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l . I ntroduct I on 

In this series of lectures I shall be concerned with e+e~ interactions above 

3 GeV. Merely six years ago, this energy region - well above the old vector 

mesons p, cv, and c - was considered by many as asymptotically falling in cross 

section, having little or no structure. However, dramatic descoveries have 

emerged over the past four or five years and revea~ed a new type of spectro-

scopy in particle physics. 

Before turning to the results I shall discuss some of the general characteristics 

of e+e~ annihilations and point out the main differences to pp col~isions at the 

ISR. e+e~ colliding beams have proved to be powerful tools in high energy 

physics. When doing physics experiments at these complicated machines one has 

to be familiar with some of the storage ring properties like luminosity, beam-

polarization, and energy spread. In order to assess the results one also has 

to know the main characteristics of the various detectors, some of which will 

be presented In Chapter 4. This report will not provide a complete survey 
+ of e e~ data above 3 GeV for example the productlon of Jets Is omltted because 

it was presented in a parallel series of lecturesl) at the 1977 Kupari School. 

Other reports on this subject2) emphasize or include other aspects. A review 

of recent results can be obtained from the Proceedings of the 1977 Symposium 
on Lepton and Photon Interactions.3) 

2. e+e Annlhllatlon Physlcs 

To lowest order in electromagnetic coupling e+e~ annihilation proceeds via 

one-photon exchange4) and the matrix element can be written as a current-

current interaction. 

ef 

e~ 

e 

Y 
e 

M = e2 j~ JTl 

J~ ~ Ieptonlc current 

(2. I ) 

= ~ Y~ ~ 

Tl ~ Ieptonlc or hadronlc current J -

= ~. Qi qi Y~ qi 
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In the quark parton model5) the hadronic vertex is considered as a sum of quark 

pair conversions and the coupl ing constant is modified by the fractional charges 

Qi Of the respective quarks qi ' For single quark pair creation the amplitude 

would read: 

et 

e e'a 

q 

Mqq ~ 
Qe2 

e~ 

Y 
q 

s ~ Y~ ~ ･ q Yu q 

To make 

quarks 

sure that 

convert to 

no quarks escape 

hadrons with unit 

and be observed 

probabi I i ty . 

it is assumed that the 

In the following the discussion will 

magnetic processes, and higher-order 

will be mentioned only in passing. 

be limited to 

contri buti on , 

these 

1 i ke 

l ow-order 

radi ati ve 

el ectro-

correct i on s , 

2.l Electroma netic Processes 

The cross sections for purely electromagnetic processes can be calculated from 
the well established theory4) of quantum electrodynamics (QED). One exam~le 

is the elastic electron position scattering or Bhabha scatterin , in which case 

one has contributions from time-1ike and space-1ike diagrams (time propagation 

from left to right): 

ec 

K~ 

K 

q2 
e~ 

In 

the 

e 

e-
Y 

time-1 i ke 

+-e head-on 
l a bora to ry 

diagram 

col I i sions 

system and 

+ 
e-

(annihi~ation) space-1 i ke diagram 

(t-channel exchange) 

the centre of mass system (cms) is identical with 

in our kinematic considerations we shall neglect the 
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　　　　　　　　　　　　　　　　　　　　　　　　十　一
d1fference　due　to　sma11　e　e　　cros　s1ng　ang1es　provi　ded　at　some　storage　ri　ngs．

Th…f・・…h…f…h・・h…一・・・・…童、・一童．・童，庫十1・1童二1…d

neg1ect1ngthee1ectronmasswegetthefo11owingsrmp1ere1ationsforthe
・・…t・・童・・dth・t・t・1・・・・…gyκ：1童1・E・Eb。。。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　κ・W・．2E

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2

using　these　re1ations　the　express1ons　for　the　momentum　transfers　squared　　q

of　the　time－1ike　and　space－11ke　d『agrams　above　can　be　eas11y　eva1uated：

q2 = (K+ + K_) q2 = (K - K~) + 
2 

metri c 

s<0 
4 ~K ~t = I K+ I l l +' 

･ sln 
2 e 

~ 
K /~ . = ¥K, 1 E) 

2e s sln T 

>0 K2 ~2 - E2 

= s>0 = - s･ sln2 ~<0 K = (E, ~) 

K2 
=E 

2 + K2 

The　two　metr1ces　shown　d1ffer　1n　the　s1gn　of　the　four－vector　product　defi　n千ti　on．

Th・f廿・・1・…dby・。廿1。。ddu．1．gh1．1。。・。。。。6）、・・h1。。。1。・1・h11・

the　second　metr1c　1s　w1de1y　used　by　other　authors．　　In　terms　of　the　second

metr『c　the　t1me－11ke　and　space＿11ke　di　agrams　are　characteri　zed　by　posi　t1ve　and

negat1ve　momentum　tran　sfers　respect1ve1y．　　These　d1agrams　a　re　a1so　somet1mes

referredtoasann1hi1ationgraphandt－channe1exchange　conthbution．

I　t　was　a1ready　1mp11ed　by　the　matri　x　e1ement　（2．1）　that　the　propagator　『s
　　　　　　　　　　－2　　　　　．　　一1
g　i　ven　by　　q　　　　wh1ch　1s　　s　　　　for　the　ann1h11a　t1on　gra　ph　accord｛ng　to　the　t　i　me－

11ke　express　i　on　i　n　the　above　tab1e．　1－lowever，　for　the　space－11ke　di　agram　the
　　　　　　　　　　　．　　　一1　　．　一2　θ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．

P・・p・g・t・・1…　1・？…dth…f・・・…11・・g1・Bh・bh・…tt・・1・g1・

comp1ete1y　dominated　by　1ts　space－1i　ke　contribut1on．

Si　nce　the　cross　sect1on　1s　1arge　for　forward　a　ng1es　and　QED　1s　a　save　theory

「n　thi　s　region，　Bhabha　scatteri　ng　i　s　taken　for　1uminosi　ty　measurements，　i．e．

　　　　　　　　　　　　　十　一
a11’measured　e　e　　event　ra　tes　are　norma11zed　by　the　s『mu1taneou　s1y　mea　sured
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e+e elastic cross secti on . 

Another QED process of 

the annihilation into 

the 

two 

same order 

photons : 

of magnitude as Bhabha scattering is 

e4 

e~ 

Y 

Y 
Y 

Thi s 

tion 

process has 

is strongly 

When presenting 

are very often 

process, slnce 

only space-like 

peaked towards 

the energy 

referred to 

it has only 

diagrams, and 

the directions 

therefore its angular distribu-

of the incident leptons. 

dependence of various e+e~ 

muon palr production which 

a time-like contribution 

c ro s s 

is the 

sections, the 
simplest e+e~ 

data 

e~ u.f 

u~ 

41Tc, 2 

a~~ = T = 
86 . 8ub 

S 

IT oe2 

~~r~ 

, s in GeV2 

e~ 
2 e 

oc=fr~~ 

21.7~b E In 

lr, 
Ge V 

The cross section scale and the angular dependence of the processes discussed 

in this section (and of e e + e e ) are shown in Fig.2.1 for beam energies of 
E = I GeV (Inb = l0~33 cm2). These cross sections drop like ~ with increasing 

energy whereas the cross sections for photoproduction or hadron collision 

approach a lower limit at high energies and in some cases rise afterwards. The 

size of the different types of cross sections differs by several orders of 
magnitude : Whereas for e+e~ annihilation we have typically 20 to 100 nb at 

E = I GeV, the photoproduction and hadronic cross sections approach 100 to 
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200 ~b and 20 to 40 mb 
, 
respectivel y at high energi es . 

2.2 Hadron Production 

We shall consider 

higher order terms 

he re 

7) 
hadron production via one phot.o annihilation and neglect 

e+ 

had ro n S 

e-

If conserved, the quantum numbers of the hadronic system should be those of the 
photon. Therefore spirbParity, and C-parity are given by JPC = l~~ and one can 

ask: Which consequences do arise for the cross section and the angular dlstrl 

bution? 

Due to JP _ l~ the orbital angular momenta of the e+e~ system are limited to 

L = O and 2. Using the classical definition L = p ･ r = E ･ r, where p = E 

is the e~ectron momentum (energy) and r the interaction radius, one obtains 
r - ~ since L is limited. Inserting this and the electromagnetic coupling 

2 
oe into the geometrial cross section a = ITr and remembering the above ~-pair 

cross section, one has for the total hadronic cross section 

a(e+e ~ hadrons) ~ oc2 7T r2 = oe2 IT 

-~-L 

=R･a ~~ 
Therefore it is expected that the hadronic cross section decreases as l/E2 

This is in strong contrast with purely hadronic interactions where the cross 

section becomes constant or even increases at high energies because higher and 
higher partial waves can contribute to hadron collisions.8) 

Another characteristic of hadron scattering is the strongly forward peaked 
angular distribution of the final state particles. The hadrons from e+e~ 

collisions, on the other hand, have a relatively flat angular distribution. 

Since the total angular momentum is limited to one, the most general angular 
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d i stri bu tion f or the i ncl usi ve hadron produ c t i o n process 
e+e + h + X is 

dah 

d cos e 

2.3 Quark 

2 
= a + b cos e 

Parton Mod~l 

one Y Processes 

-1 

d~ hadron ccttisions Y Processes 

d cose 

spin ~ fractional-charged 

the following table: 

Q ~1 cos e 

The conventional 

numbers shown in 

symbol Q 

quarks have 

Y 

the hadronic quantum 

l 

2 

All quarks have baryon number 

strangeness S and charm C by 
l 

reads Q = 13 + ~ (B + S + C) 
In the quark parton model5,9) 

energies is visualized as the 

hadrons . 

O 

O 

-l 

O 

B = ; and 

Y=B+S-
where Q is 

the total 

production 

e 

o 

o 

the 

C. 

the 

+-e 
of 

l 

~ 
l 

~ 
-2 

~ 
2 

~~ 

hypercharge Y is connected with 

The Gell-Mann Nishijima relation 

quark charge. 

hadronic cross section at high 

quark pairs which in turn burst into 

e~ 
a(e +e~ ~ q~) 

q 
~ Q2 uv 

'a 

q 

e-
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Since the quarks are fermions the cross section is the same as for ~-Pairs, only 

the quark charge Q modifies the qq coupling. To obtain the total cross section 

one has to sum over all quark pairs: 

a(e+e ~ hadrons) = ~ Q2i ' a R ･ avu' 
uu 

Early experimental valuesl0,ll) for R are shown in Fig. 2.2 with the dominant 

vector mesons indicated schematically. The remarkable rise at 4 GeV is 

attributed to the charm threshold. Inserting the charges for the up, down, 

and strange quarks be~ow 4 GeV and including the charm quark above threshold 
yields R = 2 10 ~ and 9 respectively which are by far too small. This was one of 

the reasons for introducing three quark colours and thereby increasing R by a 
factor of three. The new value R = 2 appears reasonable around 3 GeV and R = 130 

(including the charm quark) Ieaves some room for additional effects above 4 GeV 

which will be discussed later. 

2.4 Vector Meson Production 

Vector mesons carry the quantum numbers of the photon and therefore their 
resonance behaviour can be probed by e+e~ annihilations: 

r r _ 31T ee f 
af ~ s (Mo~/~) + r 14 

In the Brelt Wlgner cross sectlon formula r r and r are the respective ee ' f ' 
partial and total widths, Mo is the mass of the vector meson V and V~ = 2E = M 

the e+e energy. The electronic and hadronic widths - ree and rh ~ can be ob-

tained from the integrated cross sections: 

r r 61T2 ee h 
ah dM TTM r 

o 

a dM 61T2 ree 
ee T7M r 

o 

wlth r rh + ree + ruu' 
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S　i　nce　the　1eptoni　c　w1dths　are　u　sua11y　muc　h　sma11er　tha　n　the　hadron1c　w1dth，　｝e

have「リh・・d・bt・i・「。。f…th・i・t・g・・t・dh・d…1・・「・ss…t『・n・

Knowingピwegetrfr㎝theintegratedcrosssectionofthe1ept㎝1cdecay
、。。、．。㎝1e。。。。、。n。、nv、、。。、、、、。n，1，e．1v、、1n。。、。。11。、1n。。、・1、：1・）

V

　ρ

　ω

　φ

J／ψ

　　M　MeV

773±3

783＋1
1020＋1

3098＋3

　　　r　MeV

　　152＋3

　　　10＋1

　　　　4±1

0，067　＋　0．012

r　keV
　　ee

6．5＋0．8

0．8±0．2

1．3士O．1

4．7＋0．7

As　one　ca　n　s　ee　from　co1omns　three　a　nd　four．　the　e1ec　tron　i　c　w1dth　has　a　pprox1－

mate1y　the　same　va1ue　for　a11　the　vector　mesons，　whereas　the　tota1　w1dth　of　the

J1ψ　meson　i　s　severa1　orders　of　magn1tude　sma11er　than　for　1ts　1ow　mass　partners・

Th1s　has　been　the　f1rs　t　『nd　i　ca　t1on　of　a　new　qua　ntum　number，　ca11ed　c　harm，　wh1ch

wi11　be　discussed　1ater．

S　i　nce　1n　the　framewor　k　of　u　n　i　ta　ry　sy㎜Tletr1es　mesons　a　re　compos　ed　of　quar　k　a　nd

・・t1－qu・・k・…t1tu・・ts，o…a・．vi・・a11・eth・f・…t1・・ofvecto・・eso・s・s

qua　r　k　pa1r　produc　t1on，　the　cros　s　sect1on　of　wh　i　c　h　1s　g1ven　by　the　muon　pa　i　r

P・・d・・t『・…d廿i・d・ithth・q…k・h・・g・・Q1i・・…h・…t…：

　　　　　　　　　　　　　　　　　　　　　　　　　q

　　　　　　e◆

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　V　σ、百・守（1・1）2

　　　　　　　　　　　e　eΣQi

　　　　　　e・　　　　q

The　tota1　vector　meson　product1on　can　be　obta1ned　by　1ntegrat1on：

　　　　　σ1eak・叫・…／σ、可・・ギ（1州・

Compar「ng　th〒s　w1th　the　Bre1t－W1gner　peak　cross　section

　　　　　　　　　　　　　　　　　　　　　r
　　　　　　peak　＿　　3π　　　　　　ee

　　　　σ・一τ．4・

one　obta1nes　for　the　e1ectron1c　w1dth：

　　　　　・…手（1・1）2蝶

（2．2）

（2．3）
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From this expression we see that the leptonic width is a direct test of the 

coupling via the quark charges. Neglecting the mass dependence in (2.3) we 

can compare the expected and measured values in the following table where 
ulT, dd, ss, and cc denote the charges ~, - ~ - ~ and ~ respectively: 

V (~ Qi)2 expected rv ~ ee : measured 
aJ 

7~ (U~ dd) ~ 8.6 t 2.2 9 

co 7~ (u~+ d~r) 1~ 1.0 l 

l 
2 

4 
8 

We observe an agreement within errors. By taking the mass dependence of the 

leptonic widths into account - for example within the framework of vector 
meson dominancel3) _ one only spoils this agreement. 

As a final example, we can estimate the peak cross sectlon of the p by uslng 

formula (2.2): 

aPeak _ 41Toc2 . I . I 1.2 GeV dM 1500 nb 

P 2m f = ~r ~ T 
IT 

which is in rough agreement with the experimental valuel4) of 1.6 ub. This 

shows that we can take these simp~e formulas to get correct orders of magnitude 

The energy dependence of the e+e~ annihilation is shown in Fig. 2.3 with the 

vector mesons and SPEAR data indicated schematically. The data points between 
l and 3 GeV do not contain the new measurementsl5) at ORSAY and FRASCATI which 

became avai~able last year. The ~-Pair cross section (dashed line) is given 
for comparison, and the generalized vector meson dominance modell3) (full line) 

accounts on the average for the low energy points by just allowing for the 

dominant p coupling. The energy dependence of the observed cross section 

above 3 GeV will be discussed in greater detail in Sec'tion 8. 

3 e+e Stora e Rin s 

Why does one want to have such complicated machines like storage rings for 

phy~ics experiments? Would it rlot be much simpler to use accelerators? Let us 



- 10 -

consider the kinematic range 

accel erator 

+ 
e 

~ P 

e 

me 

access i bl e tO both types of machines: 

storage ring 

+ 

~ -~ 

S=2 
/~= 

me +2m eE 

v7ｦrre /~~ = 2E 

Here we see that the available cms energy /S~ increases for accelerators as 
+ /E and for storage rings linear in E. An additional handicap for an e 

accelerator and an e target is that the target particle is so light. If we 

wanted to bombard protons with protons at a cms energy of 30 GeV we would 

either have to build a storage ring of 15 GeV beam energy each or an accelerator 

with 450 GeV. Both projects have been realized at CERN. However, in order to 
obtain e+e~ collisions at 10 GeV one needs a storage ring of 5 GeV beam energy 

or an accelerator of l05 GeV. The latter project is financially completely out 

of range, and the reason is the small target mass. 

Next we consider some of the important properties of e+e storage rlngs 1lke 

luminosity, energy spread, and beam polarisation. 

3.1 Luminosity 

Another consequence of the small electron mass 

emits a photon when forced into a curved orbit 

causes a strong energy loss which per electron 

W KeV - 88 E4 (GeV) 
syn( ) ~ T~r 

is the 

Thi s 

and per 

fact that it easily 

synchrotron radiation 
turn is given byl7) 

where E is the beam energy and p the bending radius. For SPEAR at SLAC 

and DORIS at DESY the bending radii are roughly 13 m. Therefore, taking a 

beam energy of 3.5 GeV, the synchrotron radiation per electron and turn amounts 

to I MeV. This energy loss has to be pumped back into the beam by radio 

frequency cavities which force the beam into a bunched structure, because an 

oscillating electric field has a maximum accelerating effect only at a certain 
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phase　w1th　respect　to　the　travers1ng　beam．　Th1s　bunched　structure　dist1ngu1shes
　＋　一
e　e　　mac　h　i　nes　from　pp　fac　i11t1es　w1th　cont1nuou　s　beams　11ke　the　I　SR　at　CERN．

I　t　1s　ev　i　dent　tha　t　th　i　s　fea　ture　add　s　a　n　add1t1ona1　parameter　1n　mac　h1ne　tun1ng

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋
and　may　affect　the　1nteract〒on　rate．　0ne　may　v1sua1ize　the　e　　beam　as　carry1ng

the　f1ux　and　t11e　e　　beam　as　the　target：

十　　　　　　　　　　　　一
e　　　　　　　　　　　e

　　十
N　f　B

f1ux

　　　N

｝target

　十
N一：

f：

B

　　　　　　　　　　　十
number　of　e■／bunch

revo1utronfrequency

number　of　bunches／r1ng

Then　the 1nteract『on　rate　n　for　a g1VenCrOSS SeCt1On　σ　1S

n　＝

SeC Cm

．　σ

　　　十　　　・
　　N　fBN

＝rr・．σ

where　F　＝　over1ap　area　of　the　two　beams

　　　　　　　　＝4πσ　σ
　　　　　　　　　　　　　　X　y’

asSuming　a　Gaussうan　partic1e　density　distribut1on　with　ザms　rad11

Thep・opo・t1ona1ityco・stantbetween1nte・aとtion・ateandcross

ca11ed　the　1■一1m1nos1ty　and　given　by：

　　　　　　　　　　　十　一
　　　　　　　　　　N　N　fB

　　　　　　L＝可

σ　andσ．
　　X　　　　y
SeCt・iOn　．iS

　　　　　　　　　　　　　　十　　■
　　　　　1　　　　I　．I

一一「可
for I±、 　±

NpfBbe1ngthebeamcurrents・

From　th1s　formu1a　we　see　that　we　get　h1gh　1um1nos1t1es　for　1arge　bean1currents

and　sma11　beam　cross　sect1ons．　But　what　1imi　ts　the　1um1nos1ty　to　f1ni　te　va1ues？

It　1s　c1ear　that，　1f　we　try　to　force　an　i　nf1n1te　current　1nto　a　zero　cross

sect1on，　the　system　w111　escape　towards　greater　thermodynam1ca1　equi11br1um

a　t　the　s11ghtes　t　d1stort1on．　Suc　h　d1stort1ons　are　1nhomogene1t1es　1n　the

magnet1c　guide　f1e1d　and　most　1mportant　the　beam　1nteractions　because　one　wou1d
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1iketoforcethebe㎝sthroughs㎜11crosssectionsatthe1ntemctronpoints・
Everywhere　e1se　the　beam　cross　sect1on　1s　un1mportant．　These　d『stort1ons　cause

osci11at1onsofthebeamsaroundthe廿1dεa1orb1ts，theso－ca11ed与etatron
…川・亡1…．Th・・…hb…pmd・…f・・th・・th・・b・・…　h1ft4qf…廿・

stab1ework1ngPoint：

　　　　　　　　　　　　　　　　　十
　　　　　　　　　　　　　r　N　β
　　　　　　　　・　　＿　e　　　X，y
　　　　　　△㌔，。一。・、、　、・σ

　　　　　　　　　　　　　　　　　　X，y　　X　y

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－13

w1th　r　　＝　c1ass『ca1　e1ectron　rad『us　＝　2．82x　10　　　cm
　　　　　　e

　　　　　　　　　　E

　　　　　　γ＝一
　　　　　　　　　㎜e

　　　　　　β　　　＝　amp11tude　funct1on　at　the　1nteract1on　po1nt．
　　　　　　　X，y

　　　　　　　　　　　　　　　　　　＋　・
1≡xperi　ence　at　the　e　e　　storage　r1ngs　ha　s　shown　that　a　sta　b1e　operat1on　1s

pos　s1b1e　for　va1u　es　△q　　　　〈　O．06．　Th1s　11mi　ts　the　max1mum　number　of　part1c1es
　　　　　　　　　　　　　　　　　　　　　X，y

per　beam　to：

maX　　　　　r　・β
　　　　　　　　　　　　e　　X．y

Inserting　typ『ca1　va1ues　1『ke　β　2　50cm，　σ　　＝　0．1　cm，　and　σ　　：　0．01　cm　1nto
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　11x　　　　　　y　　　　　　　．

th1s　formu1a　one　obta1ns　a　max1mum　of　10　　　part1c1es　per　bunc　h　a　t　beam　energ1es

of　2　GeV．　Wi　th　a　rev◎1ut1on　frequency　of　1　Mト1z　for　DORIS　and　SPEAR　the　maximum

current　cou1d　reach　for　one　bunch：

士　　　　　　　　　17
I　　　＝　1，1・f’e　＝　10　　　e／sec　昌　10mA

maX

Insert『ng　the　above　va1ues　1nto　the　1um1nos『ty　formu1a　one　obta1ns　an　upper

1imi　t　for　s「ng1e　bunch　beams　at　2　GeV：

　　　　　　　　　　　　　十　・
　　　　　　　　　　　　1，1N　　fB　　　　30　　　－2　　　－1
　　　　　　L　　　＝　　　　　　　＝　10　　c㎜　　　sec
　　　　　　…　可

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　■　　　　　　　　　．　　　　　　　　　　　　　　　．
Th1s　upPer11mit　1s　not　eas11y　reached　at　e　e　　storage　r1ngs・　8ut　w1th　a　h1gher

bunch　occupation　number　per　beam　　－　　a11ow1ng　an　effective　current　of　100　to
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　30　－2　　－1
200　mA　　．　　a　1um1n◎s1ty　of　a　few　t1mes　10　　　cm　　　sec　　　has　been　obta　i　ned　at

DORIS．
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+ For the design of an e 

energy is an important 

the beam cross section: 

e storage 
qua nti t y . 

ring the 

The photon 

variation 

emi ss i on 

of the 

l eads 

luminosity with 

to an increase in 

Using 

with 

ax,y ~ E 

the above formulas for 

energy : 

N - E and L- E4 3 

Ni 
ma x 

and Lmax , we obtain the fol I owi ng variation 

Therefore, the increasing luminosity more than compensates for the annihi-
lation cross section falling like E~2 But even faster thdn the luminosity the 

energy loss increases which has to be compensated by the r.f. power: 

Wr.f. = Wsyn (N+ + N~) ･ f ' e ' B-E7 

Remember that the energy loss Wsyn Per electron per turn has already an E4 

dependence. When the limit of the r,f, power is reached, one can reduce the 
bunch number like B-E~7 to keep Wr.f. = const Thls would Imply a falllng 

luminosity L-E~3 However when reachlng the 1lmlt of a slngle bunch 

per beam one has to reduce the 

number of particles in the bunch 
like N-E~4 This results in a 

1032 L(cm 2Sec 1) dramatically decreasing lumino-

E-3 s i ty : 

4 The results are summarized in the 
10 diagram to the left. A storage ring E-10 

with many bunches can produce a 

29 10 h.igher luminosity at low energies 
range of operation than a single bunch machine. How-

28 ever, the multi-bunch operation re-
1 2 3 4 5 quires a good separation of the 

two beams which is done at DORIS 
E (GeV) by stacking one ring on top of the 

other with crossings at the in-

l umi nos i ty d i agram 
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teraction regions. SPEAR on the other hand is a single bunch machine, and its 

range of operation does not extend to such low energies as indicated in the lu-

minosity diagram above. 

Before closing the remarks on luminosity, one should emphasize again, that the 
luminosity determination at e+e~ storage rings does not depend on the methods 

described above, but is accomplished by measuring Bhabha scattering as a 

reference process. 

3.2 Ener y Spread 

The electrons and positrons in a bunch have an energy spread due to synchrotron 

radiation. As a consequence the observed cms energy W = /~ = 2E has an rms 

width of: 

2 GeV 
aW (MeV) = 1.3 ~~~r 

At SPEAR and DORIS this amounts to 0.1 MeV (E/GeV)2. Therefore, the narrow 

width of the J/~ resonance cannot be observed directly but is folded with a 

Gaussian from the energy spread. 

3.3 Beam Polarization 

Let ~ denote the lepton spin and ~ the magnetic field vector. For the positron 

the transition from ~,~ = ++ to ~,~ = ++ is energetically favoured and accomp-

l ished by synchrotron 

radion. The opposite alignment is 

favoured for the electron. In this 
-a 

way a beam polarization P builds 

up naturally with a time delay described 
18 ) . 

by . 

P(t) = Po I - exp(-t/T) 

where T = relaxation time 
e~ 

98 sec ~TE2 (~ev) Pav (m) 
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Po ~ maximum attainable polarization 

= n Q91L 

As mentioned before, the bending radius p for DORIS and SPEAR is 13 m and the 

average radius pav is 30 m. Inserting these numbers we get 

T = 140 h 
E5 (GeV) 

Therefore it takes 4.5 hours at E = 2 GeV and only 14 min at E 4 GeV to obtaln 

roughly 2/3 Po' if no depolarizing effects are present. 

3 4 Exlstin and Planned Stora e Rings 

As storage ring examples SPEAR and DORIS are shown in Figs. 3.1 and 3.2. Both 

have two interaction regions. Since SPEAR is a single ring machine it is 

operated in a single bunch mod~. The various components are shown on the 

figure: the kickers and septums ar~ needed for injection, the r.f. cavities 

balance the energy ~oss, and the quadrupoles focus the beams into small vertical 

･dimensions at the interaction point. For DORIS the injection path is indicated: 

after leaving the linear accelerator, the leptons are carried in the synchrotron 

to their injection energy which is always close to the storage ring operation 

energy. SPEAR has been operated between 3 and 7.8 GeV cms energy. At DORIS most 

of the data have been taken between 3 and 5.2 GeV. However, at the time of 

writing the mode of operation is extended up to 10 GeV. 

Fig. 3.3 gives a survey of the various e+e~ storage rings (years of operation in 

brackets). From our previous discussion it is evident that the luminosity and 

energy range are two important parameters. The dash-dotted lines indicate machines 

which are no longer available for high energy physics: either phased out or 

dedicated to synchrotron radiation. The full rectangles are the presently opera-
ting e+e~ facilities. The dashed lines, finally, show the storage rings scheduled 

for operaticn in the near future. 
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Fr㎝thed1scussion1ntheprev1oussectronsweknowthatthe岬a廿一cross
　　　　　　　　　　　　　　　　　　2　　　　　　　　　　　　　　　　　　　　　　　　　　　　　30　－2　－1
sect1oパs22nb／E（［nGeV）andthatwecanobta1na1㎝1nosれygf10㎝sec
at1．5to2GeVbeamenergy．ThereforeWecanexpectthefo11ow1ngeventrates：

1』一Pa1rs　at　E　＝　1．5　GeV　　　　　　　　　　　　　　　：　O．5　events／m1n

hadrons　at　E　＝　1．5　GeV　　　　　　　　　　　　　　　：　1　　　　　　1．

hadronsatJ／ψresonance（E・1．55GeV）：150　11

We　see　that　the　event　rates　are　sma11　outs1de　the　J／ψ　resonance．　Let　us　next
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　一

cons1der　what　the　main　characterist1cs　are　when　des1gning　e　e　　co111d1ng　beam

exper1ments．　Remember　that　many　of　the　detectors　　－　　the　resu1ts　of　wh1ch　are

discussedinth1sreport－hadtobeout11nedbeforetりeadventoftheJ／ψ・

It　has　a1ready　been　known　1n　1972　from　exper1n1ents　a　t　the　Frasca　t1　Nat1ona1
L．b。。・・。。y11）・h。・・h．h．d。。。p。。d。。・1。。。。。g。。。。。。dby。。。y－b．dyf1。。1。・。・。。

（averagechargedpartic1emu1tip11cityof3．5at3GeV㎝senergy）．Inorder
to　comp1ete1y　ana1yse　h1gh　mu1t1p11c1ty　hadron1c　events，　the　1dea1　detector

shou1d　cover　as　much　a　s　pos　s1b1e　of　the　fu11　so11d　ang1e　a　nd　1dent1fy　the

1ong－1ivedchargedpartic1es（e，μ，π，k，P）aswe11asphotons．Thedetector

hastodeterm1nethed1rect1onsofthepart1c1esand，1fpossrb1e，the1r
momenta．　Up　to　four　unmeasured　quant1t1es　can　be　obta1ned　from　energy　and

momentum　conservation．　The　background　from　cosmic　rays　and　beam　gas　1nter－

act1ons　i　s　reduced　by　requ『r1ng　that　some　trac　ks　of　an　event　or1g1nate　from　the

1nteract1onregion．Exc1usivef1na1statesarebestsepamtedfr㎝theback－
grou　nd　1f　they　are　mea　sured　so　we11　tha　t　they　are　k1nema　ti　ca11y　overconstra1ned．

It　1s　d1ff　i　cu1t　a　nd　expens1ve　to　comb『ne　a11　the　1dea1　requ1rements　1n　a　s1ng1e

detector．　Therefore，　d1fferent　aspects　have　been　empha　s1zed　by　the　vari　ous

exper1menta1　teams．　τhose　expeザ1ments，　wh1ch　reported　resu1ts　to　the　Sympos『um

on　Lepton　and　Photon　Inteザact1ons　『n　Hamburg，　are　1i　sted　1n　the　fo11ow1ng　tab1e：



- 17 -

debector name i nsti tuti ons detector type 

DESY, Heidelberg non-magnetic 

MP2SDS2 
Maryland, Pavia, Princeton, Nal or 

San Diego, SLAC, Stanford lead glass 

BONANZA Bonn, DESY, Mainz 

DELCO lrvine. Los Angeles, Helmholtz coil 
v 

Sta nf o rd and C-counter 

IRON BALL Colorado, Pennsylvania, ~zimuthal 

Wi scons i n field in Fe 

MARK I Berkeley, Hawai, North-

(SLAC-LBL) we~tern, SLAC, Stanford magnetic 

PLUTO Aachen,"DESY, Hamburg sol enoi d 

Siegen, Wuppertal 

MPP Maryland, Pavia, Princeton 1 magn. spectrometer 

DASP Aachen, DESY, Hamburg 2 magn. spectrometer 

Munich, Tokyo 

spectrometers 

The main characteristics of each detectorare indicated in the table. All of 

devices use wire chambers for track detection. In the following only some of 

detectors can be presented in more detail and I shall select three different 

types for illustration. 

the 

the 

4 1 A Non-Magnetic Detector (DESY-Heidelberg) 

The DESY-Heidelberg detector (Fig. 4,1) consists of cyl indrical drift chambers, 

surrounding the beam pipe, followed by Nal and lead glass counters, cosmic 

ray counters, an iron shield and the muon chambers. A mercury converter of two 

radiation lengths thickness in front of the last drift chamber can be filled 

or emptied between runs (see enlarged insert on top left of Fig. 4.1). The 

fraction of the full solid angle subtended for IJ detection is 32"/", for electron 

and photon detection 45~ and for charged particles 95%. The energy resolution 
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・E／E1・±2％・E’1／4f。。N・1。・d±6％。E’112f・・1・・dg1…（Ei・G・V）．A・

eventtr1gger1sdefinedby：

0　track　1n　dri　ft　chamber　and　depos1ted　energy　≧　1．5　GeV　or

1trackパII　ll　　1l　ll　　ll　≧0．9GeVor
2　tracks　11　．・　　　　・1　　　　　　．l　　　11　　　　　　　　11　　　　　≧　0．4　GeV　etc．

W『th　th1s　type　of　detector　one　can　measure　the　d1rect1ons　of　charged　part1c1es

and　photons　and　dist1ngu1sh　1eptons　and　photons　from　hadrons．　Events　with　1ess

tha　n　5　trac　ks　ca　n　be　k1nema　t1ca11y　reconstruc　ted　from　the　parti　c1e　d1recti　ons．

4．2’1vlagnξti　c－So1enOid　Detector　l）lARK　I

Theso1eno1da1magnetoftheSLAC－LBLεo11abomt1onhasausab1evo1umeof3m
in　diameter　by　3　m　1n　1ength，　f111ed　with　a　uniform　ax1a1　magnetic　fie1d　of4　KG．

As　shown　i　n　the　cross　sect1on　of　F｛9．　4．2，　a　part1c1e　1eav1ng　the　beam　pi　pe　tra－

versesascint川ationcounter，foursetsofcy11ndhca1sparkchambersw廿h
mag　netostr1ct1ve　readou　t，　a　ti　me－of－f11ght　cou　nter，　the　co11　of　1　rad〒a　t千on

1eng　th　th「c　knes　s，　a　1ead－sc　i　nt　i11a　tor　s　hower　cou　nter　for　e1ec　tron　i　dent1f『ca　t「on，

and　1n　the　case　of　muons　a　20cm　th1ck　1ron　yoke　fo11owed　by　a　set　of　spark

・h・・b…．Th…g・・t1…1・…11も・…　㎝・・t・・・…1・ti…f△P／P・1．5％・p

（GeV／c）．Theeventthggerrequ1restwoormorechargedpart1c1esofat1east
200　MeV／c　momen　ta　a　nd　covers　65％　of　the　so11d　ang1e．　Hadrons　ca　n　be　separated

by　t1me　of　f11g　ht：　P1ons　from　kaons　u　p　to　600　MeV／c　and　kaons　from　protons　up

to　1．2　GeV／c．

Th1sso1enoiddetectormeasuresthem㎝entaofchargedpart1c1es1na1arge
fract1on　of　the　so11d　a　ng1e　a　nd　prov1des　some　i　nformat1on　on　s　hower1ng　e1ectrons

and　converted　photons．　It　1s　therefore　we11　su　i　ted　for　few　and　mu1ti－body

ana1ys1s．

4．3　　Dou　b1e　Arm　spectrometer　DASP

The　exper1menta1　arrangement　of　a　Germa　n　Ja　pa　nese　co11a　borat1on　cons1s　ts　of　two

detectors：　The　dou　b1e　arm　spec　trometer　w1th　11m1ted　acceptance　（8％　of　4π）　a　nd

ano㎜agnet1cinnerdetectorcoveringa1argefractionoftheso1idang1e（～70％）．
Each　spectrometer　arm　（F1g．　4．3）　has　three　w1re　chambers　1n　front　of　the　magnet

and　f1ve　cha㎜bers　beh『nd　the　magnet　fo11owed　by　a　t1me　of　f11ght　counter，　a
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showe・gounter・a・da・a・gecou・te・・1thasc1nt川ato・…ayafte・70㎝of

1ron　and　add1tiona1　s1ots　to　1nsert　w1re　chambers．　The　maximum　f『e1d　1ength

of　each　magnet　1s　18　kGm　which　corresponds　to　a　momentum　reso1ut1on　of

△P／P　＝　士0．7％x　p　（GeV／c）．　The　t1me　of　f11ght　counter　separates　p，ons　from

kaons　up　to　1．6　GeV／c　and　kaons　from　l〕rotons　up　to　3　GeV／c．　The　1ead－scinti11ator

s　hower　cou　nter　for　e1ectro　n　s　and　photo　ns　has　a　n　energy　reso1u　t1on　of　△E／E　皇　30％

。・’1／2（・1．G．V）．A11。。。。・。。。。。。。。g。。。・。d1。。。h。。。。。。。・。。11。。。。1・1p1．

h〒ts．

The　1nner　detector　1s　1oca　ted　between　the　two　ma　gnets　a　nd　a　v1ew　a1o　ng　the　beam

p1pe　1s　shown　1n　F1g．　4．4．　In　add1t1on　to　the　s〒x　w1re　chambers　ment1oned　above

there　are　four　1ayers　of　sandw1ches　cons1st1ng　of　sc1nti11ator，　1ead　and　pro－

port1ona1　tubes　to　measure　the　convers1on　po1nts　of　photons．　0n　the　outs，de　the

1nner　detec　tor　1s　surrou　nded　by　1ead－sc1nt111a　tor　s　hower　cou　nters．

The　doub1e　arm　spectrometer1s，tr1ggered　pure1y1nc1us，ve1y　on　a　s1ng1e　track

traversing　one　of　the　beam　pうpe　counters　as　we11　as　the　time　of　f1ight　and
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　一
shower　cou　nter．　The　1nner　detector　，s　tr1gg　ered　on　e　e　　or　・rY　due　to　the　energy

．depo　s　i　ted　or　o　n　more　than　two　trac　ks　or　photons．

Th1s　detector　prov1des　comp1ete　part1c1e　separat1on　and　momentum　determ1nat1on

in　a　11m1ted　so11d　ang1e　and　measures　the　d1rect1on　of　charged　part1c1es　and

photonsinthe1nnerdetector．

More　deta11s　on　these　detectors　and　the　names　of　the　members　of　the　respect1ve

grou　ps　a　re　g『ven　1n　va　r1ou　s　pu　b11ca　t1o　ns　quoted　，n　the　phys1c　s　sec　t1ons・

5．　Quantum　Numbers　and　Ma1n　Character1stics　of　J／ψ　and　ψI

The　J／ψ　resona　nce　wa　s　d1scov　ered　1ndependent1y　by　two　exper1menta1　groups　1n

1974　and　wa　s　worth　a　No　b1e　pr1c　e　a1ready　two　years　1ater・　The　d1scovery　wa　s　not
。。、、、、u1。。・、、。s。、m、。1c、、、、C・・u。。、meu。。。。。。・。・．・。。。…。。。。。h。。。・・19）

wasperfomedattheBrookhavenNat1ona1Laboratory1nvestigat1nge1ectronpa廿s
from　the　react1on

P＋Be今J＋X
　　　　　　　　　」。・。■
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20) 
The other experiment was done with the above mentioned SLAC-LBL detector at 

SPEAR observing the direct formation and subsequent decays into various 

channel s : 

+-e e + ~ ~ hadrons 

+-+uu 
+-+ee 

This is how the resonance got its double notation J/~. The data are shown in 

Figs. 5.1 and 5.2. Shortly after the discovery of the J/~ another narrow state, 
named ~', was found21) in e+e~ annihilation by the SLAC-LBL group (Fig. 5.3). 

Both resonances were subsequentlyconfirmed by experiments at the ADONE and 
Z2 ) 

DORIS storage rings. The various measurements of the resonance masses and decay 

widths are in reasonable agreement. The SLAC-LBL values are given in the 

fol lowing table: 

J/~ tp, 

mass (MeV) 3095 *4 3684 * 5 

r ( KeV ) 69 t 15 228 t 56 

r ( KeV ) 4.8 t O,~ 2.3 * 0.3 
ee 

r ( KeV ) 4.8 t 0.6 2,1 t 0.3 
Vu 

The method for obtaining these values was already described in section 2.4. 

Because of the energy spread of the storage ring the observed width of the 

excitation curves (Figs. 5.2 and 5.3) is I to 2 MeV and therefore much larger 

than the decay widths given above. One can also see the effect of one of the 

electrons radiating off a photon in the initial state, which gives rise to the 

~ong tail on the high energy side of the curves in Figs. 5.2a and 5.3a. Due 

to this effect the peak cross section of these narrow resonances is lowered by 
23 ) 

40%. However. I shall not enter here a detailed discussion of radiative effects . 

In this section we shall investigate the question of quantum numbers and finally 

ask the question: 

Are the J/~ and ~' hadrons? From the wealth of experimental results the most 

instructive examples wi~l be presented. 
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5 1 S in, Parity, and C-Parity 

Anticipating that the new particles are produced via one-photon 
we expect the spin-parity quantum numbers to be JPC _ l~~. This 

confirmed by investigating the interference pattern between the 
24 ) 

of the J/~ and the QED background : 

~ 

e~ 

Jl 

u-

+ 
e~ 

Y 

anni hi I ation , 

has been 

u-Pair decay 

H~~ 

u-

These two diagrams can interfere if the J/~ has a spin different from zero 

and negative parity like the photon. The left diagram can be presented by 

a Breit-Wigner amplitude describing a circle in an Argand diagram whereas the 

QED contribution is real and negative. 
Assuming JP _ l~ the cross section can 

written as: 

a(e+e ~ u+~~) = IA + A 12 
J/~ Y 

_ 3TT r 2 2 ~u 

S M -/~+i 
J/~ ~ 

Ne lectin the i I term one sees immediatel that the interference is destruc-

tive below and constructive above the resonance. This is observed for the data 

in Fig. 5.4 where auvlaee is ~lot~ed for the J/~ and ~'. Therefore all the 

spin-parity assignments O:!: I OL ' ' ' , , ,. .. resultlng In no Interference are ex-

cluded. Looking at the leptonic decay angu~ar distributions of the J/~ in 
Fig. 5.5 we observe a I + cos2e behaviour in agreement with JP _ l~. Notice 

that for the e-pair decay the QED background has to be subtracted. From the 
absence of higher powers of cos2e in the angular distribution we conc~ude that 

are excluded as well and therefore JP = l~ is our only choice for 2-, 3-, ... 

The same holds true for the ~'. 

ImA
ABWl

l　A

ReA
AQE01『　．

be 

J/~ 

The C-parity C = -1 follows from the parity, since CP Invarlance 

to hold for the ll-pair final state: 

+ - = CP(u+v~) -= C ( u+u ~ ) 
ull 

is expected 
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5.2 

The 

in 

G Parity and Isos in 

recipe for 

the decay. 

J/~ + 

and look 

in Fig. 5 

recoi I i ng 

of pions 

at 

. 6b 

ITO 

in 

obtaining the G-parity is 

Take for example the decay 

++--ITITITTTX 

simply to 

the effective mass spectrum of the 
2 

show an enhancement at M o = 0.02 
IT 

is observed outside the resonance 

the decay we infer a G-parity of -l 

count the number of pions 

recoiling system X. The data25) 

for the J/~ whereas no such 

(Fig. 5.6a). From the odd number 

for the J/~. 

However, the J/~ 

less abundantly. 
26) 

are 

resonance decays also into an 

The branching ratio and width 

even 

f or 

number of 

the decay 

pions , 

into two 

al though 

pions 

r+- (1 + O 7) x l0~4 and r + = IT Tr _ 7 d: 5 eV 
How can one explain this apparent discrepancy? Is the G-parity violated in the 

J/~ decay? We have to keep in mind that the J/~ couples to the photon not only 

in its production but also in its decay, and the photon in turn can couple to 

the old vector mesons like the p which should give a bigger contribution than 
UJ and c for TT+1T effective masses around 3 GeV. 

In 

the 

order to 

p-tail , 

elp 

see 

l et 

Y 

whether 

us look 

p 

this fraction of 

at the following 

TC~ 

~~ final 

d i agrams : 

e~ 

states can be explained by 

Y J/~ Y p 
TI;+ 

The contribution from the first graph at a center of mass energy of 

be obtained from the Orsay measurement of 1.6 ~b at the p-peak and 
f ormu I a 14 ) 

2 2 2 m m r l.6 vb 
Tr TT ,off s (mp S)2 + mp rp 

3. 

the 

TC~ 

1 GeV can 

p-pol e 
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I　n　t　h1ミ　context　IIoff・I　mea　ns　off－resona　nc　e　product1on・　Fro㎜　th1s　number　we　ca　n　get

theconthbut1onofthesecondgraph．Byus1ngtherpa廿crosssect1onfr㎝
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　．
sect『on　2．1　and　the　measured　μ一Pa1r　decay　width　for　J／ψ　we　obta1n　for　1ts　π　1T

decay　w1dth

　　　　　　　　　　　　　　σπ十π一

　　　　　　r　＋　一　＝　　　　　　　　　x　r　＋　一　竺　10　eV

　　　　　　　πT　　σ十・　　　　μμ
　　　　　　　　　　　　　　　川　　off

wh1ch　agrees　wi　th　the　measured　number．　The　rat1o　of　mu1t1p1on　product1on　on　and

・ffth・J／ψ・・・・・・…（…1・d巾hth・岬・1・・・・・・…t1・・）i・p1・tt・d1・

1＝1g．　5．7for　mu1t1p11c1t1es　between3and7．The　fact　that　on1y　the　va1ues　for

an　odd　number　of　p1ons　are　different　from　one　shows　that　the　d1rect　decays　of

the　J／ψ　do　not　proceed　via　an　even　number　of　pions．　Consequent1y　G－Par1ty　1s

conserved　1n　J／ψ　decays　and　，ts　va1ue　1s　G　＝　一1．　The　same　1ine　of　arguments　ho1ds

fortheψ’．

F…th・p・・…d1・gd1・・…1・…　h尋・・t・・・…b・・th・tth・・1dth「hf・・th・

d，rect　hadron1c　decay　of　J／ψ　o　r　ψ1　i　s　◎bta1ned　by　subtrac　t1ng　the　v1rtua1

．Photon　w1dth　r　㍗　from　the　tota1　w1dth　r　where　r　　does　not　on1y　1nc1ude　the
　　　　　　　　　　　　　　Y　　　　　　　　　　　　　　　　　Y讐

1epton1c　w1dths　but　a1so　the　coup11ng　of　hadrons　v1a　the　v1rtua1　photon：

r　　＝、r’一　r’　　with　r’　　：　r　　＋　r　　＋　r

h　　　ヅ　　　ゾ　　ee　岬　ギ今h

Theva1uefo「the1astte「パss『mp1yobta1nedbyF。ホ今h
R　1s　def1ned　as　1n　sect1on　2．2．　For　the　J／ψw1th　a　tota1

a　hadron1c　w1dth　r　　＝　48　＋　12　IくeV．
　　　　　　　　　　　　　　　　　　h　　　　一

　＝　R　　　x　r　　where
　　　　off　　叩
w1dth　of　69　KeV　we　get

The1asttop1cofth1ssect1㎝1sthe1sosp1nass1gnment．Insert1ngG・一1
　　　　　　　　　　　　　　　　　　　　　　　　　　　　I
and　C　＝　一1　1nto　G　＝　C　x　（一1）　，　we　see　that　on1y　even　va1ues　of　1sospi　n　are

poξs1b1e．Theobservationofthed1rectdecay1ntopPse1ectsI≦ユand
th…f…th・1…p1・f・・J／ψ1…1q・・1yd．t。。。i。。dt．b。。。。。26）：

rI一
皿・（2．3±0．3）。1O－3。ザト・160士20・V
　r　　　　　　　　　　　　　　　　pP

ThepPwidththroughanintermediatephotonexpectedfr㎝genera11zedvector
。。。。。d。。1。。。。。。。1。。1．t1。。。27）i．1。。。th。。1．V．
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The tp' being the heavier partner of the J/~, does it also have the same IG = O 

assignment as the J/~? Let us look at the cascade decay ~' + J/~ + X in order 

to see which isospin and G-parity are carried away by X. With C = -1 as the 
only restriction the whole unnatural series O~, l+, 2-, ... would be possible. 

What is the experimental situation? The data and the expected numbers are 
compared in the following table28) . 

X ~ + J/~ + X Bx expected for rel ati ve 
BX = 

IG = O~, I , 2 + -
+-~ ~ 0.63 i 0.lO 2 2 l 
o o 0.32 + 0.lO I O 2 ~~ 

0.065t 0.026 allowed O O 

These cascade 
ratio of ~+~ 

conclude that 

deca ys 

and ITOIT 

IG _ O~ 

account 

o for X 

is the 

for roughly 

in the final 

only choice 

60"~ of 

state 

for the 

al l 

a nd 

tp.. 

the 

f rom 

~' decays. From the 

the occurence of T1 We 

5.3 

It is 

SU (3 ) 

wel l 

monet 

established that 

in the following 

the pseudoscalar 

wa y : 

mesons can be grouped into a 

Y 
e e 
Ko K+ 

~ ~' 
TC~ TCo TL~ 

K~ 
~o K 

e e 

13 

where the T1' is predominantly a singlet state8) and the remaining particles 

+ an octet. What may we infer from not observing a direct decay of J/~ into ~ 

as discussed in the previous section? Is the J/~ a SU(3) singlet state? This 

conclusion is correct if none of the decay final states form an octet state. 
Therefore, not only the decay into ~+~~ but also the K K decay must be for-+ 

26) . 
bidden. The experimenta~ branching ratios are given by . 

f orm 
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　　　　　　　　　　　　　　十一　　　　　　　　　　　　　　　　　　　　一4
　　　　　　　J／ψ今H　　　・f／・＝（1・0±0・7）・10
　　　　　　　　　　　　　　＋一　　　　　　　　　　　　　　　　　　　一4
　　　　　　　　　　　今KK　　　　　・（1・4±1．4）x1O
　　　　　　　　　・　　十一　　　　　　　　　　　　　一4
　　　　　　　　ψ今ππ　　　　　・3．7x1O
　　　　　　　　　　　　　　＋一　　　　　　　　　　　　　　　一3
　　　　　　　　　　　今Klく　　　　　　　く1．4x1O

Thesesma11va1uesarecons1stentwithdecaysviaintermed1atephotonsandru1e
　　　　　　　　　　　　　　＋　一　　　　十　一

〇utanyd廿ectH　orKK　decay．Thereforethes1ng1etassig㎜entforJ／ψandψ1
うs　def1n1te1y　favoured・The　two　quant1t1es　for　J／ψare　compared　1n　the　fo11ow1ng

sec　ti　o　n　to　form　fac　tor　mea　su　remer1ts　a　t　1ower　energ　i　es．

A・1・t・…f・r・g1・t・・d・・t・t一・・p11t・d・・・・・…thb・t・t・th・πρ・・dK〆（890）

d…y・。fth・J／ψ・Th…d…y・…1d・・t榊dbyth・ρ・・K㍗（890）ザ…i1

ma　s　s，　observed　1n　the　dou　b1e　a　rm　s　pec　tザometer　（F1g．　5．8）．　The　bra　nch1ng　ra　t1os

。。。26）：

　　　　　　　　　　　　　　十十　　　　　　　　　　　　　　　　　　　　　　　一2
　　　　　　　J／ψ川一ρ　　　・f／・＝（0・78±0・19）・10
　　　　　　　　　　　　　　＋糾　　　　　　　　　　　　　　　　　　　　　　　一2
　　　　　　　　　　　今K－K　　　　．　・（0．41士0．12）x10

Insert，ng　these　exper1menta1

A（。±ρ十）

　　　十糾
A（K－K（890）

va1ues　1nto　the　coザrespond1ng　Su（3）　amp1itudes

＝A　－2A　　　1　　　8

＝A　＋A　　　1　　8

andcorrect1ngforaphasespacefactorof0．85onegetsfortheratioof
Octet　to　s1ng1e　amp11tude

　　　　　　　lA8i

　　　　　　　　　　　　　cosδ　＝　一0．7　±　0．06
　　　　　　　可

where　δ　1s　the　pha　s　e　between　the　two　amp1『tudes．　Th1s　1s，

pendent　check　that　J／ψ1s　predom1nant1y　a　sing1et　state．

therefore，　an　『nde一

・。。。㎝p1。・。。。。。。。k。。。。。h。。1d．dd，・h。・・1．SLAC－LBL。。1。。29）f。。・h・・・…

to　s1ng1et　amp1〒tude　rat1o　above　is　s11ght1y　b1gger，　name1y－0．12±0．06・ト1owever，
・h。。。。。1・。30）f。。・h．p百。。dπd。。。y。。d。。f。。thi。。。p．h。。・t…1・p・・f…

agreementw1ththes1ng1etass1g㎜ent，sothattheovera11p1ctureoftheJ／ψ1s

thatofanSu（3）s1ng1etstate・
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5.4 Meson Form Factors 

If 

of 

we 

the 

assume that 

fol I owi ng 

e+ 

the J/~ does 

ampl i tudes 

J/tp 

no t 

u 

deca y d i rec tl y 

et 

e- u~ e~ 

i nto 7T+1T Or K+K~ , 

J/tp 

the ratio 

TC~or Kt 

TC~er K~ 

will measure the pion or 

r+-IFIT12 - 4 IT IT 

r+-uu 

Inserting this into tf-le 
mesons one obtains31) 

, 

kaon form 

IFK12 = 4 

cross 

factor : 

r+-KK 

alT'K ~ 
TTOe 

2 
IF~ K(s)12 = 

r 

section 

a+-

~ +-u 

f ormu I a 

r+ IT 

f or 

- +-IT,KK 

pa I r producti on of pseudoscalar 

The 

f or 

3S 

experimental values for Jl~ 

comparison the p-pole form 

s I Gev i 

3 

3 

l (5 

7 

F 

. 6+4 

~i2 

.O)xlO 

0.15 

-3 

~~ 

and ~ 

factor 

l F~ 1 2 

4.5 x 

2 x 

t 

r~+u~ 

are given in 

of the pion is 

(1 - ITmS )~2 

l0~3 

l0~3 

the following table 

shown as well : 

I FKI 2 

< 2 x l0~2 

< 0.55 

where 

The form factor values at 
. 32 ) 

energ I es shown in Fig. 

the J/~ 

5.9. 

energ y agree well wi th measurements at lower 

5.5 Nuc I eon Fo rm Factors 

For purely 

factors, G 

reaction e 
E 
+ 

el ec troma gnet i c 

and GM' would 

e + pp: 

pp production. 

be obtained from 

the 

the 

el ectri c 

angu I ar 

and magnetic nucleon form 
distribution33) of the 
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da oe2m2 
~~~=T {iGEI sln e + s G 12 /1 + cos2e)} 4m2 i Mi k 

where m is the nucleon mass and e the scattering angle. As mentioned before, 

however, the J/~ decays directly into pp which then precludes any definite 

statement concerning the nucleon form factors at this energy. The pp pairs, 

identified by time of flight in the two opposite spectrometer arms of the DASP 
collaboration, are shown in Fig. 5.lO where the recoiling mass Mx is plotted26) 

= 3.1 GeV all the versus the pp mass M -. For the cluster of events at M -
pp pp 

energy is carried away by the nucleons. If we take these events and compare the 
ll ,34) - +-ratio of pp to ~ u Production to corresponding measuremen~s at lower energies , 

we see from Fig. 5.ll that the DASP point lies well above the value expected from 
nucleon form factor contributions. The curve is an estimate by Renard35) and must 

be considered as an upper limit. More detailed calculations by Kdrner and 
Kuroda27) show a much faster fal~-off of the p~p cross section. 

To interpret this direct decay of the J/~ 

'is best written in terms of density matrix 

helicities of p and p, respectively: 

into pp, 

el ements 

the decay 

PAT where 

a ngu I ar 

x,x are 

d i stri buti on 

the 

These 

da _ 
d~ 

dens i ty 

l 
pl I sin2e + ~ Pl I (1 + cos e) 

matrix elements are connected with 

~ pl I + 2pl l pS ~ 

~~ ~ ~ 
~ ~2pl I + pl l PD ~ 

~~ ~ ~ 
The angular distribution of the decay J/~ 

with a sin2e(pl_1 = o)and a I + cos2e(pl l 

7T tT distribution would be isotropic (pD = O). 

compatible with the data. This means pl l 

D-waves with the major contribution ~~ 

those f or S- and D-waves 
36) 

via : 

~ pp is shown in Fig. 5.12 together 

= o)curve. For pure S-wave the angular 

The I + cos2e curve seems to be 

= O and we have a mixture of S- and 

coming from the S-wave. 
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5．6　　Heavy　Vector　Meson　Dom1nance

A　d1rec　t　way　to　determi　ne　how　the　photon　cou　p1es　to　the　new　vector　mesons

cons1sts　1，n　the　measurement　of　the1r　radiat千ve　decay　w『dths．　The　expected

decay　w1dths　wou1d　strong1y　depend　on　whether　the　photon　coup1es　on1y　v1a　the

o1d　vector　mesons　11ke　the　ρ　or　on1y　v　i　a　the　new　vector　me　sons　11ke　the　J／ψ．

F…1．J／ψd。。。。1。・。η1。・h．f．11。。1．g。。d。。。。f。。g．1・。d。。。。。。p。。・。d37）：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　／v

〕1ψ　　　ρ
r　l
　η　Y，　theory　～　1eV

■

η
　　　　v

J1ψ　　J1ψ r　　　　　　　～1keV　η1Y，　theory

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　η

Do　the　exper1ments　fa　vour　one　of　t　hese　va1u　es？　I　n　o　rd　er　to　deteザm1ne　the　η・γ

d…y・1dth・・・・…t111・・th・f・・tth・t30％・fth・ηIde・・yp・o・・ed・・i・ρoγ．
1。［g．5．13。。。。。。11。。。。1。、・。。。。d1．thb．t1。。。38）。。。。h。。。f。。th。、十、一W

f1na1　state，　where　a11　charged　tracks　are　assumed　to　be　p1ons．　The　two　photon

・p・・t…i・［g．5．13・・h・・…　t…g・1g・・1f・㎝πoI・・㎝・・f・h1・h…白・・一

d…d1・・dd1t1・・t・th・ρo1・［g．5．13b・・d・㎝・・f・h1・h・om・f・㎝th・d…y
　　　　　　　＋
of　the　ρ‘　1n　F1g．　5．13c．　The　η1　signa1　千s　seen　in　F1g．　5．13d　and　the　s1gna1　to

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　O　　　　　　　　　　　　　　　　　　　　＋一　　　　　　　．
background　rat1o　1s　enhanced　i　f　Tr　events　are　exc1uded　and　7rπ　　comb1nat1ons

from　the　ρ一reg1o　n　se1ec　ted．　A11　t　he　re1eva　nt　k1nema　t1c　cu　ts　are　g1ven　on　the

f1gure．　Form　the　observa　t1ons　we　obta1n　the　exper1menta1　va1ue

r　1　　　　　　＝　160　＋　50　eV

ηY，exp　　　　■

a　nd　may　co　nc1ude　that　the　o1d　vecto　r　meson　domi　nance　1s　not　suff1c1ent　bu　t　that

J／ψ　andlor　ψl　are　requ1red　as　new　p『eces　of　the　e1ectromagnet1c　current．　The　J／ψ
d。。。。i。・。、γ1。。、、11。、bu。。f・1、。、、e。。d、、。f。。g．1・。d．39・64）：

・J／いη1γ、2．4．1．0
F　ψ÷ηγ　　　　　一
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In　sect1on　2．2　we　have　seen　that　the　part1c1es　of　hadron　1nduced　react1ons
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　■　．

haveanangu1ardrsthbutionc㎝p1ete1yd1fferentfr㎝ee1nteraCtions・However・

the1arge　partia1　waves　contr1bute　most1y　to　forward　hadron　scattering　and　1t
　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　一

m1ghtbe1nterestingtoc㎝parethemom♀ntaofee　hadronproductionw舳the
transverse　momentum　d1s　tr1bu　t1on　of　hadron，c　1nteracti　ons．　As　a1ready　menti　oned

1n　the　sect1on　on　detectors，　the　doub1e　arm　spectrometer　a11ows　↑r／k　separat1on

up　t〇一1．6　GeV　and　k／P　separati　on　up　to　3．0　GeV　due　to　0．6　nsec　t1me　reso1ut1on

anda5mf11ghtpath．FromFig．5．14aonecanseethec1ua1ityofthepart1c1e
separa　t1on．　Even　for　the　momentum　range　between　1．2　and　1．5　GeV　the　re1a　ti　v　e

amou　nt　of　pa　rt1c1es　ca　n　be　ea　s11y　es　t1ma　ted．　The　exc　i　ta　t1on　cu　rve　for　the　J／ψ

。。。。。。。。。1。［g．5．14b1。。b・。1。。d．i・1・1。。1．g1．p。。・1．1．1。。1。。1。。・hg9。・40）．

F1g．　5．15　shows　the　d『fferentうa1　cross　sect1ons　dσ／dp　for　the　Tr，　k，　and　p

partic1es　at　the　J／ψ　and　ψl　resonances．　Because　of　background　prob1ems　from　beam

gas　1nteract1ons，　the　protons　have　り？en　om1tted　from　the　ana1ys1s．　Both　reso－

nancesshowrough1ythesa㎞ebehav1our．Thek1nemat1ceffectcausedbyd附erent
・Pa　rti　c1e　ma　s　ses　1s－ta1〈en　『nto　accou　nt　by　p1otti　ng　the　1nva　r1ant　c　ro　s　s　s　ec　t1ons

　　E
甲dσ／dp1n［g・5・16・Thepion・1e1df「omtheJ／ψcanbedesc「1bedb・as1ng1e
exponentラa1　whereas　for　theψl　one　observes　a　break　around　E　・・400　MeV　due　to
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　↑『
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　・
the　P1ons　from　the　cascade　decayψI今J／ψ　十π　1T　．　A11　parti　c1es　at　both　reso－
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　41）

nances　show　a　sim11ar　s1ope，　compat1b1e　w1th・kT　：　1701vleV　for　the　exponent1a1
－E

・π・E・・・・・・・…ph・｛・g1y・th・・・…1・p…d・1・・th・・・・…1・t1・・p・・一

t1c1eabundancesareobservedforpartrc1eproduct1onfrompPco111s1onsatthe
1SR42）．Th。。。～。。1。［g．5．16。。。p。。。。。・・h．1SRp。。t1．1。。p。。・。。（ポ53

　　　　　　　　　　0
GeV　and89　scattering　ang1e）　sca1ed　with　a　common　factor　to　f『t　the　Tr　spectrum
　　　　　　＋　一

from　e　e　　co111s1ons．

The・Part『c1e　rat「os　at　the　resonances　are　shown　1n　Fig．　5．17　as　a　funct1on　of

the　momentum．　The　k　and　p　rat1os　1ncrease　re1ative　to　the　Tr　y1e1d　w1th　1ncrea－

s1ng　momentum．　Fi　tti　ng　the　part1c1e　s　pectra　w1th　expo　nent1a1　funct，ons　one
。・・。1。。・・。・。11。。i。。。。。・1．1、州・。・。。・・。。。・廿。。。。。。・。。。。。。。40）：

　　　　　　　　　　　　　R±
　　　　　　　　　　　　　　T『

J／ψ　　87．5±1．5％

ψ’　　gO．8±1．0％

　　　　　R±
　　　　　　k

8．9＋1．0％

6．9＋O．9％

　　　　R　－
　　　　　P・P

3．6±0．9％

2．3　＋0．7％
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We　f1na11y　wanted　to　ask　the　quest1on　whether　the　J／ψandψl　are　hadrons　or　not．

The　fact　tha　t　they　co　ns　erve　a11　the　s　ta　nda　rd　qua　ntum　numbers　of　s　trong　1nter－

ac　t1o　n　s　te11s　u　s　t　ha　t　they　a　re　hadrons・

Excect　for　1ts　mass　and　w，dth　there　1s　no　outstand『ng　Property　whi　ch　d1st1n－
　　　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　PC　　一一
gu1s　hes　t　he　ψ　　from　the　J／ψ．　They　have　1dent1ca1　qua　ntum　numbers　J　　　＝　1　　　and

G　　－
I　＝　O　　and　are　compat1b1e　w1th　be『ng　Su（3）　s1ng1ets．　Hav1ng　the　same　quantum

numbers　a　s　the　photon　they　seem　to　add　add，ti　ona1　p1eces　to　the　e1ectromagnet『c

c…ent1・the・・cto・do・1ηancem・de1・The1nc1・s1v・pa・tic1esp・ct・aare

s1m11ar　for　the　two　resonances　and　agree　w1th　s1opes　and　re1at1ve　abundances
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　O

ofpart1c1esproducedunder901nthe㎝softhehadron1cinducedreactron．

The　ma1n　decay　w1dths　and　branch1ng　rat1os　are　su㎜ar1zed　in　the　fo11ow1ng

tab1e：

1d1rectlhadrons：

J I~ ~I 

decay into r ( keV ) BR(~) r ( keV ) BR(%) 

anyth i ng 69 +_ 15 228 t 56 

e+e or ~+Tl 2x (4 . 8tO . 6 ) 14 2x (2 . ItO . 3 ) 2 

(r --r ) ee ~~ 

Y + hadrons 12 +_ 2 17 6.6 * 0.9 3 

J/~ + TTIT 125 * 32 55 

n 
Y + J/~ Y + hadrons 

<l 57 t 18 25 

di rect ' hadrons : 

a) balance of 
prev i ou s numbers 48 +_ 12 69 34 t 16 15 

b) actually seen 48 +_ 12 69 23 * lO lO 

The　rad1ative　decays　1nvo1v1ng　one　or　two　photons　w111　be　d1scussed　1n　the　next

paragraph　and　have　been　1nc1uded　here　for　comp1eteness．　The　numbers　for　decays

，nto　Id1rectI　hadrons　have　been　obta1ned　f1rst1y　by　taking　them1ss『ng　fract1on1n　the

upPe・part6fthetab1eandsecond1ybyadd1ngupa11hadron1cdecaymodesseen．
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for the J/~ the agreement is excellent and for the ~, the deviation is within 

errors. The gap, reported in the early days for ~' , has been closed by thorough 

investigations. For a review of numerous hadronic decays of the new particles 

see for example Ref. 43. 

6. Hidden and O en Charm 

In the previous section we have discussed the properties of J/~ and ~' in the 

framework of the old quantum numbers. However, the extremely narrow decay widths 

of these new particles were the first indication of a new charm quantum number 

- in much the same way as the suppression of the c-decay into pions can be 

taken as evidence for strangeness. As mentioned already in section 2.4 the c 

is visualized as an ss state and therefore couples mainly to KK in its decay 
( Okubo-Zwei g- I i zuka-rul e44) ) 

S 

" 

~ 

~ 

Since strange s quarks do not occur in the fina~ state of the righthand dia-

gram, this decay is forbtdden dnd the experimentally observed suppression factor 

is 50. Introducing a fourth quark c, carrying the charm quantum number, one 

can apply this picture to the J/~ and ~' particles. The corresponding unconnected 

diagram represents the unfavoured hadronic J/~ or 

~' decays and its experimental suppression factor 
J/tp e 3 

is a few times 10 comDared with normal hadronic 
had ronS 

resonances. The connected diagram - corresponding C tpl 

to ~ decay into particles with charm and anti-charm 

(like KK) - is not seen in nature. Therefore, all 

the charmed particles must be heavier than half the ~' mass, i.e. heavier 

than 1.84 GeV, and J/~ as well as ~' are considered as bound cc states. 

Before presenting the experimental results, we shall discuss some of the 

charm model features. 
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6.1 Some Implicati,ons of the Charm Picture 

The concept of a charmed quark was introduced before the discovery of the new 

particles in order to achieve symmetry between leptons and quarks and to ex-
45) 

plain the absence of strangeness changing neutral currents . Let us first 

consider mesons of hidden charm, which are built from a charm and an anti-
46 47) 

charm quark ' , and therefore have charm quantum number zero. Such a system 
"48,49) in analogy to the electron positron bound state, is ca~led "charmonium 

"positronium"50). An essential point is that the mass of the charmed quark is 

roughly half of the ~' mass and, therefore, a non-relativistic description may 
be used to compute the level scheme51). Using field theoretical arguments 

theorists have proposed a confining potential with an r-dependence somewhere 

between the Coulomb and the oscillator potential : 

4 oes 
V(r) = - ~ r +~r + vo (6.1) 

Solving the Schr~dinger equation with this potential , one can arrive at level 
schemes and transition rates. For a pure Coulomb potential (- ~) we get the 

familiar level sequence of the hydrogen atom (below left) and for the iso-

tropic osciallator potential (- .r2) the level spacing would be equi-
di stant52) : 

t 3 ~F~D~ ZF 
E ZS 2P 

IS 

O 1 

COULOMB 

2 3 L-) 

t 

E 2S 

IS 

O 

3P 

2P 

1 

3D 

2 

4F 

ISOTROPIC 
OSCILLATOR 

3 L-) 

The effect of the Xr term in the expression for the potential wil~ be to 

lower the 2P state with respect to its Coulomb potential value. A Ievel scheme 

of this type but with several of the mass values fixed by expefimental numbers 
is shown in Fig. 6.1. Levels with the quantum numbers JPC _ l~~, i.e, the 

states 13Sl' 23Sl' and 3 Dl can couple directly ;o the photon. The S-states 

correspond to J/~ and ~' . The evldence for the 3 Dl state wlll be dlscussed 

in the next section. The states which can be reached by radlatlve transltlons 
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from the J/~ and ~' are those with positive C-parity. As we shall see in the 

fQllowing, these radiative decays have been the object of extensive experi-

mental investigations. 

In order to illustrate the point of transition rates I shall repeat one argument 
from the excellent review by Jackson49) The J/~ decay into lepton pairs can 

be thought of as cc annihilation 

J/~ K= IK11 = IK21 jn the CMS 
-L -L C p2 Kz e P IPll=1P21 

The QED cross section for this process is 

IT ot2Q K ~2 c ~ (1 + 3 + 4 N c) 
crQED = ~~~~ 

where Qc and Mc are the quark charge and mass. In the extreme relativistic 

limit (~ + l, r.1c << /~~, P * K) we get the familiar ~-pair cross section modified 

by the quark charge: 

aQED = ~ Q~ = CT ' Qc2 
~Tl 

However, in the case considered the c quark has roughly half the J/~ mass, and 

we therefore have to take the non-relativistic limit with ~ + O, s ~ 4M2 
c' _ 

K = Mc' and P ~ (Mcl2)v rel' where vrel is the relative velocity of c and c: 

- ~LL~~_1Toe2 Q 

aQED ' vrel ~ ~2 
r 

'c 

Thls Is the expresslon for a transition rate. In order to obtain the partial 
decay width r(1~~~ e+e~), we have to multiply this expression by a factor of 

3 due to colour, by a factor of -43 to account for the fact that the spins are 

always in a triplet state for JP = l~, and fina~ly by the spatial vJave function 

l c (~)12 = IR (r)1 /41T at the orlgln r l~f O rnsertlng half the J/~ 

mass M/2 for the quark mass Mc We get: 

r(1~~ ~ e e~) = ~~ IR(O)12 (6.2) + 

In analogy with the annihilation into photons in QED, the J/~ hadronic decay 

can be visualized as annihilation into vector gluons, and like in QED it has to 
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be an odd number of gluons for JPC = l~~. However, single gluon annihilation is 

excluded since gluons carry colour and the J/~ state is colour-neutral . 

Therefore the lowest-order diagram is three-gluon annihilation: 

C gtuOOS ~ 
The transition rate is given in accordance with QED; only the coupling constant 
ot3 is replaced46) with 5 oes3 /18: 

16 = (lT 9) ~ ~ij2 IR(O)l 

The coupling constant ots is the same as in the potential (6.1). By taking the 

ratio of formulas (6.3) and (6.2) and using Qc = 2/3 for the quark charge, we 

get the ratio of the hadronic to electronic decay witdths of the J/~: 

r 

r 
J/~ ~ hadrons = ~~I~~oe_os3 

~ + e+e-

From section 5.8 we know that the. experimental value is 10 i 2 and this fixes 

the coupling constant at approximately c,s * 0.2. This value of ces is small 

enough to do perturbation calculation and is the basis for obtaining mass 

splittings and decay rates. For a more detailed discussion of the formalism 
49) 

the reader is referred to Jackson's report . 

By introducing a fourth quark, the symmetry scheme of hadrons is generalized 

from SU(3) to SU(4). The meson nonets are replaced by hexadecpulets, each 

consisting out of the original nonet and a singlet meson with hidden charm 

(_C = O) plus two triplets of ~~~ILgn~nlLharm (C =:!: l). Each level in Fig. 6.1 
is a charm singlet member of such a SU(4) multiplet53) as we can see from the 

example of the pseudoscalar multiplet in Fig. 6.2 which includes the llSo State 

nc of Fig. 6.1. The charm-carrying pseudoscalar mesons D and F are shown above 

(C = +1) and below (C = -1) the plane of the SU(3) nonet of conventional pseu-

doscalar mesons. As one can see from its quark constituents the F meson has in 

addition to charm also strangeness different from zero. The corresponding vector 
mesons D~1( and F* can be grouped together with J/~ , p, u) , candK*(890) into a 

similar SU(4) multiplet. Because the charm quantum number is conserved in strong 

and electromagnetic interactions, the states of open charm are produced in 

association with their corresponding anti-states. To prove the existence of 
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charm-carrying particles, one has to 

the following table some examples of 

are given together with the relative 

denote the charm and ordinary quarks 

find their characteristic weak decays. In 
49 , 54) 

hadronic and semileptonic decays 

decay rates for each type where c, u, d, s 
55) 

and ec the Cabibbo angle . 

c decoy mode exQmple reLative rQte 

hQdrooic : 

c -psud 

c-pdud 

D' ~ { 

~ 
}-UK 

a~~Tt~ 

{ 

w~ ~~ . 

cos2 ec :: 1 

Cabibbo-angte favoured 

sin2 ec = 0.05 

Cabibbo-Qng[e suppressed 

semiteptonic : 

c-)se,L v 

c-)d~v 

U 
Do edPveS K~ 

oU D ~BTe:ved IT 

cos2avc :t 1 

CQbibbo-ang[e favoured 

sin2 ec s: 0.05 

Cabibbo-angte suppressed 

The dominant transitions for both hadronic and semileptonic decays are those 

which change charm and strangeness: AC = AS = i l. Therefore we expect for 

the Cabibbo favoured decays strange particles in the fina~ state. Before we 

discuss the search for charmed states, we shall look at the results obtained 

from the spectroscopy of cc bound states. 

6.2 Evidence for the ~" 

~" is a notation for the 33Dl state in Fig. 6.l 

been predicted in 1975 by Ei'chten et al .56) with 

Last year it was found by the DELC057) and MARK 

resonance parameters of the ~" , reported at the 

Before its discovery it 

a mass of about 3.75 GeV 
58) 
I experiments at SLAC. 

Hamburg Conference 1977, 

had 

The 

are : 

DELCO r,1ARK I 

ma s s 

r 

r 
ee 

As an 

( M,eV) 

( MeV ) 

( keV ) 

illustration the data a re s hown 

377 i 

24 i 

0.18 i o . 06 

for the DELCO experiment . 

3772 

28 

o . 37 

The 

i6 
i5 
i 0.09 

experimental 
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arrangement (Fig. 6.3) is characterized by a big Cerenkov counter sensitive only 

to electrons (1T threshold at 3.7 GeV). An axial magnetic field is generated in a 

small volume around the beam pipe by two discrete coils. How the cross section 

- normalized to the ~-pair cross section - varies with the centre of mass energy, 

is shown in Fig. 6.4 a) for the raw data, b) for ~ and ~' tails subtracted, and 

c) for the electron pair decays. That the ~" was seen so late in the a.ame 

is certainly due to the fact that the charm spectroscopy is so rich that it was 

hard to decide what to measure first. 

6 3 Investlgatlon of Hldden Charm States between ~' and J/~ 

From the level scheme in Fig. 6.1 one can see that most of the states between 
20QSI and 13S1 have even C-parity and thus can be reached by radiative decays 

of the ~' . Three methods have been employed to identify such intermediate 
states for short denoted as 3PJ (21So and 31D2 could be involved as well). 

a) In the cascade decays one detects the J/~ via its leptonic pair 

decay and observes one or two photons: 

~ + Y 3PJ 

Y J/~ 

+ 
TJTl 

3 
b) One can look for hadronic decays of the P in various final states: 

J 

~ + Y 3FJ 

hadrons 

These two methods have the advantage of completely analysing the final state 

but the disadvantage of always supplying products of transition rates. 

c) Absolute rates for the radiative decays of the ~' can be obtained from 

inclusive photon spectra by looking for monochromatic lines: 

+ 

Let us start by discussing the cascade decays (6.4). A sample of IJ-pairs identi-
fied in the two spectrometer arms of DASP59) is used to calculate the effective 

; the plot in Fig. 6.5 shows two peaks: one from direct decays and QED mass r=1~lJ 
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processesatamassof3．7eeVandasecondonefromthecascadedecay1nt0
J！ψ・t3・1G・V・S・1・・ti・g・…t・・ithM岬・…3・1G・V…obt・insth・spect「um

of　the　reco11　mass　squared　in　F・ig．　6．6．　88　％　of　this　spectrum　can　be　exp1a『ned

　　　　　　　　　　　　　　　　　　　＋　一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．
by　the　fi　na1　state　1」　1」　↑rTr　（s◎1id　curve）　s　i　nce　the　charged　pions　have　an　un1que

signaturerntheinnerdetectorandtheneutm1pionsaddoneha1fofthecharged

p1onsdueto1sospinconsiderations（seesection5．2）．There1sac1earηs1gna1

ontopof洲scurvewhichaccountsfor6％ofthespectrumand，therefore，6％

oftheeventsare1eftascand1datesforcascadedecays．However，on1ythose

eventsaretakenwh1chhave亡wophotonspos旧ve1yidentifredinthe1nnerde－
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　O　O

tectorofDASP．工nordertoe1†minatebackgroundfromψ’今J∠ψ十ππitisre・

qu廿ed，thatJ／ψ十wbecop1anar，andJ／ψ十ηfina1statesareavoidedby
se1ecting　events　with　M　　1ess　than　510NeV．The　k1nemat1c　quant『ties　are　best
　　　　　　　　　　　　　　　　　　　　　　YY　　　　　　　　　　　　　　　　　　　　　　　・

determi　ned　by　f1tt1ng　the　fi　na1　states　w『th　the　photon　d1rect1ons，　the　muon

momenta，　and　the　J1ψmass　as　1nput　（3　constra1nts）．　Since　one　does　not　know

wh1ch　photon　is　emitted　first，　the　寸nvar1ant　masses　of　the　J／ψwith　either　one

o　f　the　two　photons　are　p1otted　「n　F　i　g．　6．7　as　h　i　gh　and　1ow　ma　s　s　so1ut1ons．　One

s　ees　a　c1ea　r　c1us　ter1ng　of　events　at．ma　sses　of　3．51　±　0．01　GeV　or　3．28　±　0．01　GeV

respect1ve1y．　Th　is　intenmediate　state　－　first　seen　and　ca11ed　P　　by　the　DASP
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C

co11aboration　一　寸s　narrower　than　20　MeV　and　ha　s　the　fo11owi　ng　Product　of

branchrngrat1os：

「（ψ’今P。十Y）r（P。今J！ψ・Y）
　　　　　　　　　　　　　　　・　　　　　　・（1．7±0．4）％
r（．ψ1今a11） F（P。・・11）

　　　　　O　O
The　↑r↑r　bac　kgrOund　－　w1th　two　decay　photons　undetected　．　is　smooth1y　varyi　ng

andestimatedtobe1essthan0．5eventsper10MeVinterva1．

The　1mportant　question，wりich　ph◎ton　i　s　emi　tted　fi　rst，can　be　answered　by　in－

vest1gat〒ngreaction（6．5）whichon1yinvo1vesonephoton．Thedetaf1eddis－

cussioninthenextparag㈹phshowsthatthehighso1utiongivesthecorrect
・・・・…ig㎜・・tf・・P。・I…d・・t・1・・kf・・・…「・t・…d1・t・・t・t・・1・t・・

add　to　the3constraint　events　in　Fig．　6．7　those　with　one　of　the　muons　on1y
k・…bジt・d廿・。・1。。（2。。。。t。。i．t。）。。d。。。。t．6o）fザ。。th。舳K1d．t。・t・・

w1th　one　of　photons　convert1ng　1n　the　beam　pipe　（a1so　2constraints）．The　data

are　s　hown　1n　F1g．　6．8　together　wi　th　the　h　i　gh　ma　s　s　proj　ect　i　on．　The　dashed　1i　ne

　・　　　　　　　　　　　　　　O　O
g1vestheexpectedwπbackground．Weobservetwodistinctpeaksatabout
3．51　and　3．55　GeV，　and　some　indication　of　an　enhancement　near　3．45　GeV．　The　sa㎜e
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Wμ㌔’fi。。1。・。・。w。。。。。1。。。db。・h．OESY－H．id．1b。。g61）9。。。p．i・h廿。。。。一

magnetic　detector．　S1nce　none　of　the　momenta　were　measured，．they　　used　1　con－

stra1nt　fits　（on1y　the　J／ψmass　as　『nput）　to　obtain　the1nvar1ant　mass　distri－

but『on　in　F1g．　6．9　wh1ch　1ooks　remarkab1y　simi1ar　to　the　projection　in　Fig．　6・8・

　　　　　　O　O

Theππbackgroundisaga1n寸ndicatedbythedashed11ne・

I　n　order　to　i　nvesti　gate　the　hadron　i　c　decay　modes　of　reacti　on　（6．5）　one　needs

a　magnet1c　detector　w1th　a　1arge　so1id　ang1e　for　measuring　Part1c1e　momenta・
SLAC－LBL62）h。。id。。t1fi．dth．f．11。。i．gfi。。1。・。t。。・・d・dj。・t．d・h・p…一

meters　via　1　constra『nt　fits：

　　　　　　　　．十

ψ1今　4π一　　十Y
　　　　　　　＋　・　　十　一
　　　今　ππ　K　K　＋Y
　　　　　　　　＋
　　　今　6π■　　　十Y
　　　　　　　＋　■
　　　今　　Tr↑r　　　　＋Y
　　　　　　　＋　・
　　　今　K　K　　　＋Y

The　presence　of　a　ph◎ton　1s　ascertai　ned　by　observing　a　zero　mi　ssing　mass　and

a　non－zero　m1ssing　momentum．　In　addit1on　to　k1nematic　f1tting，　time－of－f1千ght

i　nfonTlat　i　on　1s　used　to　separate　tりe　fi　rs　t　two　rea　ct　i　on　s．　For　the　1as　t　two

react1ons　the　ass1gnment　『s　made　so1e1y　on　the　ground　of　kinematic　fitting，

s1nce　the　partic1e　momenta　are　too　hi　gh　（1．6　1　1．8　GeV）　for　time－of，f1ight

measurements．Theeventdistributionsareshown1n［g．6．10．Weobservethree
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋

peaksat3．41，3．51，and3．55GeV1．nthe4πichanne1；thebumpat3．68GeV

isduetoψ1decaysw廿houtphotonemiss1on．Thesepeaksareseenfors㎝eof
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　一　　　　十　一

theotherfrna1statesaswe11．Inparticu1artheππorKK　disthbution
s　hows　a　s　trong　enhancement　at　3．41　GeV　and　an　　acc　umu1at　i　on　of　a　few　events　a　round

3・55　GeV・　These　enhancements　have　been　termed　X－states　by　the　SLAC－LBL　group．

I　n　order　to　obta　i　n　1nformat1on　on　s　p　i　n－Pa　r　i　ty　of　the　observed　pea　ks，　one　can

1nvest｛9ate　the　angu1ar　distribut1on　of　the　photon　with　respect　to　the

beam11ne・S1nceψ1hasanangu1arm㎝entumofone，themostgenera1formof

theangu1ard1sthbut1oパs：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　dσ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　～　　1　＋αcos20
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　雨

F・・X・p1・・…th・α・・1・・i・fi・・d・・iq・・1y・・df…p1・・ゴ1th・1・。。。t

mu1tipo1eshaVebeentakenfntoa㏄ount：
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sp1n　　　　　　　　　　α

J＝0　　　　　　　　1

J・1　　　　　　－1！3

J＝2　　　　　　　　0．08

angu1ardistr地ut1on

1＋cos2θ

2＋sin2θ

13＋cOs2θ

The　angu1ar　distributions　f：or　the　three　states　X（3．41），　X（3．51），　and　X（3．55）

are　g1ven　in　F『g．　6．1】。．　On1y　the　sp1n　zero　ass『gnment　of　the　X（3．41）　『s　con－

c1usive；　the　spins　of　the　states　at　3．51　and　3．55　are　certain1y　different　from

ZerO．

F1na11y　it1s　possib1e　to1ook　for　monochromat1c　photons　of　react1on　（6．6）

1n　an　1nc1us　i　ve　way；　i　n　other　wo　rds　the　reco　i1　system　of　the　『n　termed1ate

。・。・。。。。。。i。。。。d。・。。t．d．Th．MP2SDS2g。。。p63）h。。。。。d．h1gh1y。。q・。…d

array　of　NaI　crysta1s　with　good　energy　reso1ution　and　good　discrimination　of

charged　and　neutra1　parti　c1es．　The・・inc1us　i　ve　photon　spectra　nleasured　by　thi　s

group　are　shown　1n　Fi　g．　6．12：　a）　data　taken　at　the　J／ψ　show　no　structure　and

agree　with　the　background　expected　from　Monte－Car1o　ca1cu1ations　（dotted　1ine）；

b）attheψloneobservessevera1bumpsexceed1ngtheトlonte－Car1obackground・

F1g．　6．12．c　shows　these　peaks　with　Monte－Car1　background　subtracted．　The　three

1owest　photon　1i　nes　at　121，　169，　and　260　MeV　correspond　to　the　states　at　3．55，

3．51and3．41GeV．The　fourth　bump　around400MeV　is　main1y　a　ref1ect寸on　of　the

・・…dph・t・・f・㎝th・d…y・i・th・P。・・X（3・51）・Th・・b・・1・t・b・…hi・g

rat1os　BR（YX）　are　g1ven　1n　the　tab1e　on　the　next　page，　which　summar寸zes　the

n　umeri　ca1　res　u1ts　of　the　experiments　d1sc　us　sed．

Remember『ng　that　we　have　se1ected　i　ntermedi　ate　states　w，th　pos　i　t　i　ve　C－pa　ri　ty，

we　may　deduce　the　fo11owing　quantum　number　ass1gnment：

　　　a）　X（3．41，　3．51，　3．55）　今　　even　number　of　pions

　　　　　　　へG－Pahtyisposit1veandconsequent1yI・0
　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　．　　十　，
　　　b）X（3．41，3．55）　　今Tr1T，Kiく
　　　　　　　　　　　PC　　＋＋　　＋＋
　　　　　　　／㍉J　＝0　，2　，．．．

c）X（3．41）三J・0，　　X（3．51，3．55）

　　　　1》most　11ke1y　tri　p1et　ass　ignment：
　　　　　　　　　　　　　　　　　　　　　　　　　　　PC　　＋＋
　　　　　　　　　　X（3．41）：　　J　・0
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋＋
　　　　　　　　　　P．／x（3・51）：　　・1
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋＋
　　　　　　　　　X（3．55）：　　　　　　　　　　：　2

J≠0

／…。



BR（YX）・BR（X÷＿）

　十4Tr．

maSS Ref．
十一　　　　　　十一十一Tr↑r　　　　↑r1TKK

BR（YX） α1n
［MEV1 　　　　　　　　十一　　　　　　　十J／ψY　　　KK　　　　6π一 ［％］

1＋αcosθ

1 0．3＋0．2　　一

2 0．2＋0．1　　・

3413＋3　　・ 3
0．2＋0．2　　　0．15士0，04　0．8士0．2　　一

7．5＋2．6　　一 1．4＋0．4　　・

X（3．41）

3413＋9　　一 4 3．3＋1．7　　一 7．2＋2．3　　・

1 く0．4（90％CL）・

2
・㈱

く0．6（90％CL）

3454＋7　　■ 3 O．8士0．4

4 く2．5

3509＋11　　■ 1 1．7＋0．4　　・

P．／x（3・51）
3505＋5　　一 2 2．1＋O．5　　・ 0．0＋0．5　　一

3503＋4　　一 3 2．4＋O．8　　　　　　　　　　　　　　　　0．4＋0．1
■． 一

0．1＋0．4　　一

3511＋7 4 5．5士1．5 7．1＋1．9

3551＋11　　一 1 1．4＋O．4　　・

X（3・55）
3547＋6　　一 2 1．1＋0．4　　■

3552＋6　　・ 3
1．0　＋　0．6　　　　　　0，019　＋　O．O08　0．4　＋　0．1　　　　　　　　　　　　　　　　・　　一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■

0．3＋0．4　　■

3561＋7　　一 4
2．2＋1．0　　一

7．0＋2．0　　・

さ

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2　2References：　1　＝　DASP；　2　＝　DESY－1－Ieide1berg；　3　＝　SLAC－LBL；　4　＝　MP　SDS
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Theevide・cefo・th・X（3．45）isve・yweaka・dconseq…t1ynothi・gis㎞o㎜

早bout　i　ts　quantum　numbers　（except　C－pari　ty　＝　十1）．　Even　the　mass　ass1gnment

cou1d　be　3．34　or　3．45　GeV，　since　there　i　s　n◎　ind1cation　wh1ch　photon　1s

emi　tted　fi　rst．　Sometimes　the　X（3．45）　i　s　1dentified　in　the　charm　framework
　　　　　　　　　　1　　　　　　　．　　PC　　一十　　　　　　　　　　　　　　　　　　1
・廿hth・2S。・t・t・h・・1・gJ・O・b・t『t…1d・…11b・th・3D2・t・t・
　　　　　　　・十

with2・S㎝eimp1icat1㎝softhe1eve1spac柿gandthebranchingratios
for　the　charm　p1cture　wi11　be　discussed　1n　sect『on　6．7．

6．4searchforanS－Statebe1owtheJ／ψ

　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3
S1…th・1S。・t・t・i…p・・t・dt・1i・・…g・ti・・11yb・1・・th・1S1・t・t…d
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■÷
has　pos1ti　ve　C－Par1ty，　a　search　for　the　O　　　state　has　been　performed　among　the

rad1at1ve　decays　of　the　J／ψ．　In　the　fo11ow『ng，　the　resu1tも　on　the　three　photon

fr。。1．t・t。。。b。。。。。d。∫廿hth．DASPd．t。。t。。64）。h．11b。。。p。。t．d．

Three　photon　f1na1　stateS　may　be　caused　by　d　i　rect　decays　or　by　cluas　i‘two－body

decays：

　　　　　　O
J／ψ今↑r　Y今YγY

　　　÷ηY÷YγY

　　　今ηY今γw

　　　今X　Y÷Wγ

orbyQEDcontr1but1ons：

v

　　　　　　　　　　　　　　　　　　　　　　　　　　　　e・　　　V

The　1atter　poses　a　bac　kground　prob1em　i　n　the　search　for　any　two　photon　inter1

med1a　te　s　tate，　becaus　e　1t　1eads　to　a　smooth　contri　but1on　to　the　YY　ma　s　s　d　i　stri－

bution　which　cannot　be　e1iminated　by　k1nematic　cuts，　but　must　be　subtracted・

The　fo11owing　cuts　were　apP1↑ed　to　remove　severa1　sources　of　background：

（1）　　The　sma11est　of　the　YY　openi　ng　ang1es　was　requ寸red　to　be　1arger　than
　　　　　　　0

　　　　　30．Thisavoidsover1apP寸ngshowersfromne寸ghbouringPhotonsand
　　　　　　　　　　　　　　　　O
　　　　　e1iminates　7r　Y　　events．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0　　　．

（ii）Thecop1anahtyofthethreephot◎nshadtobebetterthan5・Th1s
　　　　　removes　four　and　more　photon　events．
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Fo11o　w弍ng　theSe　cutS，　the　three　phot◎n　energtes　can　be　obta　i　ned　frOm　an　1　con口

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C
stra1nt　fit．　That　the　fitted　energies　E　　　agree　within　errOrs　w1th　the　energies
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Y
　m　　　　　　　　　　．
E　　measured　1n　shower　counters　1s　demonstrated　千n　Fig．　6．13．Among　the　three　YY　mass‘
　γ

c㎝binat1onstw〇一are1ndependent・P1ottingthe1owesttwophotonm早ss，resu1ts

in　the　histogram　in　F1g．　6．14which　shows　a　strongη　s寸gna1　and　an　accumu1ation
・f・f・・・・…。。・・h。η1。。。。．Th。。。1。。1．t．dQED。。。・。1b・・1。。65）（d・。h・d1加・）

accounts　for　most　of　the　background．　τhe　fitted　η　mass　of　547　±　4　MeV　agrees

we11　w1th　the　known　va1ue　of　548．8　MeV，　and　the　wi　dth　of　24　±　4　門eV　－　obta1ned

by　a　Gauss1an　fi　t　－　corresponds　to　the　expected　mas　s　reso1ution　of　20　MeV・

us1ng　theη　i　n　th1s　way　as　a　bench　mark　for　the　experiment　we　can　searc　h　for

un　known　narrow　states．　The　hi　ghest　two　photon　mas　s　comb　i　nation　i　s　shown　1n

［9．6．15．0ntopofthee★Pectedbackground－1nd1catedbytheQEDcontribut1on

and　the　ref1ect1ons　fromη　andη1　＿　we　observe　a　narrow　peak　with　a　sign1f1cance

of5standarddev寸ationswhichisca11edX（2．83）．Itsfittedmssis2．83±0．03
MeV，and廿swidthof40±14MeV1sco・pat†b1ewiththeexpeh・・e・ta1・eso1uti・n

1nth1sregion．TheProductofthebranchinqratiosis：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　口4

　　　　　　　BR（J／ψ今XY）・BR（X今w）・（1．4±0．4）・10

For　the　three　photon　e，ents　at　the　ψ1　energy　we　observe　no　stati　st1ca11y　s1g－

n　i　f1cant　pea　ks　a　nd　thεrefo　re　the　而ea　s　ured　s　pec　trum　of　the　h1ghest　photon　pa　i　rs

i・［g．6．16…b・d廿。・・1。。。。p。。。d・。・h．QEDp。。d1。・i。。・66）．Th。。。・p・・t…

うs　s　im11ar　to　the　one　i　n　Fi　g．　6．15　and　shows　that　we　have　correct1y　estimated

theqEDbackgroundfortheJ／ψdecays．

Ev1dence　for　the　X（2．83）　was　for　a　1ong　time　supported　on1y　by　the　OASP
。。。。h。。。・．・・e・…一・。r・。1・e、。。、。、。。。1。。。。・。・。。。。。・川・i・61），…

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　・
the　non－observati　on　in　other　e　e　　storage　ring　exper1ments　created　a　state　of

uncerta　i　nty　as　to　the　exi　stence　◎f　the　X．　0n1y－recent1y　thi　S　new　state　was　con，

・rm．dby・C1RN－S・・p・kh・…p・・i・…67）・b・・。・i・g・h・…ph・…d…y・f

the　X（2．83）　1n　the1T　p　charge　exchange　reaction　at　40　GeV　inc千dent　momentum．

1・・・・…m・1・・・・・・・・…1・1f・…i・…i・・・…（・．・・）舳…11・。

s　tate　o　r　n　・　To　do　th　i　s　one　ha　s　to　detenT1寸ne　the　quantum　numbers．　But　the　on1y
　　　　　　　　　　C

th1ng，wh　ich　fo11ows　from　the　two　photon　decay，　i　s　that　the　C－Pari　ty　1s　pos　i，

t1ve　and　that　the　spi　n　i　s　d　i　fferent　from　one．
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6．5

I　n　the　preceed　i　ng　three　secti　ons　we　have　d　i　scus　sed　states　wi　th　h寸dden　charm．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　・

Thepursuitof◎Pencharmattheee　storager↑ngshasbeenma↑n1yasearch
for　the　1ightest　chanm　partic1es，　the　D　mesons　（see　Fig．　6．2），and　wi11　be　dis－

cussed1n　this　sect1on．Let　us　br1ef1y　reca11　some　of　the　argumer1ts　given　1n

section　6．1：

　　　一Chaザmedpartic1esdecayweak1y，since△C・±1meanschangingaquantum
　　　　　number　conserved　in　strong　interact1ons．

　　　’D・・t・th・1・・g・・…ND・・dth・C・b棚…g1・θ。i…1・・d・th…t・f・・
　　　　　。。。i1．p・。。i．Dd。。。y。。h。。1db。。。h。。。。d49）by。。。。。。1。。d。。。。f。。g。ト

　　　　　tude　over　s　emi1epton　i　c　K　decays：　　　　　　　　　　　　　　　　　　．

　　　　　・（・㌧ko・十・）一（・。！・。）5…2・c・・（・o今ゲ・十・）・

　　　　These　decays　are　exl〕ected　to　amount　to　1O　％　of　a11　the　D　decays．

　　　一Dueto△C・△S，changingcharminvo1vesachange↑nstrangeness，andthe
　　　　　enhancement　factor　for　lく　produc　t1on　over　l〕ure1y　pion　i　c　ff　na1　states

　　　　　寸s20．

In　order　to　estab1ish　the　existence　of　charmed　mesons，　the　above　charactertstics

havetobef◎undbyexperiment．Thef◎11owingザeact1onshavebeeninvest1gated：

a）　　Inc1usive　s1ng1e　e1ectron　production　aims　at　finding　semi1epton1c

　　　　weakdecays：
　　　　　　　　　　　　　　　　　十　一　　　　・
　　　　　　　　　　　　　　　　ee　今DD＋．．．

　　　　　　　　　　　　　　　　　　　　　　　　」　　　　　　　　　　　　　　　　　　　　　　L

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　hadrons

　　　　　　　　　　　　　　　　　　　　　　　　e＋

b）　　　I　nc1us『ve　1く　meson　product1on　po　i　nts　at　the　pa　i　r　product1on　of　some

　　　　　k・ind　of　hadrons：

　　　　　　　　　　　　　　　　　十　一　　　　・
　　　　　　　　　　　　　　　　ee　今DD＋．．．

　　　　　　　　　　　　　　　　　　　　　　！、ト．……・

c）　e－Kcorre1at寸on1sac1eaパndicat↑onthattheweakdecays加vo1vecharm：
　　　　　　　　　　　　　　　　　十　■　　　　・
　　　　　　　　　　　　　　　　ee　→・DD＋．．．

　　　　　　　　Iく　十　hadrons

　　　　　　　●　　●　　●

d）　Whereasintheabovereact1onsonecan1nfertheex1stenceofaheavymeson
　　　　from　a　characteri　s　t　i　c　thres　ho1d　beha　v　i　our，　measurements　of　comp1ete　fi　na1
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states WQuld establish the rr!aSS, Wi,dth, and quantulTl nuTnbers of the D 

directly: 

e+e + D ~ + ... 
L hadrons 

K+7T's 
In all the reactions one or both of the pseudoscalar D's can be replaced by 
the vector D;F mesons. The D*,s will most likely decay via~ pion or photon 

emission into D's. 

When investigating inclusive electron spectra, one has to keep in mind that 

low energy electrons can ,come from radiative qED processes or possibly from 

the decays of heavy leptons or charmed mesons. Whereas heavy leptons decay 

mainly leptonically or semileptonically, the decay of charmed mesons is ex-

pected to be mostly semileptonic or hadronic. Consequently, the particle 

multiplicity of heavy lepton decays should be low and the average electron 
momentum high68), and the reverse should hold for charmed part~cles. 

In order to improve the electron/pion separation of DASP for low momenta, 
a Cerenkov counter was needed in addition to the shower counter69). Thts 

Cerenkov counter was inserted between the second and third wire chamber of 

the inner detector (Fig. 6.17). in the spring of 1976 and first results 

were available half a year later. 

Data were taken at e+e~ energies between 3,q_9 and 5.2 GeV and control measure-

ments performed at 3.6 GeV to obtatn a reliable estimate for background events 

and at 3.68 GeV to see how frequently - with the ~' as pion source - a pion 

would fake an electron. V!hereas the electron trigger was purely inclusive, it 

was required in the data analysis that at least one non-showering track was 
present, and this removed the QED events most of which are produced with e+e~Y 

in the final state. In order to discriminate against various types of back-
ground, the following cuts were made70,71). 

(i) The pulse height of the scintillation counters So and SM i'n Ftg. 6.17 

had to be that of a mintmum ioniztng track. Thts rejects events with 
Dalitz decays from ITO or n or with pair conversion of photons in front 

of the Cerenkov counter where one of the leptons curls up in the mag-

netic field. 
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（川　Theindependentfdent椚cationofpartic1es↑ntheCerenkovandin

　　　　　　theshowercounterhe1pstoavoidthatpionsorkaonsfakee1ectrons
　　　　　　via　knockpon　e1ectrons．

（川）BeamgaseventswererejectedbyanapPr◎Piatevertexcut．

After　these　cuts　256　events　w寸th　one　e1ectron　and　at　1east　one　non，showeh　ng
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－1

track　remain　for　an　integrated　1uminosity　of　5540　nb　　　between　3．99　and　5．2　GeV
・・・・…f・・・・・…gy71）．1。。。d。。・。d1。・i．g．i．hb。・。。。。h。。。y1．p・。。。。。d

charmed　partic1es，　the　mu1ti　p1i　c　i　ty　of　charged　tracks　↑nc1ud　ing　the　e1ectron

i　s　s　hown　in　Fig．　6．18．　The　shaded　histogram　gives　the　event　w↑th　no　addi－

t　i　ona1　photon　s．　Remember　that　photon　s　may　occur　i　n　the　decay　of　cha　nmed　parp

　　　　　　　　　　　　　＊

tic1es（e・9．D今叶）andareun1ike1ytobefoundinheavy1eptondecays，
and　i　n　addi　ti◎n　heavy　1epton　events　prefer　1ow　mu1t『P11c　i　ti　es．　0bserving

aparticu1ar1yh寸ghbinoftwo叩rongswithnoadditiona1photon寸n［g．6．18，
ma　kes　one　suspect　that　heavy　1eptOns　are　↑n　this　samp1e．　工n　fact，　attributing

　　　　　　　　　　　　　　　　　　　　　　　　　　　　＞
a11　events　w寸t　h　mu1t　i　p1寸c　i　ty　口　3　to　cha　rm　one　can　est†mate　that　on1y　4．4　events

canbe1㎝gtothe（2叩rong，noga㎜㎞a）c1ass，andon1y6．7eventscanfeed

through　fr◎m　higher　mu1tip1icities　due　to　the　1imfted　detection　effic寸ency．

Th　i　s　1eaves　29　out　of　40　events　u　nexmp1a　i　ned．　剛e　sha11　come　back　to　these

eventsinchapter7whendiscussingtheevidenceforheavy1eptons．

Fortheinvestigationofchamlwesha11on1yconsidereventsw杣threeor
more　charged　tracks　inc1uding　the　e1ectron．　These　events　are　p1otted　’言n

Fig・6・19asafunct1onofthee1ectronm㎝entum・工nspiteoftheratber

sthctse1ectionchteria，9ivenabove，thereissti11somecOntaminat千on
from　mu1tihadron　events．　But　th†s　background　↑s　we11　knowη　from　the　contro1

meas　uremen　ts　at　3．6　GeV　and　i　ts　magn　i　tud　e　and　sha　pe　i　s　g市yen　by　the　fu11

1ine・Assuminga30％branch干ngratiooftheheavy1ept◎ndecaystntomany

hadronsp1usneutrinogivesaneg1igib1econtribut寸oパnd干catedbythedashed
1ine’in　Fig．　6．19．　閑e　obser」ve　that　most　of　the　e1ectrons　are　found　at　1ow

momenta　and　that　on1y　a　few　have　momenta　above　1　GeV・　The　momentum　spectrum
h。。b。。。。。。p。。。dt。。。d．1。。1。。1．ti。。。72）i。［g．6．20．1。。。d。。t。…1d

a　k　i　nema　tic　broaden　i　ng　of　the　s　pectrum，　a　na　rrow　energy　↑nterva1　from　3．99

t・4．・8G・Vj・・t・b…th・DO＊・・db毒O＊th…h・1d・（…1・t・ザdi・・…す・・）

ha　s　been　ta　ken．　The　f’u11　curve　†n　F　i　g．　6．20　shows　an　exce11ent　a　greement

　　　　　　　　　　　　　　　　￥

fortheD今evK（892）decay，butwith肋eerrorbars9抑entheD今evK
decay（dashed）seemstobeacceptab1easwe11．
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［一na11γtheenerWdependenceqftbe↑nc1uミてyee1ectroneventsw仙at1east

t㎜add寸tiona1chargedtザacksisp1ottedin［9．6．21a．ThebackgroundofmtS・

identified　mu1tihadron　events　has　been　subtracted，　so　that　the　c◎ntro1　po寸nt

at　3．6　GeV，becomes　compatib1e　w1th　zero．　We　observe　a　steep　rise　of　the　cross

section　near　4　GeV　and　a　s1ow　fa111off　above．　In　order　to　obta　in　the　fraction

of　semi1eptonic　decays　among　a11　the　charm　decays　we　have　to　estimate　what　the

producti　on　cros　s　secti　on　i　s．The　s　imp1est　way　i　s　to　subtract　from　the　tota1

c「osssect1onσt．ttheconb「ituionR’σ叩a1「eadyp「esentbe1owchamth「es－
ho1d　a　nd　the　contri　buti　on　σ　　　from　s　ec1uent寸a1　heavy　1epton　product寸on　（see
　　　　　　　　　　　　　　　　　　　　　　　　　　ττ

section7）：

σ　　　＝σ　　一R・σ
charm　t◎t　　　岬

σ
ττ

1・・…i・・…σ。。。・・・・・・・・・・・・・・・・・…刊・・…73）・・・・・・・・・・・・・…1・・

va1ueR・2．3，weobtainthedatapoints寸n［g．6，21b．Note，thatwenave
t・d・・id・by2’σ。h。㎜・b・・・…th・・h・…dp・・ti・1・・…p・↑・P・・d…d・

Fr◎m　Fi　g．　6．21b　we　see　that　the　branch寸ng　rat1’o　for　sem↑1epton　ic　decays　i　s

B。・11・3％・If・・b・dt・k・・th・・㎝・・h・thigh・・・・・・・…t11・…1・…f
・…一…1・）。。。。。1・・。。、。・。、in、・。。・．・。。・nu、・、、、、。、、、、1。…、v，1。、

menti　oned　i　n　the　beg　i　nn　i　ng　and　show　that　there　i　s　a　substant↑a1　sem寸1epton　ic　wea　k

decay．

Comparedwiththee1ectrondatajustdiscussed，theexpehmenta1procedure’f◎r

obtaining　kaon　寸nc1usive　data　is　much　simp1er，　because　there　is　1ess　confusion

withbackgroundand1essc㎝petitionfr㎝otherprocgsses1ikeQE0orheavy
1epton　decays．　Cha　rged　kaons　were　i　dent　ifi　ed　v　i　a　t寸me，of口f1i　ght　i　n　the　DASP

d・・・・…74）（・。。・…i・・5．1），。。d。。。・。。1k。。。。。・・。l1。。・。・i。。11y・。・…i…

b。・・…h・g・h・・・・・…。f・h．d。。。川。。。1。．・h．P・UTCd。・。。・。。75）。。d。。1－

cu1ating　the　effective　mass．　In　order　to　put　charged　and　neutra1　kaon　production

ohthesamebasis，o・ehastoacco・・tfo・thefactthat1ong1ived・eut・a1kao・s

escape　from　the　detector　and　therefore　on1y　ha1f　of　the　neutra1　kaons，　the

・h・・t1i・。dKo1。，。。。。。。。．Forthi。。。。。。。th．i。。1。。i。。Ko。。。。。。。。t｛。。i．
　　　　　　　　　　　　S　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　S

p1◎tted　in　Fig．　6．22a　together　w↑th　ha1f　the　inc1us寸ve　charged　kaon　cross

section，　that　is　to　say　the　measured　cross　section　for　pair　producti◎n　is

shown・Againweobserveasharprisebetween3．6and4GeVanda1eve11ingoff
above．Inordertoobtainthebranchingratioforstrangedecaysofthenew

partic1es，wecansubtracttheKpairproductionbe1owthresh◎1d－sca1edw1th
一■1　　　　　　　　　　o　o1d

…　dd…t・d・・σ（K。）　（d・・h・d1i・・）一・・dd1・id・thi・diff・・・…byth・
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correspondingdifferencefnthetota1crosssection．Theresu1tisshown

－in［9・6・22b・Weseethatabovethresho1d40％oftheneweventsarep附
duced　with　charged　and　40％w－ith　neutra1　kaon　pairs．Therefore，　f寸nding　a

fraction　of　80　±　12　％　kaons　in　the　decay　products，　1eaves　not　much　room

for　pure1y　pionic　decays．　This　certa　in1y　agrees　we11　with　the　charm　picture

out1ined　in　the　beg1nning．　That　the　kaons　are　decay　products　from　heavier

obj　ects　can　be　seen　di　rect1y　by　compari　ng　the　cha　rged　kaon　momentum　s　pectra

aboveandbe1owthresho1d．Nearthresho1dthepa寸rproducedcha㎜edpartic1es

arenear1yatrestandthereforetheかdecayproductscancarryatmost㎝e
quarterofthetota1energy．Thisisobservedfortheinvahantkaonspectra
in　F千g．　6．23，where　the　excess　of　kaons　at4．o5GeV　over　the　kaons　at　3．6GeV

endsatabout1GeV・Thereforetheweak1ydecay寸ng　newobjectsaremost1y
associated　with　kaons　in　their　decays．

Ingoingonestepfu舳eronecantrytodetecte1ectronsandkaonsinco｛n一
。1d・…．Thi・。。。d。。。by・h．PLUTOg。。。p76）。。d・h。。。1d。・・。f。・・Ko・・・…
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　S

1・ti㎝i・・h…i・［g・6・24・Th・．Y1・ib1・・・・・・…ti・・p・・k・・t・b・・t4・05

GeV．Afterbackgroundsubtmct千onandcorrect†onsforacceptance，b㈹nching
　　　．　　　　　　　　　　　　　　　　O
「at1o・andunobse「vedKLm…nson・f1・d干ap・・k・・…sect1on朽「co「「e’
1・・・…；P・・・…i・・・…　1…

Whereas　the　exper1ments　at　DESY　pursued　the　chanl1search　a1◎ng　the　1ine　of

inc1us千ve　partic1e　spectra，　the　SLAC，LBL　experiment　was　from　the　beginning

a千ming　at　the　detect寸on　of　exc1usive　decay　channe1s　and　f◎11owed　an　1’nde－

pendent　1i　ne　of　『nvesti　gat1on．　When　p1ott寸ng　a11　two　part寸c1e　mas　s　combi，

…i・・77），S・AC－L…。・・d。。。11b。。p。。・1．74，1．87，。。d1．99・。Vi。・h．1・一

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　一　±　　一　　　　　十　1
va　r1ant　mass　d　i　s　tr　i　but　i　on　s　of　the　↑r↑r　，↑r　K＋，　and　lく　K　　comb　i　nat　i　ons　re－

spective1y（see［gs．6．25a，b，c）．Thequestionthenwas：whichisthecorrect

comb｛nat寸on　and　can　the　amb1guitfes　be　reso1ved　by　time－of－f1ight　measurements．

The　NARK　I　detector，with　1．5nl　f1ight　path　and　C．4nsec　t寸me　reso1ut千on　－

offers　good　p『on／kaon　separat1on　for　momenta　up　to　600閑eV．　This　is　demon－

stratedby［g・6・26wherethepartic1em㎝entum↑sp1ottedversusthet加e
of　f1ight　mass　squared．　However，　from　our　previ’ous　d1scuss↑◎n　we　kn◎w　that

the　charmed　l⊃artic1e　two－body　decay　1eads　to　momenta　of　about　1　GeV．　工n宝tead

ofattemptingac1ear－cuteventseparation，SL八C－LBLp1ottedtheevents

weighted　by　the　probabi1ity　for　the　part寸cu1ar　mass　assignment．　The　p1ots
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　　　一

〇btainedinthrswayareshowninFigs．6．25d，e，f．Thepeakすnthe・■K＋
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　，
comb1nat1on　apPeaザs　now　enhanced　whereas　the　remain1ng　bumps　in　the　lT　Tr　and
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・・dK＋ビ…bi・・ti。・。・。・・。・p舳1・舳・i・id・・州・・ti…f…th・・±K手

cha㎜e1・Fortheneutra1fourpart1c1ec㎝binati㎝sthepion！kaonseparation
1s　much　c1eaner　because　the　partic1e　momenta　are　sma11er．　The　1nvar1ant　mass

pてots　in　Figs．6．25g，h，i　show　an　enhancement　on1y1n　the1く丁町↑r　comb1nati◎n，

and　its　mass　va1ue　of　1．86GeV　agザees　we11　w1th　1．87GeV　found　寸n　the　K↑r

distributron．Thesepeakscanbetakenasevidenceforthe1owest1y1ngneutm1
　　　　　　　　　　　　　　　　　　　　o
ch　armed　meson，　the　D　．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　　　　　，
The　corresponding　charged　mesons，　D　　and　D　，　have　to　be　1ooked　for　i　n　the
i。。。。i。。・。。。。d1。・、ib。・1。。。f・1、。、C1、、g。・・、。。・。．T・。・手、±、±di。・hb。・i。。78）

in［g．6．27arevea1sapeakat1．87GeVwhereasnostructureisobservedfor
　　　　　一ト　十　・

theK■π・　c㎝binat寸onof［g．6．27b．How　canoneexp1a1nthisd廿ference？

In　fact，　the　observation　of　on1y　one　of　these　decay　modes　千s　a　conf1rmation

of　the　se1ection　ru1e　△C　＝　△S　＝　±　1　for　weak　decays　of　charmed　partic1es．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十
Start1ng　w1th　charm　C　＝　1　and　no　strarlgeness　S　：　0　for　the　D　，we　end　up
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　十　十　。
w千th　C＝0and　S：　一1　for　the　decay　products　which　means　that　K　Trπ　　1s　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋

on1ycorrectc㎝b切at1onfortheD　decay．Th寸sc㎝b1nat寸on1sca11edexotic

becauseduetotheGe11一陶nn附shijimare1ation（seesection2．3）Posrtive1y
charged　mesons　are　a1ways　assoc1ated　w千th　pos1tive　strangeness，　or　stated

d1fferent1y：ρosれ寸ve1ychargedmesonswithnegat1vestrangenesscannotbe
constructed　w1th寸n　the　framework6f　convent1ona1　up，　down，　and　strange

cluarks．　Therefore　the　charged　D　nleson　is　observed　as　a　state　wh1ch　cannot　be

confused　w寸th　trad千t『ona1　resonances．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　十　■　　　　　　　　　．

SincecharmissupPosedtobeconserved1nee　a㎜州1at1ons，charmedpar－

t1c1eshavetobeproduced↑nassoc1ation．工nordertof1ndtheassociated

partners，SLAC－LBLhas1ookedatthereco寸1胴ssspectザacftheide（t州ed

D爬sons．TheψIl　resonanceat3．77GeV（seesection6，2）ries，justabove
榊。・h。。。h．1d。。di．f。。。d・。d。。。。。1。。。・。。。1。。1。。1。派。・553）．晦。一

　　　　　　　　　　十　一　　　　　　　　　　　　　　　　　．

ever，atee　ann柿11ationenerg1esabove4Geytherec州胴ssspectザa
revea1snos寸gn州cantpeakattheposれi㎝cftトeDmescη；・Instead，
・・榊g。・1・・・・・…1・。。。。。・hlg1。川。。。。1。。。7g），榊。舳g・h．p・。一

　　　　　　　　　　　　　　　　　　　　　　　　￥

dUctionoftheheavierD舵sons．Infact，adeta｛1eda脆1yslsshowsthat
・b・・・・・・・・…gy．f4G．V．h…p・。d・舳・・洲）1ρ㈹・桃・ボ㍉・d
D米O米．Th。。。。・。。。。。。・。。。。。。。。1g。。。。・。。b舳。dbySL／、C－LBL58）湘：
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From these 
D;F to the 

of pions. 

value when 

S1 = 1863.3 i 0.9 MeV Do 

M = 1868.3 i 0.9 Me¥J D+ 

~~ *o = 2006 O i 1.5 MeV ' 'D 

,~,1=D~+ = 2008 6 + I O MeV 

mass values ~t follows that three out of four transitions from the 

D mesons are energetically just allowed to proceed via the emission 

In the following diagram the numbers give the energy released or Q 

emitting a pion ~+ D ~o D 

TCo 

7.721.7 

-I~9 -~ 1.7 

¥ TC~ ¥ 
¥ 

TC+1 ¥ 
¥ 

TCo 

5.3t 0.9 

57~ 0.15 

Do 
Dt 

The dashed Ti'ne indicates the forbidden, TT transition. The wfdths of the new 

mesons are compatible with being less than the mass resolution of 40 MeV. 

The various ~0 decay modes and their branching ratios to all mesonic decays ex-

pected in the statistical model of Quigg and Rosner80) are shon in Fig. 6.2~.,-･. 

Three out of the four measured decays cnly partly fill the provided boxed (hat-

ched areas). There seems to be some diagreement between the model and the data. 

but many more decay modes still have to be measured. 

6.6 The F rleson: a State with Charm and Strangeness 

The discovery of the D mesons has been the most evident confirmation of 

charm model . Looking at the hexadecuplet of Fig. 6.2 we see that now the 

meson is the only missing element. Being a cs compound it carries charm 

strangeness. In order to find out which decay modes might be accessible 

experiment, Iet us consider the following diagrams for mesonic decays: 

the 

F 

and 

b y 
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F~ 9 
S 

S/~~!(d~R ' 

u s~~¥~(;K' 

F+ ~ 
~ 

U 4 

s 
-¥, ¥~/ 

Sl ~ ,~', c 

From the left-hand diagram and from the presence of the ss state c in the 

right-hand diagram we may conclude that the F mesons can be a particularly 

rich source of K mesons. But one has to single out these kaons among many 

others already present from D meson decays and it may be difficult to detect 

a small signal. Let us, therefore, Iook at ITn and Trr]' decays more closely. 

The admixture of ss can be found from the quark composition of the singlet 
8) . 

and octet states 

/~ - -n = (ss + uu + da) 1 

T1 s~ -~I _ = (uu + dd~) 8 

o and from the usual mlxlng (e = 10 ) in the physical states: 

rl = nl slne + T18 cose 

n' = T]1 cose - n8 Sine 

LVe see that T1 is mainly an octet state and therefore has the strongest ss 

admixture. In addition the n' decays via the n in 68 % of the cases. Therefore 

an excessive production of n mesons can be a hint at F meson production. 

A search for inclusive n production has been performed wi+.h the inner part 
of the DASP detector81) by looking at the invariant mass spectrum of two 

photons (38 % of the n decays). To become more selective in the data analysis 

a soft third photon of less than 140 ~leV was required. This additional cri-
terium was chosen because - in analogy with the D_ meson observations - FP;F and 

F*P* may be enhanced over FP productlon and the mass dlf'erence between F 

and F* is expected to be of the order of the pton mass. Since the F mesons are 



5ユ

．　　　　　　　．　　　　　　　　　　　＊　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　、　　。
1sosp千n　s1ng1ets，　the　F　　may　not　decay　　into　the　F　v1a　s『ng1e　pion　em1ss1on

buttheem1ssionofaphotonisa11owed．Theresu1tofthisrestrictedinc1u－

siveηsearchrsshown寸n［g．6．29forvahousenergyregions．Ac1earηs1gna1
in　the　invariant　YY　　mass　d千stribution　千s　observed　on1y　at　4．4　GeV．The　w『dth

of　this　peak　agrees　with　the　expected　mass　reso1ution．The　background　curves

wereobtaうnedbyus1nguncorre1atedphotons（i．e．Photonsfr㎝d廿ferentevents）
a　nd　no　ram1千z　i　ng　them　to　the　observed　number　of　photon　pa1rs　a　bo　ve　a　YY　ma　ss

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0　　　　　　　．
of　0．7　GeV．　At　the　1ow　s千de　of　the　mass　spectrum　a　↑r　s千gna1　1s　seen．　工n　order

to　show　how　s寸gn1ficant　the　η　signa1　↑s，　the　visib1e　cross　sect1on　for　η　P1us

1ow　energy　photon　production　i　s　p1otted　in　F千g．　6．3C　for　the　various　eneザgies・

Having　found　some　encourag1ng　evidence　for　the　poss1b1e　exゴstence　of　the　F　meson，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　“＊　　　　米■＊

1etustrytosing1eoutexc1usivefrna1statesofFF　oけF　production．By

armingatdetectingtheπηdecaymodeoftheFandthephotontザansitionfr㎝
　￥
F　　to　F　we　may　cons1der　the　fo11ow1ng　two　react1ons：

十　一　　　　十　　　一＊手
e　e　今F’　　F

　　　　　　L

　　　　　　　　　　Y1◎。十…

　　　　　　　十
　　　　　　　’　　　　　　π　η

十一　　　＊±　一＊手
e　e　今　F　　F

　　　　　L

　　　　　　　　　　　　　■　　●　　●

　　　十

F’十Y1。。

L、・、

The　DASP　group　e㎜p1oyed　the　fo11ow1ng　event　se1ect1on　cri　ter1a：

　　　　a）　A　p　i　on　千dent　i　f寸ed　by　◎ne　of　the　magnet　i　c　s　pectrometer　a　rms

　　　　　　　has　to　have　a　m1n1mum　momentum　of　600閑eV．

　　　　b）　A　pa1r　o　f　photon　s　s　een　by　t　he　i　nner　detec　tor　ha　s　to　have　an

　　　　　　　invar1ant　mass　between　350　and　650　岬eV．

　　　　・）Athi㎞1・・・…gyph・t・・Y1。。b・1・・200M・Vh・・t・b・

　　　　　　　detected．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　，1

Thisse1ect寸◎n1eadst◎35eventsf◎ratota1↑ntegrated1um↑nosityof1400nb．
I　n　a　subsequent　fi　t　i　t　↑s　reclu　iγed　a）　tha　t　the　mass　of　the　photon　pa　ir　i　s　com－

patib1e　with　the　exact　ηmass　and　b）　that　the　reco『1i　ng　system　（ind寸cated　by

dots　in　the　above　react1ons）　has　a　mass　equa1　to　the　F÷Trη　system　f◎r　the　fi　rst
　　　　　　　　　　　　　　　　　　　　　　　　　　＊

・…ti・・…q・・1t・th・F今mY1。。・y・t・・f・・th・…舳・…ti…舳
these　two　constra　ints　15　events　gave　a　good　fft　（X2　く　8）　for　the　f千rst　reaction．

The　resu1t　is　shown　1n　Fig．　6．31　where　the　fitted　πηmass　is　p1otted　vs．　the

FY1。。m・…h『・い・・1・d・・th・・…i1i・g・y・t…ト’・・b・・…th・t5・…t・

・1・・t・〔・・・・・・・…gi・・・・…dM（m）・2・04G・V・・dM（Y1。。十…）・2・17G・V；

the　events　be1ow　2　GeV　are　attri　buted’to　background．　Ne　may　cons寸der　the　ob一
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■＊　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．

servedc1ustehngasev千denceforFF　production．However，thesecondreact1on
．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一㍗
1s　kinemat寸ca11y　so　very　s寸mi1ar　to　FF　　production　that　14out　of　the　15

events　for　the　f1rst　reaction　f1t　the　second　reaction　as　we11，　whlich　then
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＊・＊　　　　　　　．
can　be　ta　ken　a　s　ev　id　ence　fo　r　F　F　　produc　t1on．　Th↑s　amb　i　gu†ty　寸s　certa『n1y　due

　　　　　　　　　　　　　　　　＊　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＊
to　the　sma11　FlF　　ma　ss　d↑fference．　Neverthe1es　s　the　F　a　nd　F　　ma　sses　ca　n　be

fair1ywe11dete㎜ined：

州　　＝　2．03　±　O．06　GeV
　F

M　　　：。　2．14　±　0．06　GeV
F＊

where　the　errors　g千ven　1nc1ude　sy§tematic　uncertainties　and　the　uncerta千nty

aboutthecorrecthypothes寸s．

6．7　　Present　Status　of　Cha　rm　I　n　vest1gat　i　on　s

A　1arge　amount　of　experimenta1　informat1on　has　been　co11ected　s1nce　the　disp

covery　◎f　J／ψ　and　ψ■　i　n　1ate　1974．　Th　i　s　i　nforma　t　i　on　ha　s　i　n　a　n　impress1ve　way

con　fi　rmed　the　c　ha　rm　p　i　ctu　re，　th　e　character　i　st　i　c　s　of　wh　i　ch　can　be　summa　r1zed

i　n　the　fo11owi　ng　three　po　i　nts：

千）　　　　　　The　c　harm　mode1　can　be　adj　usted　to　account　for　severa1　of　the

　　　　　　　　　1eve1sp1ittingsandtrans寸tionratesofccboundstates・The

　　　　　　　　　observedstatesandtransit1onsareaga1nshownin［g．6．32

　　　　　　　　　andtherespectivebranchingrat寸os寸npercentaregivenasnumbers

　　　　　　　　　next　to　the　emi　tted　pa　rt寸c1es．

i　i）　　　　　Partic1es　carrying　the　charm　quantum　number　have　been　1dentified

　　　　　　　　　in　various　decay　modes　as　D　and　F　mesons．　The　pair　producti　on　of

　　　　　　　　　　　　　　　　　　　　　　　　　．　　十　一　　　　　　　　　　　　　．
　　　　　　　　　c　harmed　ba　ryons　1n　e　e　　ann　i　h　i1ati　on　1s　1n　ferred　from　obs　erved

　　　　　　　　　th。。。h．1d．58）。・。b。。・4．6G．Vf。。1．c1。。1。。p。。・。。。。dAp。・d。・・i・・．
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iii） The　region　above　the　thresho1d　at　4　GeV　is　difficu1t　to　ana1yse．

Such　an　ana1ysis　wi11　invo1ve　mode1　dependent　ca1cu1at寸ons，　an
。。。。p1．82）。f．hi．h1．gi。。。1。［g．6．33．1t。。。。。th。・th。。。。i。。・

mesonic　pair　product1on　processes　are　not　suffic1ent　to　exp1ain

the　comp1ex　structure　of　the　experimenta1　cross　sect1◎n　above

3．9GeV，adetai1eddiscussionofwh1cいsdeferredtochapter8．

After　having　Praised　the　charm　mode1，　1et　us　now　turn　to　some　of　the　prob1ems・

Iti・・・・…kdb1・・b・・…ti・・th・tth・・pi・。州t・p1itt寸・g・fth・P。・・X

st・te・is・ftheo・d・・to100、榊・・dth…fo・e・e1・ti・・1y1・・g・with・・一

s　l〕ect　to　the　separat　i　on　◎f　the　states　J！ψ　a　nd　ψI　w1th　d　i　fferent　ma　i　n　quantu111

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2S＋1　　　　　　　　2S＋1

…b・…F・・th・・・・・・・・・…d柿gt・L・・d6’…1・E（　LJ）一E（　LJ．1）～J

fortheenergy1eve1sEinaCou1omb1cpotent1a1there1at1vesp11tt1ngof

theseP－wavestatesisexpectedtobe

　　　つ　　　　　3
E（）P2）一E（P1）

　　3　　　　　3
E（P1．）一E（P。）

・2，

and　experimenta11y　we　observe

3552　－　3508

3508　－　3414
＝O．47．

However，　the　second　term　千n　the　expression　（6．1）　for　the　potentia1　reduces
洲。・i・。。。p。。。y52）。。dp。。。ib1．b。・h・。。。。1。。。・。・。。。州。d。。。・・1－

t　i　ona1　terms　1nc1uded．

Wherea　s　the　deta　i1s　of　the　P－wave　s1〕1i　tting　may　be　ta　ken　a　s　an　fnd　icat千on　for

anapProphatechoiceofthepotent柄1，theX（2．83）andX（3．45）statesposea
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1

rea1puzz1e．Thatthehyperfinesp1ittfngofthese　S　stateswithrespect
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0
　　　　　　　　　　　　　　　　　　　　　3

t・th・・・・…p・・d†・gS1・t・t・・J／ψ・・dψ’i”fth…d…f250M・V・・d

thereforemuch1argerthanthesp寸n◎rbitsp1寸ttingissurp吋s1ngandnoteasy

toexp1ain．However，therea1difficu1tyinassoc↑atingthesestateswiththe
charm　mode1　arises　from　the　observed　tザans　it「on　rates．　The　hadronic　decay　of

thepseudosca1arstates寸ntohadronsshou1dbe1esssupPressedthanforthe
pseudovectorsJ／ψandψ1，becausetheccann洲1at千onmayproceedv1atwo
g1uons　instead　of　three：
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C 
nc = x(2.83) e hadrons 

The expected hadrontc wtdths are of the order of a few tieV, but only radiative 

decays have been observed so far. A quantttati've comparison for the radiative 

transitions revea~s a discrepancy of at least a factor of 20 for X(2.83) and 
of a factor of l03 for X(3･45): 

rmodel(J/~+ YX) > 20 ･ robserved 

BRobserved (~' + Y X(3 45)+ YY J/~) I03 * BRmodel 

Assigning the quantum numbers JPC _ 2-+ of the 31D2 state to the X(3.45) 

leads into similar difficulties and seems to be equally unacceptable. These 

inconsistencies have lead to the suggestion that X(2.83) and X(3.45) are not 

the hyperfine partners of J/~ and ~' and that the missing singlet states rl 
c 

and n~ Iie just below the triplets where they are as yet undiscovered. The 

assignment of X(2.83) and X(3.45) in the quark model is then again open and 
various schemes have been devised83). This question wtll remain unsettled as 

long as the quantum numbers of these objects are not determined. A certain 

hope is that a high statistics experiment at the ~' mass might reveal the 

decay ~' +Ync 

Only some aspects of the charm model could be treated in th~s report. For 

a more detailed discussion of level splittings and transition rates the 
reader is referred to reports by Jackson49) and Schopper84). 
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7．　　Ev　id　ence　for　Heavy　Leptons

The　cr◎ss　section　for　the　pa　ir　production　of　a　poi　nt－11ke　heavy　obj　ect　τ
　　　　　　　1

・f・pi・Zisgi…byσ岬（・・・…ti・・2・1）・・difi・d・ith・ki・…ti・f・cto「：

e◆ τ◆

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3β一β3

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　σττ　：σ山’　2

　　　　　　e・　　　　　　　　　τ■

In　the　fo11owing　we　sha11　on1y　consider　the　case　of　a　sequentia1　heavy1epton，

which　means　that　the　1epton　and　its　associated　neutrino　carry　a　separate　quan－

tum　nu㎜ber　and　form　a　thi　rd　1eft，handed　doub1et　i　n　the　sequence：

（le ）一い

Thepossib川tyofothertypesofheavy1ept㎝shasbeend↑scussedinapara11e1
・。h。・。f1・…。。。byE11i．85）．A。。。。1．g．V－A。。。p1i．g・f・h・τ・・dれ・・・…

1essneutrinothefo11owingbranchingmtioshavebeenca1cu1atedforthedecay
．f．h。。。y。。q。。。・i．11．p・。。86）。i・h。。。。。。f1．9G．V：

τdecaymode branchingrat千o
　　　　　％

numberofchargedpartic1es
　in　f干na1　state

v
　τ

v
　τ

v
　τ

v
　て

v
　τ

v
　τ

v
　τ

v
　τ

　F　　　　P

e　　v　　　　　e

1」　　V
。　μ

Tr

　PK
ρ

　祭，

K
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　ユ
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20
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　1
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　1
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1
1
1
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1，3
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From all the decays 85 ~ give only one charged particle in the final state, so 

that a considerable fraction of heavy lepton pair production and decay should 

show up in the event class w~th twO Observed oppositely charged tracks. The 

PLUTO detector has a large angular acceptance of 85 % and very general particle 
87) In Fig. 7.l trigger which allows to measure the two-prong cross section 

the ratio R2 of two-prong to ~-pair cross section is shown. The dashed line 

indicates what is expected for heavy leptons of the above type and we see that 

there is sufftcient room in the data to accomodate such objects. 

7.1 Si natures for Heavy Leptons and Observed Processes 

Since the heavy sequential leptons decay with a high percentage purely 

nica,lly into e's or u's, one would expect the following experimentally 

servable signatures: 

a) e~ uT events provlde a clean slgnal due to the reactlon 

+- + T 

- + ~) e ~)e . 
T T 

u ¥'Ti 

1 epto-

ob* 

The expertmental requirements are: 

- Find e+ u~ or e~ T1 ~ 8 ~ of the decays are expected to proceed this +. . 
way (see above table). 

- No other charged particles or photons must be present. 

- The missing energy- has to be large due to the many unobserved 

neutri nos . 

- The lepton momentum spectrum is hard, i.e. i.t extends to higher 

values than for charmed particle decays (see section 6.5). 

In the following diagram the di'fference between heavy leptons (full line) 

and charmed mesons (dash-dotted line) is sketchend andtn addttion the ex* 

pected momentum spectrum for ･2-body decays (dashed I ine) i's shown: 
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N 

/ 

f, /' ¥lv' fvom charmed 

f,1' 

mesons 

/ -~ 
I 
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- - - ~,/ Z-body decays 
l 

P 

b) ei X ~ or T1+ 

e 
+ 

X+ 

e 

events 

~ 

yi el d anoth_ er 

T 
+ 

signature 

+ 

f rom_ reactions like: 

T 

+ ~)T e ~)e ¥, X~ T 

where X can be any charged particle like e . T1~. Tr or K .The experimen-
tal requitement is to find an ei or v~ and one addtttonal particle of oppo-

site charge. t,!ith this event selection one can obtain up to 40 ~ of all 

decays which is a much larger sample than for the previous sfgnature but 

the background problems may be more severe. 

A background source for the first signature is the QED process e+e~~ e+e Tl+1J 

with two leptons missing th. e detector. Because we required two different 

type leptons for the final state, the much larger background from the QED final 

states ee, ul!, eeY, ~uY ･ eeYY･ ~~~YY is avoided. Due to the limited acceptance 

- i.e. hadrons missing the detector - both signatures will contain background 

from charmed particle decays and from hadronic events with one or twO hadrons 

decaying leptonically and thereby faking leptons. These latter ty'pes of back-

ground are most severe for the second signature events since only one lepton 

is identified there. 

The first indication for heavy leptons came from eili+ events. Early SLA.C*LBL 

data88) are shown in Fig. 7.2 and the two curves represent the energy depen* 

dence for heavy sequential leptons of two different masses. Th_ at one really 

observes a pair production process, can be seen from the colinearity distri-

bution in Fig. 7.3. Whereas there is little correlatton at low energies close 

to threshold, the two leptons are produced nearly back to back at htgh energies. 
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S。。。。。1。。。。。。。。。。t．89）。f。±X手。。。。・。。。。。。。pi1．di。［g．7．4。・d・h。・・…

i11ustra　tes　that　the　energy　dependence　i　s　as　expected　for　heavy　1ept◎ns・　I　n
・d州。。，・h。。1。。・。。。・。・。。・。。。p。。・。。。81）f。。。。±・手。・。…i・［。．7．5i・

thatofa3－bodydecayandagreeswiththemode1ca1cu1ationbasedonV－A
coup1ing，　a　mass1ess　neutri　no，　and　a　heavy　1epton　mass　of　1．9　GeV．　The　experi・

menta1　distribution　is　incompatib1e　with　a　many，body　decay1ike　for　charmed

mesons　and　with　a　2．body　decay　（see　the　schemat1c　diagram　above）．

Whenobservingathird1eptonτonewou1d1fketo㎞owwhetherfthasa11the

propert1esofthec㎝vent千ona11ept㎝s　e　and口oパ［t寸sdifferentin
some　properties　other　than　the　mass．　Let　us　therefore　ask　the　fo11owing

queStiOnS：

　　　　　　　一Hastheτrea11ya3－bodydecay？

　　　　　　　1　Does　it　c◎up1e　to　its　neutrino　v　　　11ke　V－A　or
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　τ

　　　　　　　　V＋A？

　　　　　　　一　What　i　s　the　upper　1imi　t　for　th　e　ma　s　s　of　v　？
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　τ

　　　　　　　1　How　do　we　best　determi　ne　the　τma　s　s？

　　　　　　　一舳atisthespinoftheT？

　　　　　　　□　Wh　ich　semi1epton　ic　decay　modes　do　we　observe？

Thefかstquest寸onhada1readybeenans帥ered千n批eaffirmativewhenpresenting
・h．1。。・。。。。。。。・。。・・。・。ib。・1。。i。・・。p。。。1。。。。。。・i。。．・1。・…一…。。・・p88）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　十　　　一
has　studied　thi　s　point　干n　detai1　by　comb1ning　the　e一　μ十　events　of　a11　enrgies

l；：、lllltlll，lll，s：llel；：；1；：ll、；；罧誠1hll15・11心1：ll：lll；m㎝、n．

tum　for　1eptons．The　data　i　n　Fig．　7．6agree　we11　wi　th　a　31body　decay　（fu11　1ine）

butd寸sagreew｛tha2－bodydecay（dashedcurvdforunpo1arfzedbosonsanddasト

dottedcurveforbosonsproduced↑nahe11city・Ostate）．

Theq・estio・ast・thetyp・◎f…p1i・gi・a・・w…dbyag・i・・o㎡pa・i・gth・
。。。1．d。。。。。t。。t。。。〔。。。。。d．1。。1。。1．ti。。。g・）．Thi。↑。d。。。↑。［g．7．7

where　the　V＋A　coup1↑ng　（dashed　1i　ne）　ha　s　on1y　a　0．1　％　probabf1fty　to　fi　t　the

data，　Among　the　c　urves　representi　ng　V1A　　coup1i　ng　　the　bes　t　agreement　i　s　obta　ined

for　zero　neutrfno　mass；　however，　a　v　　mass　of　500MeV　cannot　be　exc1uded．　rn
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　τ

fact，　the　resu1t　from　the　SLAC1LBL　data　is　that　V，A　coup1ing　i　s　strong1y　fa－

v◎ured　and　tha　t　the　upper　1imi　t　f◎r　the　neutr〒no，mas　s　i　s　600MeV．　The　upper

1i・i・・・・・・・・・・・・・・・・・・・…柿…g1）・・・・…τ・…i・・・・・…
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I　t　was　a1ready　ev　i　dent　from　the　two　curves　i　n　Fi　g・　7．2　tha　t　d　ifferent　ma　s　s

assignments　for　the　heavy　1epton　give　the　strongest　variatiorl　in　the　cross
。。と・i。。。・。。。。9i。。。1。。。・。・h。。。h．1d．Tl．SLAC－LBLg。。。p92）h。。・。k。。。

1arge　amount　of　data　at　the　ψI　and　ψ・I　resonance　and　thus　obtained　accurate
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　平

cr◎sssectionva1uesatthethresho1dforτpairproduct1on．Forthee■μ

eventsthequant廿y

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　R

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　e，1」
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　R　＝
　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　ττ町

isp1ottedin［9．7．8whereRdenotestheratiowithrespecttothepPa廿
prcductioncrosssectionandBe・B・C・1861stakenforthe1eptonicbranch千ng
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　P　　　　　　　　　　　　　　　　　　　　＋　一
・・ti・・fth・τ．Th・th・・・・・・・…h・・th・…g・・f…桐t1O・．F・㎝th・・一X＋

d。・。。f・h．DASP。。p．h・。・・g3）。b。。・・i・。f1．81・0．02G．Vi・・b・・1・・df…h・

τmaSS．

InordertoseewhetherthereisaWpreferredspfnassig㎜entfortheτ，wec㎝一
parethecrosssectiondata－e．9．theR　va1uesin［g．7．8－withthefo11owing
・・・・・・…i・・・・…1・・g4）…p・1・・一1…剛・1・・・…h・・…i・・：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　　　　　　　　・pi・O：　　　σ。。・τσ岬β3

　　　　　　　　　　　　　　　　　　　　　，1　　　　　　　　　　　　　　3β一β3

　　　　　　　　　　　　　　　　　　　sp1nl：　σπ＝σ寸

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3　　　　　　　　S　2
　　　　　　　　　　　　　　　　　　　S・in1：　　　σ1・ガ岬β3（1。。・）・on1yG・≠0

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　“一　　　　　　　　　　　　　　　　　　　　　　　1
The・b・e「v・dd…y・・d・τ川、い口・㎜…t・t・「・ugh1y20％・fth・spin？
c　ros　s　sect　ion　σ　　，　but　i　t　wou1d　by　fa　r　exceed　100　％　of　the　sp千n　O　cross　s　ecti　on
　　　　　　　　　　　　　　ττ

σ　nearthresho1d．Thereisnot㎝1ythefactor1／4buta1soastrongsupPress1on　00
due　to　the　kfnematic　factOr　β3．　I　n　sert1ng　a　heavy　1epton　mass　of㎜　＝　1．81　GeV

anda㎝senergyof2E・4GeV1ntotheexpressionβ2・（E2－M2）／E2weobtain
for（3β一β3）／2ava1ueofO．6assh◎wパn［g．7．8．However，β3・0．0771s

a1most　a　n　order　of　magn　i　tude　sma11er．　Therefore，　due　to　the　1arge　cros　s　sect『on　s

forthe1eptonicdecaysnearthresho1d，sp寸n0寸sexc1udedandsp↑n1isvery
　　　　　　　　　　　　　　　　　　　1

・・1ik・1y・Th・・pi・フ…ig・…t…f廿・・th・1・pt・・i…t・…f舳・…

ObjeCt．

I　n　add　i　t1on　to　the　1epton　i　c　decays　var1ous　semi1epton　i　c　decays　have　been　ob口

。。。。。d，。。・。bm。。hi．g。。・i。。。f．hi．h。。。gi。。。i。・h．f．11。。1．g・。b1．g2）

and　compared　with　the　mode1　predict千ons：
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decaymOde

eリV　　Or　pVV

P　V

lくv

A1・

↑r　v

BR　　　　　　　　　　BR
　　exp　　　　　　mode1

　19　　±　2　％　　　　　　　　　　　　20　％

　24　　±　9　％　　　　　　　　　　　　22　％

＜1．6　　％　　　　　　　　1％

11　±4％　　　　　　　　7％

2・3％浜〕　　11％

For　ev）　and　μvv　an　average　of　va　ri　ous　exper｛menta1　numbers　ha　s　been　ta　ken　and

these　numberS　imp1y［that　the　two　1epton　ic　decays　have　the　same　branchi　ng　ratios．

Ne　see　from　tbe　tab1e　that　the　sem↑1eptonic　branch寸ng　ratfos　agree　reasonab1y

we11　with　the　mode1　ca1cu1at寸ons　except　for　the　lTv　decay，　the　measured　va1ue

・f洲・い・…h…11…h・・。。p。。・。dラ，Th・。…d・・。y・。。…p・h・…。1…b・・。

・・・…i。。。di．P。。11．t．1kg2）。tth．H。。b。。g。。。f。。。。。。．

We　can　s　umma　ri　ze　the　d　i　sc　uss　i　on　on　heavy　1epton　s　by　s　tati　ng，　that　the　τ　Seems

to　have　a11　the　propert↑es　of　↑ts　1寸9ht　l⊃a　rtners　e　and　口．　Beca　use　the　mass

of　the　τ　is　so　1arge　－　1．81　GeV　，，　there　are　many　semi1ept◎n†c　decay　channe1s

・p・・，・h．d。・。i1。。f．hl．hh。。。・。b．1。。。。・↑9。・。d†。。。。d．1d．p。。d。。t。。y86），

8．　　Tota1　Cross　Secti一◎n

ト1easuringthetota1crosssect｛onisoneofthef寸rstobject〒veswhenentering
a　new　range　of　energ↑es　and　tt　keeps　the　phys千cist　busy　unt千1　at　1ast　he　might

ha　ve　s　ucceeded　i　n　brea　ki　ng　down　the　tota1　cro　ss　sect　fon　↑nto　i　ts　vari　ous　com，

ponents．　I　n　sect　i　on　2．3　we　have　a1ready　di　scussed　ear1y　measurements　and　found

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋　■　　　　　　　　　　　　　．

that4qua・ksand3c◎1oursa・e・eededtodescribetheeea㎜ihi1at寸o・1・to
h・d…i・fi・・1・t・t…Th・q…k－g1・・・…p1f・g・…t・・tα。・・hi・h・・i・t・・一

ducedinsection6．1，9↑vesrisetoanadditiona1correction．Therefore・out－

sideresonanceandthresho1dreg↑onいthecrosssectionratioRshou1dbe∵
h。。。1ik．g5）：

・一ヰニ讐・・Σ1l（1・α・lE））
　　　　σ（・・今岬）　　　i

つNoteadded1nproof：Tworecentexpehmentshaveobta1nedmbranchingrat1os
　　　　　　　　　　　　　　　　　　　　　　　ofabout9％（notyetpub11shed）inagreementwiththe

　　　　　　　　　　　　　　　　　　　　　　　mode1　va1ue．
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I:n contrast to th.e cross section formula in section 2.3, the colour factor of 3 

is, given expltcttly in th~s expression so that the sum index i' extends only over 

3 or 4 quarks. The value oes = 012 (see section 6.1) gives a gluon correction 
of 6 to 7 "/" and the energy dependence of a;s is such46,47) that it decreases 

10garithmica~ly with increasing energy. 

Neglecting the correction due to ot , the PLUTO group87) has compared the above 
s 

expression with their measurements. The data points are plotted ~n Fig. 8.l 

and the composition of the tdtal cross section is shown schemati'cally. R = 2 

is obtained for the old up, down, and strange quarks. On top of it we find 

the contribution from heavy lepton pair production, the threshold behaviour of 

which was discussed in the previous section. The remaining fracti~on is called 

the new part of R and most of it can be explained by the charmed quark contri* 

bution of 4/3, As i,ndicated tn section 6.7, the threshold behaviour of charmed 

particle production can be very complicated. The top band in Fig. 8.1 is certain-

ly partly due to the thresholds of charmed meson and baryon pair production and 

the gluon correction might contribute as well . 

The DASP collaboration96) has analysed their data by excluding heavy leptons 

and obtains the total hadronic cross section in Fig. 8.2. The data points are 

somewhat lower than in Fig. 8.1 but the overall structure is the same. The full 

curve is obtained by fittinq_ 3 Breit-t*Iigner resonances on top of a smooth back-

ground (dash.ed line). This curve represents a convenient parametrization of the 

cross section and it is understood that part or all of the resonance-like struc-

tures might be explained by thresholds for charmed particle production. 

One has to point out that the detectton technique is qutte different for the 

various experimental arrangements. ~hereas SLAC-LBL and PLUTO base thetr cross 

section determinatton on the identtfication of charged particles (so~id ang7e 

of 65 "/" and 85 "/" respecitvely), the ~nner non-magnettc part of the DASP detector 

is. sensitive to ch.arged particles and photons. At DASP the trigger- and detection = 

efficiencies for charged parttcles and photons are nearly the same and the de* 

tection acceptance covers 76 "/" and 62 "/'~ of 41T respectively. Because of the diffe* 

rent systematic errors involved it is interesting to compare the three experi'-

mental results. This is done in Fig. 8.3. The heavy lepton contributions are 

now included and the curve fitting the DASP data is superi.mpos'ed on the PLUTO 

and SLAC-LBL points. The PLVTO and DASP data agree well in shape, but the curve 

exceeds the PLUTO points by about half a unit in R above 4 GeV. Tne agreement in 

magnitude is better between the SLAC-LBL and DASP data, but the separation of the 
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peaks at 4.04 and 4.16 GeV i.･s not SQ clearly visible tn the SLAC-LBL cross 

section. Remember~ng tnat systematic errors of about 15 "/, are tnvolved, one 

cannot observe any significant discrepancy between the data. The general energy 

dependence of all three epxeriments is remarkably sfmilar. 

One may now compare the structure in the total cross section with model pre-
dictions83) for bound states and thresholds. In Fig. 8.452) the observed vector 

mesons are given by their symbols and the bumps above charm threshold by their 

energy values. For the peaks at 4.04 and 4.16 GeV it is an open question whether 
they can be interpreted as 33Sl and 43Dl states or as threshold enhancements 

of the pair production processes indicated in the ftgure. An example for a model 

predtcted threshold behaviour has been given in section 6.7 (Fig. 6.33). 

9. + 
ee Physics at Higher Energies 

The unexpected findings at present energies, which brought electron physi:cs 

into the limelight of physics interest, have caused an ever increasing urge 
to continue the e+e~ investigations at energtes beyond the presently available 

range. Some of the points of interest are: 

(i) A careful meas_urement of R, the ratio of hadronic to li pair cross 

sectton, for findtng posst･ble new degrees of freedom, i.e. poss.ible 

evidence for additional quantum numbers. 

(ii) Since the electromagnetic cross sections are falling as the fnverse 

square of the cms energy, other types of interaction will become 

increasingly important, such as weak i'nteractions and two photon 

processes . 

The discovery97) of the Upsilon last year and tts recent conftrmation 98) . 
In 

e+e~ collisions at DORIS have already signalled the presence of one or more 

additional quarks85) However, due to the large Upsilon mass of 9.46 GeV the 

associated step in R is expected to occur above 10 GeV which is outside the 

range of present storage rings. Therefore, further I~lplicattons of these new 
degrees of freedom h.ave to be investigated at the next generatton e+e' colliding 

beams . 

As an example of weak interactions, their influence on u Pair production has been 
studied99). rn addition to one photon exchange with its I + cos2e angular 



63 

dlstrlbutlon we have contrlbutlons from the weak neutral current: 

~ 

e~ 

Y 
ut 

pr 

+ 
e~ 

z' pt 

u~ 

Neglecting effects from el~ctron or positron polarization, the interference 

of weak and electromagnetic interactions will modify the simple (1 + cos2e) 

behaviour in the following way: 

da ot2 2E2g~ H~~ = I~~ {(1 + ) ( I + cos2e) + ~~~JZ cos e} 
IT~~r~TZ 

where E is the cms energy, MZ the Zo mass and gv, gA the vector and axial-

vector couplings. The difference Aaa in the ;nte~r+ated cross section measures 

the vector coupling, and the asymmetry A = -~ , which can be interpreted 
a_ +a+ 

as a charge asymmetry, determines the axial vect6r coupl ing. From standard 

V-A theory and from the Weinberg model it is expected that changes in a and in 

A will be of the order of 10 % for beam energies of 15 CeV. 

Two photon processes, which are of fourth order in QED, become increasingly 

important at higher energies: 

Y 
X a(E) ce~ (~n mE )2 (~n mE )n 

m 

where E me are the electron energy and mass and n ~ I , depends on the specific 

final state X. Note that th~s cross secti'on does not drop like l/s, but the 

cms energy is replaced by the threshold mass m of the state X. One can also 

see from the cross section formula that one power of ot is approxi~mately can* 
celled since (~n mE ) = 100 for E = 15 GeV. However, to positively identify 

the two photon pro~esses, tt would be advantageous to catch at least one of 

the electrons scattered at small angles with res.pect to the beam. Therefore, 

a special forward detector close to the beam line would be a useful tool to 
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obtain information on these processes. 

A more detailed discussion of the physics interest i'n htgh energy e~ectron 

positron colliding beams and of possible implications for detector arrange-
loo) 

ments has been given elsewhere . 

9.1 Next Generation Storage Rings 

As has been the case in the past, the competition in e+e~ collidi'ng beam phy-

sics between SLAC and DESY will also continue in the future. Both electron-

positron rings - PEP in Stanford and PETRA in Hamburg - will cover the same 

energy region, extending up to 36 and 38 GeV respeci'tvely in their initial 

phase of operation. Since the PETRA machine is nearly a year ahead of PEP, 

I shall only discuss the European project and the expertmental detectors in-

volved here. 

Fig. 9.1 shows the layout of PETRA. The circumference of the ring is 2,3 km 

and the bending radl',us 197 m. The rtng has octogonal shape with rounded cor-

ners. There are eight straight sections, two of which house the radio fre-

quency system. The other six are avialable for experiments, but at the begin-

ning only four interaction regi6ns will be equipped. Fast and relatively 

inexpensive construction of PETRA is possible by using the 7.5 GeV electron-

synchrotron and the storage ring DORIS as injector and ~ntermediate storage 

ring. The originally forseen scheme of injection is indicated in Fig. 9.2. 

Electrons and positrons, injected into the synchrotron by two linacs, are 

accelerated in DESY up to 2 GeV and transferred and accumulated in DORIS. 

Fast kickers will then eject individual bunches form DORIS for re-injection 

into DESY. After acceleration up to 7 GeV, these single bunches will be in-

jected into PETRA. This scheme assures short･ fillinq_ times of the ring which 

are estimated to be of the order of 10 mi'nutes. rn order to relieve DORIS of 

the burden as an i[ntermediate storage rfng, a 450 MeV storage ring PIA (Posi-

tron Intensity Accumulator) wi'll come into operation in the middle of 1979. 

Since the electron source fs much more intense, no such devt,ce is needed for 

the electron bunches. After an inttial phase of restrictions, the physics 

program at DORIS can proceed without being tnterrupted during PETRA injection. 
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The PETRA prQpQsal was submi~tted tQ the authori･t~･es tn the fall of 1974 and 

approved one year later, Ground breaktng took place 1':n January 1976. The con-

struction of the tunnel , the injection channels and the experimental halls were 

finished in spring 1977. The installation of machine components is expected 

to be comp~eted in Juty 1978. First injections into the PETRA tunnel took 

place in 1977. The installation of the experiments may start in 1978 and data 

taking commence at the end of the same year. The initial operation of PETRA 
will be at 15 GeV, and the luminosity is expected to be close to l032 cm~"'sec~'+. 

The variation of the lumindsi'ty with the beam energy is shown in Fig. 9.3, 

where we see that for the highest energies the number of bunches has to be re-

duced in order to conform to the maximum available rf power (see section 3.1). 

It is also indicated in this fi'gure that with the finally envisaged maximum 

rf power of 9.6 MW the beam energies can extend up to 22.5 GeV. 

9.2 Detectors for PETRA 

All of the experiments, proposed to be fnstalled fn the tnteraction regions 

at PETRA, use a magnetic field surrounding the tnteraction point and try 

to cover as much as possible of the full solid angle. The various experi-

ments differ in some of the means of particle identification. 

Five proposals have been accepted for the first round of experi'ments. Colla* 

borati･ons from the following universi't~es and tnstitutions are involved, and 

their projects have been given the short names on the left: 

CELLO : DESY-Karl sruhe-Nun tch-Orsa y-Par i s -Sacl aylol ) 

TASSO : Aachen-Bonn-DESY*Hamburg-London-Oxford -Rehovot-Rutherford Lab . -

Wl sconsinl02) . 103 ) 

MARK J: Aachen-DESY-r･11T-Netherlands . 

JADE : DESY-Hamburg-Heidel berg-Lancaster-Manchester-Rutherford Lab . -
Tokyol04 ) . 

PLUTO : Aachen-DESY-Hamburg.S i egen-Wuppertal l05) . 

The experiments can be classified according to their phys'ics objectives. 

Three examplesare taken from the list above. Experlnnent MARK J (Ftg. 9.4) 

has a very narrow core of wire chambers and shavercounters surrounded by 

magnetic iron into which drift chambers are inserted. The main interest of 

this experiment is to determine weak interaction effects by observtng u pair 

final states. Experiment JADE (Fig. 9.5) uses a magnetic solenoid of approxi-
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mate1y1　m　radius　surrounded　by　1ead　g1ass　counters　and　range　counters・　This

set－upintendstocarefu11y寸dentifye1ectronsandphotons；thedirect寸ons
of　the　photons　can　be　obta　ined　by　us　ing　the　coord　i　nates　of　the　interact†on

poi　nt　knowη　from　the　c　harged　trac　ks．　Experiment　TASS0　（Fi　g．　9．6）　has　a　magneti　c

so1enoidofc1oseto1．5mrad1us．E1ectronsandmuonsare寸dentff1’edby

showerandrangecounters↑na1argefract1◎noftheso1fdang1eandhadrons

arec1ass旧edbyasetofCerenkovcountersw寸tha1柿itedspatia1acceptance・
Further　deta　i1s　on　future　epxeriments　at　PETRA　s　hou1d　be　obta　i　ned　from　the

wittenproposa1s．

It1s・p1・as…to・・k・・Ψ1・dg・th・h・1p・f…y・・11・・g・・s・tDESYfo・

supP1y1ngmew1thdataandf1guresontherespectrveexper1ments．工wantto
thank　J．　Iくδrner　for　he1pfu1　co㎜ments．
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