1.3 x lO 

-3 

2 (1T +1T ~ )~ o a]1 675 i 40 ' 0.17 (4.0t 1.0) ~ 
+-cL]~ IT 

348 i 40 O . 14 (6.8i 1.9) x lO 
-3 

taf 81 _ + 20 0.11 (1.9i 0.8) x lO -3 
oo + + p A2 + o~A2-

36 i 12 0.018 (8.4i4.5) x lO -3 
3 ( ~+~~ ) ~ o all 181 _ + 2 6' o . 062 (2.9i 0.7) ~ 

w41T 140 i 30 o . 044 (8.5t 3.4) * lO -3 
4 ( ~+~~ ) ITO 

al] 13 _ + 4' 0.014 (9.0i 3.0) x 10 -3 
+-O IT7TTT OO (p TT +pflT~) 

153 i 13 ' 0.12 (~. _ .3) r' n l s+v " 

2( T+TT~ ) 
al 1 76 ~ O' O . I9 (4.0i 1.0) x lO -3 

3 ( ~+TT~ ) 
al 1 32 + 7' o . 80 (4.0t 2.0) * lO -3 

Modes marked with an asterisk were ca]culated from a smaller 

data sample, 
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