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Add minus sign before l'lr > and \ K > on right hand side of (5a) 

and (5b) 

Equation 19 - add cross - M o.c(.:ii.. 1 X_§_.;..) etc. 

Equation 29 iJf -8;f =- - {- I) (It -"I. I ) 
Equation 34 - the middle factor should read: 

First sentence after equation 38 add a small zero over the lr. 

M--7311°• 

Equation 47 - add delta sign before C and G. i.e • .1C= No; 

L1 G = Yes, etc. 

Fifth line dovn in paragraph C- (47a) change to (48a). Ninth 

line dovn in Paragraph C, L =.), not L = 1. 

Table III change N (1520) to (1512); also change Na (1588) 

to (1688). 
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BTRONOLY INTF.:IV\GTlNO PAJt'ffCf .. ti~S AND Rl~SONANC'r.S + 

Df'rm.rtmcmt l'>l Phyf.)tcn Ml•\ J.,n.wrP.nc~ R~:~.rllntlon Ll\boratory 
UniVel·uity o{ C~allCo1·uia, H0.l'l~~ley~ CaU£orn1a 

Augat!it 196.?. 

INTRODUCTION 

t want to st~rt with a few W01."(ltt nhont tl'!lrminology,. [ will use the word 

"pa.rticlo" to include b(>th ah.bl,_, part1clcA r.nd "rerJonant Btatoe 11 which ca.n 

decay rapidly vla the strong int,racUon into other particl(Hil. Helnce a. precho 

b\.•.t lcso convcntlonal .title !or thh cou1·'H' would bo "Strongly lntctracting Pirtl­

cles: Bound an.d Unboun<l. '' Notice that l have altogether avoided thEt word 

"elornc nta.ry. " 

The rnost .Ln.milin.r cx:~.mple o! 2\n unbound ntato is the 1 • 1/Z. J • 1/2. 

pion nt1cleon resonance,. In th\o case th...,ro is only one decay channel, and we 

can ohow thnt th<l pion-nucleon ect\tt(llrh;.{t phane shift goeG through 90°. at the 

res"'nanCl'l: H tl\ore wP..rft mor(t tho.n ont'! channel we could atill show that thtt 

· scn.ttex-ing arnpHt\.\do bt'corne" pu:ro imaginary nt tho re oonanco. 

··All exampltl o£ a. oli[ihtly bound oystem h the deuteron. Pr~.choly becauae 

it is .(!lightly bound its propc:ttif.le tend to be those of tho aum o! ih conBUutt'lnh, 

and we tend to think o£ it aa a 11compobite 11 synto1n. 

An exampl-e of a tieht!Y bound system ia the pion,· considered as a bound 

state o£ a nucleon and an antinucletone l.tA binding enex-gy h so great (1n'l\' << ZmN) 

th~t tho ~ew .-syatem haa properties completely diffflrent from ita constituent•, 

and at thin rnoment in hiatot·y tends to bo thought o£ as "elernentary." 

~ 
Lectureo aiv(:'n in tlw COU:I:$0 on "Elornentary Particles," 

Enrico Ferrni Intcrn<Ltion<>.l School of Physics, 
~July 2.3 th):oush Augunt 4, 1962., n.t Vn>:enna, Como, 'Italy. 
(To be. publhh.t)d by tht, Italian Phyoical Society · 
in the P:rocotJ~edings o£ th~ Varenna. aunimer school.) 



UCRL-1 0192 

It. is best to classify a particle by proper·ti~s other ~han its decay via 
. ' 

any particular channel; thns it woulct he· ::Jn i.ncornpl0tc ste1.t{~ment to P.ay that tl 
' { J •' ' * . 

Y 
0 

of ma.ss 111)20 .ivf.<~V i!'l a. ::Srr 13tatc,, because this n.<!glecte r!ll.'other pof.'lsiblo 
'·,' ' 

final HtateR. * -~ In fn.ct, the Y 
0 

( 11)?.0) riecays into ::Err {about 60%), l.~n(::>~hout 30%~';. 

and 1\ 1nr ( il bout 1 0%). 

I. THr;~ :t.i"CTJR BASIC fl\lTERAC'T!ON.S AND THEIR QUANTUM NUMBERS 

S\nc~ there arc rnany p.n.r.ticlce; nnd only four int~:ractions H i8 b~tter to 

d:i ncufilB fir~~t th<;! intt:•:ractionH. Anyw::ty I feel that t~ven.tually tl1c int~r;l.ctlotH1 

will explr:l.~n the pa·!·t:l.lJt..crJ rath~r than vice v~rsa. 
~~· . . . 

In n:'.lt.ure only font. fundamentill int~racti onr, e:x:int: grnvi.tation~.t. ''"'~~k;' 

eloctromagn(~tic, and ~tl"l>ng~. tt is gent.~rally assuJ.ner~. that all foi.lr int<?.:r<lctiotllil 
.._ '!'' 

...... 1 
obey th"-' follo..,ving B ymrnetri e B and conRc rv<:~.tions la.wr::, -even if they :'l.re not 

.. I '. 

·-expe:r.in•en.tal.ly tested for all th(l inter:.tctions: 

(a) conE~erv-".tion of linP8.r and angular mornenturn4 

(b) conserv;:~.tion ~->£electric charge. 

{c) cons"'rvn.tion o{ baryon mnnber B <uHi l~~ptoti. nurnher L. 

(d) i.nvariancc un<kr CPT. 

Th(~ operator C wh~'>n npplied t:o a slngl.e particle in Hn own nHlt {nln.to:: 

transfor1ns th~ pa1·ticln into the~ corresponding ~ntiparticlc. { Thns v•e af<f.:UP:J6 

that every particle ha.c1 C:~.n antiparticll) which rnay or rna.y not he distinct)~ Fol" 

neutr<Jl 't.i)esons, di.sCtHI:H~d ntC>:re fully later. 

(e) _Inv<.'l-riance uner T (or C:F', b(~canr>e of d). 

The notion •:>f a rnoving picture offers a oiJ"nple phyoical rnodd of tho 
l {· • 

,t.ime -revert>al openttion. Th<: tirn~:-invel.·ted situation i1~ obtain!'ld hy rnnning 

the rnovh.o backwz •. rd. Tin••~ -reve :c sal invariance requires that to an observe< 

\ 
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who does not know the initial conditions the inverted situation makeo eenee. 

The timo-revorsal operation is mean~ng!ul only lor microscopic ey~Dtem•• 

not £or the large ensembles that are governed by atathtlea.l a• we11 ao mlcro~ 
scopic mechanic a. 

Additional conservation laws a.re obeyed by eome but not all o£ the lour 

interactions. These we talw up nt~xt~ 

A. Strong Interaction 

1. · O:·der& o! Magnitude 

The, stror.g (nuchar) interaction has the following chara.cierhticat 

a. Tho :ra.nge is short. Its order o! magni.tude h given by the !"lOll Compton 

wo.velongth, 

"' ... • ~ • 1.4xlo·l3 em m 1.4 Fermi. .. m c 
'IT 

(i) 

b. The energy io large. · For exa.mplo, nuclear binding• run in tena oi MeV 

and the production o! meaono in hundreds o£ MeV. 

c. The natural \.llllt o£ time £or strong interaction• h given by the thrie it 

takes !or a light signal to cross a distance equal to the ranae ot nuclear forcecit 

1' a fl ,. 1 ·x 1 o-z 3 . c. 
2 3. . . se • 

m c 
T1' 

. . , I , 

d. 1£ a reaction takes place in a time '1 the correapondlns lull width O.t hall 

maximum r of. its Fourier tra.nsfo~m is 

. · 'h 2L3 X 1o·ll MeV sec ' r=- -·• - • c .,. 

A more use£\ll form h 

r· ~ 
TC 

197 MeV F ,. . .;;..M------ . TC 
(3) 

I! we take, !or example. C'T • 1 F, we get r • ZOO MeV, (Notice that ll the 

pa.rti'Cle has mass m and is produced with momentum p lili '1 me,. then lt.' 

actually goes an average distance :T)C1' from its point o! prodt If 'l 

-----------
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x~ .... · ·• oo M v· ~ ( · A """"" l l .•.e l.. e. 9 CT~2.J!'}. Shnilady th.e p xneson has r 
p 

t":1 100 MeV. 

But the w meso:o:l haf-J I' ~ 15 Me.V and probably r · p;:: 1 MeV.. This m.cans 
(J) (,) 

a col·re tJpon.ding cT !:':!.. ZOO F. which is "outer f:;p.::.;.:e 11 in com.parison with the 

2. 

lav.:a will find a helpful <:~::<po.c;iti.on in a roview article by Wick. 
2 

"'· Con(:ervation o.t botopic S-pin I (both. lr.! ;~..nd I }. 
z 

....... 

Fig\n·c l ohows the pa:rticles that ;:l.:ce ctabh~ agalnHt decay via the Htrong 

o·ut only in 1962. The pz.!·ticles withO\J.i: :any r.trong in:tc::.·a.ction (photon and 

. . 
This gro"tll)i:1.g !;·u~;go ote~J tllZ!.t all l'l'lC :.c1!:>e r G vf. tl1.e :tY';.1.lltip1e t cilzY .. re;l .:11_ :n.e: '.v 

it for :3hort a8 L1pi.n. a cvnse l"Ved vccto::.· in "iGpace. VI The projection of r 

along th~ and g<>.ve th.t: electric cha:..·g<~ in unitH 

of. I e !. 
y 

0:::1 -+ 1 2 ::!.. 
{4} 

The constant Y is c.allcd th<"! "hypcrchargt-'!~ 11 ninco i.t r..-1.easu:n::s tl.H~ 11ccnter 

are the sa.r1w thing. For tho nucloon doublet. though. we have 

l 
Q:::: - + r • 2 z 



...... 

f _c; .. 
·;. UCRI ... -1 0492 

y ~ .. ~; + 13, 

wh()X"C S in thlt' otr~tngcn~ a e and n tho baryon I)Ulnbt.! r. 

In amnnu>.ry, both Y r.uv.l S lt:rc \toed to dl!'lncrJhto th~ fHltdHrm o( the 

centl'!r o{ ch~u·gc ol a. rnultipl("t. hut Y ia utHHl to rt.-lt.l.tf" lt!'l <:lJ,.piacP.rnnnt lrom 

Wf> d~fh~t.~ pa.~\_!l P :uJ the ()poration that reflect~ Bpac~ coordinate ... "Thtt_. 
' . i' 

the p:.\.rity o.f a wave.' function of orhi~al angular momentum J. h ( .. } ) • A .. dh .. 

cuoo~d i" any t~xt on parti.cl(' r>hyBica; the iatrinaic parity ot both the ,., meeon 

lb 
and thn I< m.eson hat.a bf~en d~~t~n·wino<l ~xpedmenta.Uy to bo odd! We dlRCU!ilil 

the pn.rity o{ formion-antHarmion pn.iro in connection with Eq. ( 1 n). 

p 17T) a! ltr) , 

P It<) " IK) 
We dC'!fine clu.1.rg0 conjuzatlonr C, aa tho operation that trana!o:rrns 

(Sa) 

(Sb) 

· particlofl into ·antip.articlen .and vice vorsa; thuil olectrons o- tranB!orm into 

poaitrona, e +, while ll' + tra~\&fol"ms into ,., • and tt0 into itself. As W. S. C~ 

la. u1 VlilliarnA has pointed out, a more sa.tiofactory name for this operation wo d 

be !)articlo-antipa.rticle conjugation, ·as there is not always a change itt el~ctrlc 

char go •. 

Wo want tho photon to have the same behavior under C as elnctric or 

. magneti-c .fields and currents, namely 

cjv) ca -h) . ' ( 6) 

i' 
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Since w0 decays electromagnetically into two identical particles (two 

'V rays), and sinco C ts conserved by th'e electromagnetic (em) interaction a• 

well as by the strong interaction, we havo 

(6a.) 

C applied. to chat·ged particleR is not an obviously useful operation, 

since tlH,;Y arc not in eigenstate,.,. of C, and honce C alon~ can yield no new 

selection rules. 'l'h~reforc £or most charge.d particles we do not bother with 

C except to not,~ c 2 = +1, so that [C, H) = 0, where His the strong or el~ctro· 

magnetic Han1iltonian. Dut because o.C 0, which is defined in ( 7) explicitly !or 

pions, both charged and neutral, we w:l.nt to adopt· the convention 

.. ·. t*) ,.~) C,. a+ ,. • •. (6b) 

in analogy with {6a). This choic4 is arbitrary; we could have chosen 

C I 'If±) .-- e:i: i.S I Tl'.j: )· • ( but 6b) io simpler. 

(i) G Parity 

Next wo wioh to ta'ke adv~ntage of simultaneous con~ervation o£ C and 
. . . 3 

. .,!, to derive a new conserved quantity G, first hltroduced by Lee and Yang 

4 · iwi 
an.d Michel. They do fined G as Ce Y, i., e. • a charge conjugation and a 

180° rotation in ispnce around I • Actually, with C do!ined as it is above, 
. . ' y ; . . 

we must redefine 0 as 

0 = c exp ( hri ). . X 
( 7) 

The reason for introducing G is readily seen. Given a multiplet with 

B = S = 0, only th~ neutral component ca~ bo in an eigenstate o£ C, since C 

reverses charges •. Hov1ever, the rotation about I or 1 again reverses 
X y • . 

'·' 

chargea, so that tho whole multiplet can be an eigenstate o£ G. Notice tl'u.t.l 

C performo ~reflection i» !space, and cxp (iwlx) is a rotation. Hence 0 hatt 

the properties of a parity operation in is pace --and Wick calls it 11ieotopic 

parity. 11 2. 
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I 

N~!!xt wo wiflh to provo J•~q. ( ll), 1. ~., thni lor any ey111l~m o( n plon,, 
'If n. 

0•(-1) '"': 

To <lo tl.\b it in <:on.voni!!'nt t" r<"p:t<HJ<:mf; tho pion (which htt~ unlt annt.tlar : 
, . ' 

nlomcututn in hpaco) by tlt~:J e.~ph~1·ic().t h<>.rmonicn in ioptLco, i.e., 

I ,.0) "' Y 10 tr. COfi () a :;r, • 

I Tt.f·) v 1 i t\ it~ ' 
!II A l <:c "' IJ l:'l 17 0 1:11 •X .• 1.y; 

. 
1--> v -1 -i4• . .. ee 1o 

1 
« + oin 0 c l'JI +.x • 1y. 

U ning tho C p.a.:dty- o1 ,.,. lwnn (on.) 1:\.nd {(>h), wo then have. 

,.Cjrr
0

) nrC oxp(hr[x) J~) rs Cj-:t) Ul CJ-·•r0) ~ .. j,.,.0 ), and 

i 

c!,/) tiiJ c <!I.""P{brlX) p:),· .. ly) t:t cjrx+iy) .l:l Cl•li'~) "•I'll'±) • 

n• 
G.,. (·l) Tl'" 0.1:. D • ( 8) 

.an <ev"n nu'xnb.ar o£ p:i.ono cannot tl.·a.rwform into ::m. odd numbor (nn?- vice vorsa), · 
. ·~ .• .. -~. 

tho:re{orc pion V<!!l'tic«:' o in x-~cyl1n.>o.n dingran'l:il n-~ut~t conHiot of a.n. ovot\ n,lmb~r::· 
. , 

of piow~. We co.r1 rv.>w :rop~nt thu abovei dioculllaion o£ th<.'l o!£oct o£ operating · 

· {with cxp {i"'fl) on. Y ~ (~) to ob~"-in a cJif!o1·ont l'()Sult fo'r a.n:l. pnrticlo in an 

9igenotate o! C (i. o., nny n.onstrango noutru.l 1ne1>1!.10n with arbitrary ispin l). 

1"ho ~ymm<:>try o! Y1° (z.) ie: (-1)
1
, i.e.& oxp(hr.tx) Y~ a (-l)I Y~~ th\HJ wo have 

··.' 

QooC(-1} ! (9) 

o£ a lYll . .lltiplct, G ~~ppli(tt) f.or th~ whole multipl~t. 



c. Particle .. Antiparticle Systems 

( The rule CPX • +1.) 
D 

(i) Case t. Donon-antiboson pairs 

UCRL-10492 

For two identical epinlcua boaona auch a.a z,O the wave function mu•t 

be oymm~tric under the operator X, which exchangaa theoo two p&rttcleoa 

! .. e.' 

X= +1. (10) 

t£ the bosons are charged, with charge 0, and have llpina, we can write 

a wave !unction o! three variables, 

'JI • \ji( r) ~(0) "'(S), 
•• 

(ll) 

where lf • 8
1 

+ 82 is the diparticlc apin. Then 

1. e. • 

X a PCX
5

• 

This generalized· lJI must again be symmetric under X, since boaon ·neld 

operator• com.mute •. Therefore 

X 11: PCXS. a +1. ( 12) 

I! \jJ ( 1') is an 1 wave, 
l. 

P=(-1). ( 13) 

Questions o£ intrinsic parity and C do not arise, si~ce we ha:ve ~ bo11ona. 

and P
2 

• C
2 

• +l. 

•· 
(14) 

( 11.) then becomes 

(lS) 



- . '. ~· .. -9- UCRL·10492 

We can u~to ( 15), lor extunpl~ to calculate C !or the po meson, which 

decays into w +. + 1T ·.in a p wave. Jro·r ~pinless boeon-antlbo•on palrG (15) h 

t 
C•(·l) • (15a.) 

I 

i.e.; C 0 111 •1. 
p 

1 
Application of C • (•1) to K

1
K

1 
vs K

1
K

2 
pairs 

Conoidc r a nonstrangEJ t<.0R0 pair produced with relative angular mom~n­

tum f. The K meson h spinlesa, therefore (12) becomes: 

PC 111 +1, (16) 

Now, it le well known that neutral K mesons decay via the weak inte7• 

action not as KO or 'R0 but in eigonotatcs ol CP called K
1 

and K2• Thus 

K 1 -. 2'1'1' i~ an a •wave, thcrefor0 P a +1, C • +1, CP • +1 J 

K
2 

cannot- Z"'l' o.nd has CP 111 -1. 

tt CP h applied to IK 
1 

K 
1

) or JK 1 K 2 ) we have 

CP "'1 (r) jK1K 1) • (·1)
1 

CP fK 1) CP ~~ 1 ) • +(•l~ • 

· C P "'
1 

( r) J K 
1 
K z) a ( ·1 ) 

1 
C P J K 1) C P I K 2 ) • • ( ~ l)t ~ 

. 0 0 
Combining (17) and (16), we see, for K R systems. 

even P ( • oven C) require• decay via K 1 K 1 and K2K2 

odd P (a odd C) rcquir0a decay via K ~ K 2• 

Ii'or further discua sion, ace Reference S. 

(H) Case II. Fermion•Antifermion (ff) Paira 

( 17o.) 

( 17b) 

It ·ao happens that Eqa. (12) and (15) also apply to lfpa.irs. To explain 

this we must remind the reader of. an important minus algn that enter a in the 

parity o! CT pairs. For £f palro in an orblta.ll wave, tho parity J.a 

l p Ill .. ( -1) • ( 18) 

\, 
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1'hflt'e are two wnyH thnt Wt! can und~rntr.\no third minulf sign: 

6 (a) A mod<':rn th«!Oreticnl ~xplntu~tit.m lA p,J.vP.n by Stnpp. 

(b) Puroly oxporim~ntally, we C<~.ll not~ that when poaitronium annihilates 

{rom th'. 1.:;
0 

etnte into two photons, they ar~ linearly polarb-.ed perpendicular 

to ~.'lch oth:r· 
7 

We ahall now r~h"w from thio !act that 1s
0 

must be a paeurlo­

'"calar (0-). We ~:~hall uae thiu flort o( argument many times. It runs as 

follows.. 'l.'he matrix elcmont M for the proccso must involve linearly a 
, 

• :!: 
vector ('--,r cnch photon crEHtt~d. and a Hcalar or pacudoscalar 0 representing 

1 the nnnihiln.ted s
0 

Ata.to. 

~ation directions !..l, !.z•. 

In addition. to £ 1, i. 2., Od: 

For tho two photon vectors we choose their polari-
.._ 

1'hc matrix eloment M tnust be a scalar quantity. 

it C<ln contain tho photon momentum k to any power. 
. -

If experimentally !:...
1 

and !_z are pet'ptmdicula.r to each other, M must contain 

(~ 1 X .£.2.) O.:t:, where £ 1x ~Z in an axial vector. To make a scalar quantity we 

must write 

( 19) 

1 i.e., tho parity o( s
0 

poaitronium must be negative. 0. E. D. 

+ • 
[t can £urthc r be shown tlu\t ( 15) holds not only !or e e but also !ox· aH 

iT pairs. 8 

Equation ( 18) con-.cs up particularly oitcn because antiprotons coming 

to rest in hydrogen are captul·ed in a atates. Hence we know that they are 

captured from n<~g;..~.tiv(: pa:dty stntoa. The prediction that w·, K • • and p 

should be . 
9 

in 1959. 

ca.1)turcd !roxn s otatea waa £irat made by Da.y. Snow, and Sucher, 

It was tc a ted cxpe rimcntally £or w· in 1960 by Fields ct al. 
10 

and . . 
mo1·e rcctmtty by. Hildebrand. 11 In 1961 M .. Schwartz12 pointed out that one 

... 
could uae th<J cotu1traint of a -wave captura to calculn.te the opin of K ( 888) 

. 13 
when ~u(!icient data bccal'l'lo available. In 196?. Armente:ros et al. confirmed 
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tho predicted a ... wlA.Veo capture and gathered enough data to. auggeat strongly 

that Klft (888) had spin S > O. Thh expe.riment was well covernd here at 

Varenna in the lecture a by Harold K .. Ticho. 14 0. A. Snow has recently 

published a table of other particles whose quantum numbers might be detor-

mined in simil1.1.r expeX'iments .. 

Having eatabliohcd (18) we can derive (ll) exactly as !or boson-anti-

boson pairs, except that for two !ermione we want X :a -1. Here X ia still 

J. 
X

1
,CX5 , but this time Xr = ( -1) io ~ P, but rather -P, ao we 1.1till have 

PCXS • +1. 

This time, since spins are half integral, 

s xs Ill ... ( ... 1). 

J. 
Since P 11: ·(·1) , (2.0) and (21) combine to give 

C Ill ( .. l)'t +S • 

which happcnlll to be identical with ( 15 ). 0. E. D. 

(iii) Summary of Particle -Antip,~rticlo Systems 

( 2.0) .... 

(ll) 

( 22.) 

Note that in this diacua a ion o£ particle -antiparticle ay,stems we have not 

yet used the concept o! i~pin. In fact, !or Case II, £r .. we used for our example 

. + -
e c , £or which ispin is not defined,. If I, and therefore 0, is defined, we can 

combine (15) o,.- (2.2) with (9) to form 

G "" ( -1 /· ·t-S+I. ( 2. 3) 

This a.pplic a £or both boson-a.ntiboson and fe rmion-antifermion pairs. For 

pairs ·o{ pions (n·+,.,-, ,.='TTO) in a pure iatate, we ca.n write~ • ~(r)~(iapin). 
I The symmetry o£ ~(ispin) ia (-l). For these two boaons we can as usual 

require 
I. .. 

X•(-1) X 1 •+1J (24) 
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1. e., fol.· dipions we have 

I t I "" <fven. (Z5) 

Thuc t11e stl·ong p-wave d~ca.y p....;.. mr showtJ that; p hat.~ unit iapin. 

It is not eal!jy to gene1·alize the approach above to oth6r particles because 

one hac to int:roduc~ both iupin and charge coordinates. Th11s th~:: KK. iatatr.~ 

t I • I t ld d 11: · 1 '< +r;-- .Ko.,o t · · f co u c s c r ;e e 1 t 1e r h . ~ or t'\. • 

[t is intertujting, and probably liigniiica.nt. to note thfl folLowing relation• 

ship, illustrated in Ta.hle l: EBta.hli t>hed. so fa.r. a.re four nonntrotngi! rnr!f;onR --

two p1Hlud:oscalars (one each with I ~;:~ 0 a.nd 1) a.nd t.wo vectoru (again with I ::a 0 . ·~ 

and l). The poeu<losca.l.al" :m.eaons both havo C = +1, a.a illuatrated by the fact 

that th~ f both decay into two y rays; the vector me11ono both have C = -1, an 

we. shall aee in Chapters IV and V when. we dioCUfii:l thnir decay modes. The 

rclationohip ia that these are preciaely tlH: charactoriuticr. of the posniblo 
' 

nuclt\on-antinucl"eon stat., a a.a aummari:Ged in (22) and (23). 

Finally wa may notl.'l that K and K* (398) are alno o~ and 1 .. r~epoctivcly, -· . 

and could hava s .. wave AN dil:ISOCiation products. 

B.. Elt'lctromag~tic Interaction. 

'l'he elactromagn6tic (em) intc.n-actionlil have the following characteriBtiCal 

a.. Tho 1·a.nge ia defined by the 1/r dep,mdence of th6 Coulomb potential U = e/r~ 
b. 'l.""h~~S &tl•tmgth of th.cs intl'll·action h given by the fine .. ,tructure conatant 

2 n ;; e /t;c_ a:o l/137. 1n the aame units tho ntrong•interac:tion coupling constant 

· ia of th6 o1·del· unity. Therefore the em intc!lraction iB only about one-hund).'edth 

aa at:l.·ong aa the strong interactions. 
\ 

Another way o{ cornpa'ring tho em inter-

action with the nuclear one h computing the potential enc!lrgy U at the range 
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o( th., nuclt:ar forces: 
2. 

0 
U c ""I:'1'Jr » l Mo V.., 

2.. Conservation Laws and Selection Rules 

a. The em interaction ha.e long been known to conso:rrve C and P 

separately. 

b. Ea1.·ly in the atudy of strange particles it waa ob0arved that photon 

exnisaion conserved strangeness. i.e., • decays ouch as A- py did not occur. 

c. By use of tho postulate of "minimal electromagnetic interaction" 

we can show that a oinglc photon can carry away only zero or one unit o£ 

iopin.. The "minimal. interaction" aaoumption is that the photon io coupled 

only to electrical currents. whose time component is tha 0 of Eq. (4), which 

we rewrite a.a 

(~ m unit vector). (2. 7) 

The lirat term on the right-hand side contains an iapin vector: tho Bocond 

term ia scalar.. Hence tho photon'!;'; iapin transformation propertieo cannot 

be more complicated that those o! a acalax- and a vector quantity: thus we have 

proved that, !or a photon, AI ~:~ 0 or l. 

d. When a oingle photon ia emitted by a. strongly interacting syDtem 

either G chn.ngen ~ t change IS by one uni~: i.e., AQ a Yes; A jt I" 1. To see 

this, call tho initial state~ I i) , the final I!) and write the reaction a.o 

' . I i) 1£) + !'~~) -
where cj,.) a.cl£) cjy) Ill .. cl£) .. ( 18) 

For the initial atn.te, (9) becomes 
t . ti· 

ali) "c li) { -1} i = -cit { -1) .. ( z. 8) 
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Dividing (2R) by C!£) = cjf) (·1) 1, 'J.'f!'. hav,~ 

, (If-Ii) 
=:. -(-1) , 0. E. D. (29} 

Ia thi~~ son~~ nphoton b~hav<>:o dth~r lilc: •. :~ ap me~on(y )(i.e., it "cardos 
p 

off" r:: l, :l.nd doc111 not chang~ 0}, or like an w moaon (I= 0, 0 = -1) which 

can b.<~ wr.\ttcn y • rn otn• dincu•.'laion of tht'l "1 xneson we usc this rea.Roning 
. (,.) 

<'Xtc~ndcd to etnir.~;ion :tnd n~•-~.bHorption of a vil·tual photun to deriv~ Eq. (17}. 

We next want to prov.::~ two other important selection rules: 

Fir:;~t, (J = 0) ; .. (J ""' 0) + y. Thuo, for cxaxnpl(), 

( 30) 

becm.\::H~ ga\l.gc in variance r.c"lquirc s that a y can oxht only in the fo>UbRtate 

Second, (J ·· 1) /· 2.y. Thuo, for example, 

<.! ; .. y .,. 'V· ( 31) 

Proof: Th'.l two y can hav~ a total .T ~ 0 or J: l. Si.n.ce the (J = 1) ~yGtcm 
z 

cannot haV<.) J 1: ~: 2., only thi.~ Htatc s in which th,~ photons ha.ve J = 0 nc~d be 
z . z 

<~xa.nJ.ined {urthC'l.'. 'rh.:~l.·P. :: ... :cc two FJuch atateH, one with both photons polaX'ized 

lc!t-ha.nd<"!<lly, and <)tH~ wlth both :dv:ht-handcdly. A rot11tion of either state 

thrO\L,r;h 180° about the 1' a:xiK rtv.Hely intt.n·chang<>:s the two photon~;~ which 

rnul tipli(~ o th<-: ~;to.tc by + l bect..1.u~e the photon a ob~y B<.')Oe -Einstein atatistic s •. 

I-Io"w~v~H·. th.·~ oanv.~.rotn.tioz'l o£ •74 (J::.l,J =0) ayatem must multiply it by -1, 
z. 

Thus. the two y' s do not have 

the ;~o.n•e <Hlgul.r.Ll" n').Or.om'\tU.l'l".l prc.portiElS aa a J=l ayatem, and the docay is 

•' 
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C. Weak Interaction 

The weak interaction is f:lo r.;hort~:ranged and weal<: that it binds nothing, 

so it is rcsponaih.l~ only £or deca.yo {rr decay, 1\. decay, f3 decay~ etc.). T.ts 

exact range is not known. 

For pMces(.;es o£ con;.parable morn.entum, ·weak interaction rates are 

•· only 10 .. 14 as fast as stl.·ong l'atea. Thus where the strong decay 

K*{SSS} -r i<Tr (with a momentum o£ 286 McV/c) 

takes l 0 "' 23 sec, the we a\<: decay 
I 

o + . I Kl.- Tr tt"' (with a comparable momentum o! 206 M<'~V c) 

takes ~.bout lo-lO sec .. 
..... 

The wca~< interaction is wclll<:nown to violate C and P separateLy. Ita 

chara.ctiatics <u·c discussed in the lec.tu:reo by Pro!eosor F:rl:\.nk S. ·cra.w!ord. 

D~ Gravity 

Gravitational .att1·action io ao v:oa.k as to have almoat no applications 

to particle physics, therefore we ignore it • 
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H. NINETEEN Nt:UL'X'IPLETS 

This sectioll iR limitc~d to pl·~a4':!nting and commenting o.n Fig. 2 and 

Table II, which dh1play data on the currently lm.own mesons and baryons. 

Figuxe Z show~;~ the great in.cr.ea"e since 1960 in the number o£ particle• 

known. Thick colored ban~ repreoent thOH(! particles which are atablc againat 

strong decay: thOHC which d~cay strongly are reprelilentcd by thin colored ba.ra. 

and thai.l· width r ia ~:~hown as a. vertical "!lag." 

The mass,scalo of Fig. 2 ia so small that the mass differences within 

mul tiplets cannot b•:'! illur~trH.ted. There is a handy rule to help ua remeznbe r 

which C•)n1.ponent~ ~ rl?! he a vie 1·- -namely, that with the single exception of 

'IT, an multiplet~; in j?ig. l. (ior which the mass differences are known) slope 

up to the left: i.e., the more n('iga.tive the charg•) the greater the maas. Thus 

m(K0)> m{K), m(n)> m(p), m(~-) > m(!: 0)> m(:E+), m(:!-) > m(:-:! 0). 

Not included in Fig. 2. arc three particlctl not yet firmly est.abliahed--

>:c >~~ 

~. K 1 ; 2 (730)~ and Yi(l685)--which art' listed as questionable in Table II. 

The notMion of Tabh., It for parti.clc namea (ouUilled i?- the notes to the 

table) ia 1.1sod henceforward. 

1. Sorne com.mentl3 on widtht.:1 r 

Tho widths lietod in Table II are completely empirical hal£-widtha at 

hal! maximum, even though the resonance may have J > 0 and not bo described 

by a uimple resonance curve. However. baclcground has been subtracted and 

experimental reaolution unfolded. 

Fox all the well-established particles except ~*all the widths. seem 

. * to be rather reasonable. At fil·at it may LHlem surprising that Y 0 ( 15ZO) has 

l"' only 15 MeV, but it Hho11ld be remembered that before it can break up it 

has to pent:~trate a d·wave barrier. Wh~ E:~/2 {1530} has. r < 7 MeV I do not 

understand, unless it also baa a large J. 
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~ ~o.o i G "'• t\. h.. attract onn at about l r(~ v 

Also not Hot~d. l'\S rcB:na.nco R nre': (a.) the K
1
°t<.

1
° ~ttraction [J a.nd C 

1-+ 
both even, prob;d·>ly I "' 0. r.. g. 0{ 0 ) ) :reported rcC<'!ntly (as indicC\t~d in 

0 0 Table H) by Erwin ot n.t~, Al(~xand()r et al,. • and Bigi et al; (b) tho K
1 

K2. 

attraction (J nnd C both odd, probnhty I = 0, o .. g., O( ~--)]. 'rnportocl by 

BcrtH.n:r.<\ ot al. 

In cm'l.cludi.ng our diacua~ion of displays like that o! Fig. 2, wo would 

* like to sketch, in Fig. 3, a fictitious quartet, l< 
3
/2.' and ita antiqu&\rt<'lt, 

* R 
3
/z: Although thcoe particlea do not exist (or, if they exist, t."ley ha.v<., 

certah1.ly not been found), they help ua visualize both new vertices which 

C1·aw£~.n·d has to introduce in hit! Puppi tetrahedron a.a extended to allow !or 

A! I I :or 3/2., with AS = :1.: AO {see Chapter V of Craw!ord1 a lectu.r"l n). 

* ,.,..:. Note tha.t the 1<'3/2.' l\, 3/2. meaona w~uld contribute two new vertices to 

*+ the Puppi, tetrahedron with ch3.rge 0 = +l. K '3/Z corre.spondo to the one 

* + ~·+ which, like tho real Kl/Z' decays. into leptons with .6.5 = AQ; but ~3/Z' with 

S = al, must decay with AS = ~AO. 
3. Determination of J 

J for most o! thll pt1.rticl0a has been eatabliahcd by data on angular 

diatributiono, but, for a few particles, lower limits have been set merely 

by gcnoral conoideratiO\"W of tho total croas flection~ we now discuss thiapoint. 

Consider ch.stic acattering, 

A+ B -A+ B, 

where the targot: B can be a nucleon or a peld.phe:ral pion. 

( 3Z) 

where & = ph•~so 1.1hi!t, 

J .:: tot:.\l angular mornontum o! the utato. 



•18• I UCRL·l049Z 

(Th<'l equnlity oign 1·e!"r~'~ to tho caoo in which the elaKtlc acatterlng cha.nn~l 

is tha only chann{'\1. ') 

0 For a l"cRonant ::~tato, th~ phano Ahi!t is 90 , and 

2 . 
a~ •lrr)l.' (Z.T+l) .. ( 33) 

15 
b~ the gcnc:\·al cn.afll o! J.n.lrticlos with ~Jpl.n but no hospin 

.. 
where sl and s2 arc the spina o{ the two inconning particles, 

The appropriate Cleb6ch-Cordan coefficionto must still b(' Appltf:d 

for taking i so a pin into connidc l'ation. 

The caoe in which th~ tn1·get h a w lcada UIJ to a. discussion o( the p 

me son in Section IV. 

· 4. lvfncmonic for <J.Uantun .. l nnrnb(:·r~• of nonnt:ran.gc baryons 

For a g~.vcn ~rp orb.ttal ant;ul<u· morncntum l like th~ p-wave. 1 +, we 

. p l + 3 + 1 1+ 
can rn:i.l"e J ::; 2 or 2 • Iopin 2. chOOflCS to form a particle (the r nucleon) 

3 + 
which hao the lowe:t· value of J; I a 3/Z forma a rooonance (the l. A) which 

has the higher value. This Game aosocintion o! lower I with lower J. higher 

! with higher J. aoerfl.O to be general. J erom.e A. Holland of Lawrence 

Radiation Laboratory illutlh"att~ a it a a shown in Table III. 
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lii. SIXTr.::EN REGGE TRAJECTORIES 

Figures 4 and 5 are Chew-Frautschi plots o£ all the particles as des-

c:ribed by Drell elsewhere \n thia volume. The notation is that explained in 

the notes to Table II, n.nd the optimiatic aasignments correspond to the 

' 1possiblc assignment" colurnna of that tabl~. ·tt should be pointed out that 

the Rcgg~ txajcctories really ·are somewhat S·ahaped curve~ about which 

little is known. tiO our straight lines represent only abaence of information. 

For the baryons (Fig. 4) there are three possible trajectorh:s that ma.y 

each join two established particles. 

Fo:rthc meaon:J (Fig. 5) th~ situation is still a. very sorry one--no two 

. · known me aons lie on the aan1e trajectory. 

The slopeS! o£ all trajcctoriea (baryon and meson) correspond to a range 

R. ,. .!. ~, and agree with current information on the slope of the vacuum 
2. m c 

1f 

trajectory near m2.= O. 

IV. PE.RIPHERAL COLLISIONS, THE p MESON· 

A.. One -Picm Exchange 

C + + 0 onaider the reaction 'IT p - prr rr • It can be represented by the 

"one -pion-exchange" diagram. of Fig .. 6, where the target proton haa a. 

laboratory 3 -momentum P = 0, and recoil a with momentum P'.. In 4 -vector - -
notation, where the energy ia called P 0 ~nd tho 3-momentum P hae com­

ponents P 1 , ~ 2.' P 3 , we can then write 

( p~ \ . 

"" P'), .P' - p .... 6. = (Po· M) - ( 0 ) .. 
~· \ ~· 

. 16 
Chow and Low pointed out that the 4-pion vertex would represent 

real 'ITlT scattering if it were possible (it is not) to choose 6.2 (which represent• 

2. the exchange rr) to have the value + m • 
lT 
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croEJe 

( 31.) 

I 

pion nt th~ Trp ve 1:t~x ln Ft:;. 6. ~l''h f. I< A?. l}Z i \ • (! .:!l.Ctor (J 1.\ -ln rcp:reeent111 t1\~ ,.,. ,. : 

P?-"Obability of real UTI' 8Cn.tt<n:ing at. the uocond vertex,. ;\nrl J/(1~2 -rn 2 ) j s t:h•' 
p1on propagator. 1 TT 

The c"r,Hn·imontal ixnportanc0 o£ (3·1) ia l:h.at it aornetifnelil holds in th~ 
... ! 

physical l.'e:z;ion (i.. e •• At...< 0) for Dmal.l !.c-. l 0 MJ.y< 400 .MeV/ c. 

+ ' 
F.i,;ure 7 diaplnya p p1·oduction. b.y l.Z55 -Gt~ V /c n + p, with the recoil 

}3oth charged ~ncl n~utx·al r have now h~'lon. pl:oduced in xno.ny dH!erent 

l"eactic~~.·w, r;o tht~t it i~ clc<l.:t· that p hr.~.a ispin .. L Honce J 1111 1 or 3. Th~ 

fact tlu\t (7 F:ll 12. Trhl aB ohown irx Fig. 7 s\\ggcato otrcngly that .'1 m 1. 
1T'rt 

L An~ulC~.r Di e~;:dbutlon "fc ot 

Cmtz:::idc:r: the nTr V~l·tox. in Fig. 6, in tho ,nr(=p ) l'eut frame. l! wo 

rneatl\H'C o.n anglo f) with xeopcct to the be1tun <li:t'oction, tht.'l p wave function 

0 
mu~t be Y J (co(l 0); n.nd H I> lula a Hpin. J r::: 1. then its amplitude must b~-' 

cos 0. Hence the angul:.u: <.liot:ribution oi th.t~ d~ca.y o£ p in itJ:J own rout 

. 17 1 A 
Fo:r ~on').o .:.~xpodmcnts thia .. teat works beautifully; ' 

19 z 
ao1netirnes it doc1.> not wod<:. uo well. But COI:l 0 ia always the dominant 

tcrrn. and thi1J .-~.ddo further to ou:~.· COl"l.Viction that p indeed ha.s J 111 1. 

'.(':reiman and Yang20 have point~d out that if the two vex·ticcs o£ Fig.· 6 

are connected only by a opinh'!:HJ pion, then tht) ove1·all reaction be azimuthally 
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symmetric about th~ dir~ction of tht~ excl:v~-ngod p\on,. TM~ men.nR th::Lt there 

mul'lt he no corr~la.tion bctw~cn tho plane o( ~hP. p produced ~t tho· trTT vertex 

and the plane made by the target and th~ recoil proton. In tho laboratory 

reference f1·amc tho latter plan,_, is not defined, so it ie conventional to chooae 

for a r-eference frame either that the r~~~ frame of the p, or o£ the ~cam 

pion. We next want to give two example a o£ roo.ctiono which probably woulq 

introduce a correlation bdwecn these planes. First, suppose that there is 

a final-state interaction between the scattered TT + and the recoil proton. This 

·could he impo:rtant if certain oricntationa of the Tr1T scattering permitted the 

formation of tho 1:::.. isobar. tt is then easy to oee that a correlation between 

pl<>.ll(!G would be introduced. Secon<i suppose that only a single particle wa11 

exchanged, bllt that it had a nonzero spin; again a con·elation could exist. 

3. Results of Abov<..~ Teato on e ~uction 

P . k l Zl \. 1 d d __ lc up et a • 11ave app icd te t~ts 1 and 2 to about 100 p pro uce by 

I - - 0 l. 4 -Be V c TT p -; ? ~r TT • They rcro~ort that i( they choose A< 80 Mev I c 

(f¥m < liZ) and select the clipion ma.as w to lie inside the p band, the Treiman-,. . 

Yang test iA 1>atisficd within statistica. But although the angular distribution 

2. of e is nea.rly cos e, there io a definite linear term which seems to be 
'IT1T 

l'elatod to a competin4~ proce sa, namely A for.mation, which cannot proce:'-~d. 

via one -pion exchange ("OPE"). 

Carmony and Van de Wallo 19 and Xuong21 tested the 1500 p produced 

. + + 0 
by 1.2 -Be V / c Tr p ~ p'l'l' 'll' which are ahown in Fig., 7. In contrast with Pickup 

et aln they can include data for .C..up to 400 MeV/c (A/m = 3) and still get 
1T 

n.n irnprt~saive {but misleo.diltg) C:oe 2
$ angular distribution.. Then when but 

T(T( 

they apply tho Treiman.oYang test it fails. and cannot be satisfied until the 

selection o£ ew~nts io further reatricted to a1·eas of the Dalitz plot far !rom the 

banda corresponding to A \ 
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tn conclu.,ion, y.•rr1EJent ~xpcril'mce_ w\lh. t1h.() p. al\owe that the combination 
. . 

of Teats 1 :tnd 2 i9 A. q1.1ite n~111~\ttvo lnP.<\.Plu:r,o. o{j OPJ:::,. 

. . 
v. Mr::30N!~ ( r,, w, K) THA'J..' r)ECAY tN'TO 3,. 

We ~h:\H 1Jt1.1dy th~~ decay n·iod<" M M - 311', when~ M. 9tA.ndB {or A.ny of . . . I 
t l . " ' " + l( O K O ' · l ~ 1 . ·~ 1m() •HH\>1 <v, 'l• L\. , : 1 , 7.. :~ c hnlt o.u:a; con1.4l.<l~rat\onH to ~cson'l with . · 

l ~n(l J both~~ 1. 
\' 

·A. · Dali tz-Fabr i V<\. ria bl c a 

lilhown in Fig. 8, whe1·c ~l denotes th.~ n~lativc.,.2_-,.3 momen~um in th_,· (,.
2

,.
3

) 

· re r.tt fr~n1c, :md. E. the nvnxl.f;~,ptun·, of n 1 in the 1"(~ F.Jt fr.~me of M • 

. In his lectl.~~(.~ A hcrl~ at v~\.l"e:nn~'-·: H. K •. Ti~ho diaCUIHH~Il th('l ganeral 

pt.·opertio:;. of a Dalit.7. \')~~ nnd 11how'J tha.t unit n.l"CI\ ia proportional to Lorcnh~-

inv~~l"iant phanc r.~pn.cc and that collhienr evont(;J lio on tho boundat·y. Oalit:t. also 

invented the ide~ o£ displaying the C:Jymmctry o·r. the piontJ .by picking energy axel9 

n.orrnal to the ba.~~~o of an iHof)cdcl'i triangle (Bee ~ll~Mt\nn n.nd Roacn£cld., 

Appendix C), as t.lhown in Fig. 9. Fo1· overy point P inoidc the triangl<~ on~ 

-hatl PL + · PJ.vl + PN = corwtant "' hdght. If the height ia taken equal to th.<~ C 

value o£ the r<•:action, then th~1 !~eo metrical rclati•·n that we have just written 

l·orn·t~:Hmtri tho;~ ,1n~:q~y con:HH"V<~ticm rol:>~.tion ·~r 
1 

·r T 
2 

+ T 
3 

1111 0. Every point 

p thl\1:1 xna.y \'CjH'Ctlent a cll1Cay t'~Ve11t1 p;·,,~, id.<Hl mo;nent:um is conserved, 

We tJhO\ll ~lOOn dit~~\UJL'I tho f/O}'H\lal~on of the eventu on a Dalitz plot nnu 
.~, J. L 

•:xpl'cHitl,tho wave !v.nction. in to~·mt, of pow"trF.I o£ p a.nd q: p and q • It ia 

woX'th m>ticit'~[t th.ro~.t ono cou\ <1U.nlitntivoly aa_aociate D.J\g\llar 1nomenta !_·and !;: 

with tho ~t': two exponcnl:tJ. To noo thia atHlOciation, write down the l -wa.ve 

I 

·.;, 

~· :.·. 
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where jf (p~·) iRa J)~FH1(!\ (\\nction and Yl lA A Aphn:rlc~l harmonic. (n thl.! 

&~n'lt\ll radiuo approximation (pr << t·) th.n lf'nr.Hng ttlrma ol th~ Btuanl (unctions 

a.r" proportiontu to·/ (or qL), F.Jo th;J\t th"' tot~l wav .. (uncllon for th., 3w "Y"tflm 

h proportional to th('! lP.adit1.g tcrrna p1 
q.L. \ 

We conclude thC\t if wo see a Dnlitz plot which behave" {or 11rnnll p llke 

I 
'
z I 1. 

1
z z1 . 'V <X p = p , then the angular rnom~ntum involved mud be nudnly l, 

with p~rhaps eomc aclnlixture o£ i. -J·l, l ·~-1, -';.,tc., wh.o,ge preR6nce wn <:Annot 

detect. 

To form the spin J o£ the meson Wt'l 111irnply writf'l 

J a l + L ( .35) 

0~ e., there are no complicationB with intrinsic opin111, since we de~tl h~ r~ with 

three. apinless piona). 

J. L J.+I... 
The "orbital" parity o£ 'HP • q ) is (·1) • However, the parity P 

o! our meson M has an extra £actorof(P(pion)] 3 ,.. (-1)3 • -1, lllO 

l+L 
P(mt~oon) = -(-1) • ( 36) 

Note that f.or a J = 0 meaon, ~ and L mulilt be equal, so l + L ia evttn 

a.nd P{J = 0 meson) a -1, i.e. a o+ meson oimply cannot decay lnto three pione. 

To take advantage o£ th<!l fact that neutral mesons are in an eignnstnte o£ 

C • we find it convenient to choose L ao that tho dipion is neutral, i.e. 

L 
.9.'=£. i· -:e. _9 L?_=:e_ 

0
• Then C io(-1). 

ll' ll' ll' 

For charged me sons we get a simpafication i! we let L de scribe th~ 

+ + . - -
'l'l' Tl' (or Tl' 11' ) dipion. Then L can only be evon. 

B. ~in Considerations 

Next we introduce ispin, i.e. we write the overall tV as the product of 

( 3 7) 



Bose statlF~tics rcq\liro~:l that 'It be oymmctrl.c uncl_,r intel'changf'l o! any o£ 

the two pion1:>, D\lt llince W(' ho.v<:! fn<~to1'ed ·~· in ( 3 7) f.!ach ~ Ca.c.tor n<"~parately 

1l•x c::\n l'epro,:Hmt I 1111 3, 2, l, or 0; wo di~lC\\tHJ only the c:aaet11 1 and o. 

Cn.oe I. I = 0 { aextnat:~Y..E.:Jl~:!:J1• 

We wr.:nt t~., diocufiH3 th<~ pl'()pcs.•ti('jl~ of '1~ 0 <I 1 e ll, '1
3

). To oimplify the 

notation, w:dto ll ::x!:. (when t
1 

i!:l th<'l i~pin voctor ot' the firutw), 12. :s ~. 

t3 a £..• 

·Then thcl'o is only <.')n<~ Vi•ay to combine !:!.• £!~to malc:e I "' 0. n~l.mcly, 

~· =a•bvc (3A) 
!esO - -' -' 

which is· totally :Lntil~yl·run(~td.c, 90 M:-P 3Tr ia forbidden. Since the ivpin 

i:?.~.ctor ia antioyn-unctl"ic in the exchange of nny two pions, the spa.tial factor 

\j; (E_. s_) n•uot have the ~axnc property, and ittJ aquarc, which is the population 

of event a on a Dalitz pl.ot, rmwt by symmetric_ 'I'hia means that the Dalitz-

plot population l'n.ust be ::;yznn·..lctx-ic o.bout evcl'Y m~dian; i.e. it must have 

11 sextnnt sym.metx·y." It io then conventional in diacuaaing I = 0 Dalit~~ plots 

to fold all the data \l.n.til they fall into one sextant; thia simplifies the statistical 

This total antioynnneh·y can alao be uoen in a more fa.rnilla:r way'.. Tal'e 

~\.ny ot the three pion::;: it has ! :s l, therefore the remaining dipion must b~ in 

an I ;:: 1 state H the 3'!T' final Htate hao I ::: o. A dipion ota.te with I a 0 or 2 would 

b0 oyrnmet:dc, but our I = l utate iil antioymmet1·ic. (The p meson is l'l 

familiar example.) Since~ we hav<:l cho<ien an. a1·bit:ra.ry ~ion to utart with, we 

conclude that the t = 0 three -pion state ia totally antiaymmctrice 
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CnRe II. I Q l 

We cn.n hnv<' ll totlllly Gyn"lrn~ttlc ·i0ovoctor atat~ 

(!3?)· 

But we can al Ao fo:rrn .-tateo o{ the nonnyn:lmotric ( noym) £orm1 

By b • ~ in ( 3)) we mt)an the i. He alar combination ol two v~ctor.s. U Blnii( 

the Clebsch-Gordnn tabt~ includ~d in Crnwford 8s lect\lroa, we ht1,vo 

1 +- 00 -+ 
b • c m . r=""' ( b c - b c + b c ). ( 11) 
- - ~3 . 

A1:9tlUmtng I
3

'n' n 1. and a.r .. F>uming tho nymm.~trical form (3?), wo now 

ohow~ with tho h<~lp of. Cl~b~ch-Go~da,n cocfficienta, that the ratio 
+ - 0 + + -

I) TT TT 'I'T i i l ") /3 h h ' R .. ,. 'TT '11' 1 \
1 

= 
0 

U 0 13 p.l"opor.t ona.. to r. w e l."P.o.a t .e rat1o K+ -t O 0 rx: • 
u ,. '11' ,. '11' '11' 

We oay "proportional to 11 1.·ath.er thnn ''equal to 11 becauae"t there 1n otill a pha.A~-

~:~p~\.C(l factor which ili lllightly larg(!r for. ,.0 w0 than for ,. + w-. 

Proof: Combtr.tng ( 39) nnd (·H), we have 

~· ... r 
/I

3
1 [ n(b+c- ~b0c 0 + b·c+} tb(n+c--a.Oc0 ta-c+)+c(a+b- -n°bO+a-b+) l. 

l- . - - J 
{ 12) 

For the decay o£ a neutrnJ. xne aon like TJ we are intore a ted in tho neutral 

component of (42). so thr..1.t we have 

''r • ~{a0 (b i·c-- b 0c 0 ,. b-c +) t b0(a+ c-- n °c0 +a -c +) + c 0 (a tb-- a 0 b0 +a. -b.') l 
( 4 3) 

. + - 0 ·Th(') 'IT w 'IT r;tat(" :'\.ppt!;:,l·o oix tin'lca. but with different (non1ntcrfering) 

pe1·xnutationo of a, b, c, t:JO thnt when ono square~ tho amplitude ono getH 

{ l/3 )( 6 :-< 12.} = 6/3. The wolTO 'ITO ntate appear a :\n three tol'mll, and they clen.dy 

int<~ric1·e, e>o :llqu:.\rinrr. it, we g('!t { l/3){3 2 ) a 9/3 • Therefore the~ 1·a.tio 

' +- 0 
'11' 6 

= 9 
2 ,., 3. ( 44) 
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. + 
tn tht~ Ci:\.SC o! K <if~cay we Hbow helow th<\.t ( 39) again dom\natP.A over 

(10). For l<·t· we are tntnrci~tnd in thP.·r•(,oit.i.v.-~ componr.-nt ot' ( ~')), l. ~., 

J-)_- f t r - . 0 0 - l· + ·I - () 0 - I· I I -· 0 0 - + } 
111y "" :1- l a ( b C - b C + b C } I· b (a. c - rt c . I· ll c ) + c (a. h - :1. h I· a b ) 

++- . ++-'rhr: lT n 'IT ~tat~~ a.ppt~al'n twlC{: <.1-IJ <l. b c ~ 

~ -1- ·I 2 
a. b c , so that, 13quaring tlH~ ;unplitudct>J, '"''' get ( l/3)( 3 Y.l. ") ~ 1. Tl1•• 

+ 0 0 . 
,. ·rr n l.'lt'lte al:)pea:t•s three tinlel:l, alway:>~ in;\ di(fer~nt permutation, ~o thn.t 

+ 0 0 1 2 + 
,. n n (\~ 3(3Xl ) = 1. Hence, f{n.·I<, wP hav(· 

+-I-­
'll' 
-:mo --
'IT . 

·1/L o. E. n.(·tf,) 

tn Hcctionr:; D and E: below we rJiscutH7 tht~ pr''t'crtlel:l o{ 1l1' Gtat~~ 

~~(3n) with r = 0 and l respectively, but we do not want to impl.y that th~ 

rne.;;,;n producing theoe :Jtato.~t> ncccsAarily bau the t:atrll~ quantum nurnberH a•~ 

t!J{3'1T); after all, K xncw)n::l decay to 3'1T via the w(~;l.k interaction, nucl W(! ohAll 

9how that ''l - 3'11' only a.ft;:~1· ~11:r.i.tti.ng and r~abaorbing a vb~tua.l photor~. 

This brings us to the t<•pic of "G-forbidut~n" c~rn d<~cayu. Conuider th<' 

-+ ,, who:;o quantum nurl:lbers ;l.re 0(0 ). A 0 mcHon cannot decay to ?.n·. It 

+ -can decay to yy and to '('11' rr ·, but these modes seeln to be 60 slow that a 3l1' 

m.ode cornpctes, even though it in G-fo1·bidden. How can thi8 be? Wo havf• 

already shown in (29) th.'3.t a tlinglc photon changes C and hence must ei.th·::_E 

change ~-or elcc change I by one unit. Suj)pose now that this photon il'l merely 

virtual,· and is reab.•;orhed <.\.FJ sketch"~d in Fig. 10. The £irst vcrtt~x ch:Hif~''~-' 

C, and the secolld vertex change a it back again; i.e., this jugRling of a vi rtnal 

photon preserves C. Since there are two ern vertices, .6-II! can be 0. 1, or l. 

0 t.:. r r ul ~ G = C ( -1 ) I 1 E q.. ( 9). then sa. y R that i{ L:'l.l I I = l 1 G chang'~ s ; if 

.6.J I J = 0 -or 2 then G cannot change and nothing has been accompli,.;hcd in the 
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way o( producing an 1ntl) rm~dl ate me Hon state that can then {all npart into 311'. 

However, wo Ht)~ t:hn.t photon ~~niAaion ~nd rt~ab~:~orption can change G and 

chn.ngc- l by one unlt f:IO a~ to pcrrnit tho iaoscalar Y1 to decay into an iao-

vector configuration o£ 3n. Of courl'lo each em vortex docrcaaea the 1\mplitudo 

by a factor c (really e/·.f~c), ~>o that 'V(3n) ia down by e 2 , and ~~~! 2 1.,., down by 

c 
4

: i .. c., tho rate ia down hy approx 101 with re apect to comparable G-allowod 

rates. 

In summ.ary. C-forhidd~o~n dccayG have the following properties, which 

22 23 24 have b(~en pointed out by many authors: ' • 

, .. o~ncral 

. C =No, 4 
e 

D. boocalar (C "" -q 3'11' Statca 

In this section we dir.cua D tho propcrtl.e FJ o! I = 0 3'11' state a, of which 

( 4 7) 

·there are th:reo: pseudoscala>.·. axial vector, and vector (Eq. (36) ruloo out 

the scalar possibility]. Combining ( 3) and { 9), wt~ have 

G= ( 48) 

c r: (18a) 

So for I= 0 all ~J{3'11') stat<:a havoC = -1. and hence--by {15a)--L muat be odd. 

Thcac states can ariao f1·om the allowed decay of isoscalar meaona with 

G = ~1, or frorn the G-forbidden decay oi i80Voctor mesons with G = +l, which, 

a.cco1·ding to (9), also have C r:: -l .. 

rn ~:'able IV we have licsted in th~ firot column the throe poasibilities !or 

J and P. We now di:.>cuss each row in turn. Although the first row applios to 

a pueudoscalar .:!;.C: :;on,. the 'P { 3n) must have acala.r 8'0atial t:n\nsfo·l•m.ation 

properties. Parity then forces 1 to be odd also. Th'!l sin>plest possibility is 

then q 1 and p 1, and the simploot scalar quantity is .9. ... £. = qp cos 0, which 
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vnniahC!s when con 0.:: 0, i.<'!., whP.n P.l- = p_ or 1~ 1. ~ E (oct) Fig. 11). Tln1R 

~~ vani9hcs a.lon,IJ the vertical rnr:1di~m of. th(') Da.lit:r. triangle. The n.ntiHymnl(:trlzed 

forn") i1~ the nimplc Bt ocalo:u· ~xpr.<li'H,ion that vanioht~A a.long all thrClC! n-H~dia.ns. 

I~Hanti.llymm) j2 
is drn.wn in itJomctric projection in Fig. 12(b) (taken. from 

1- ! . 
Th<:- IJccond row of Tabl<- IV ia the axial moson ( 1.) ilhtstra.tc!d in Fl~. l~(a)& 

! 
~~ 3 rr must th..::n be a t'ipatial vector ( 1-), .i.e., I. ia even, and;J?.. need not cntex·. 

I 

Th~n 'I' = .9.. is the sirnplc~1t vecto1·, and ''' muat vanish when:tho dipion haH . . . . 

q = 0, i •. o., -.vhen rr+ and Tr- 11 totlch" in Inorncntum space. To antisyznn1ctl'iT.e 

'I' we fb::;;t tried (£.1 ~ l?_z) +(e_?.. -:e,3 ) 1·(r_3 : .e1 ), but b~cauac E.l +£z t.e_
3 

= 0 thi" 

has the un!ort\.\no.to properl:y of vaniohing. Thf.' energy factors w
1 

preserve the 

a.nti~yrnmetry arHl rn:l.l~;c 1js non.:.-.t~ro. 'Note that ~~ (a.ntiuyrmn) - 0 when any 

dipion hac; q = 0. It nla'\ vn.nir;hoa at the oymmetry point where w
1 

= w
2 

= w
3

• 

In Ref~rcncc __ 1 (b) Da.litz gives a more general proof that 'P mut~t in fact vanish 

at th~ symmetry point for J = 0-, 1 + and Z-. 

1tor th .. J third row of Table IV, ~ muot be an n.xi<-Ll vector (1+)·. !iO 1. is 

odd and~ oc.s.XP-_, which vanishes for q and p C<>llinoar. Collin\'!ar dccayr; 

corret<pond ~o the boundary of the Dalitz plot, as illustrated in Fig. l Z (c). 

This corrcspondcnc~l can be ~le~n by noting th~'l.t both. collinear deca.ya and 

the boundary have one de;~r(le of f1·oedom 1c oa than thtl normal configuration. 

z.. Th{: '~' Me oon 

The Colun1.'?i.a-R\1tgers data on 1100 w dccayo are presented in Fig. 13.
26 

. 

It is clea·r that the data al't) perfectly c(>ntJiatcmt with 1-- and not wi~ the other 

. 'tow I = 0 possibilities listed in Table IV. No charged modo o! w haa ever ·been 

seen, ao we conclude that w haB the quantum numbel"li 0 ( 1 - .. ). 

/ 
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E. hovector ( C .. + 1) 3n State ~a 

l.. 0Mun·al Properti~ 11 

Table V tmmma:r.i:tf)a the properti.oA o( the :hr atat~~~ w1.th I ., l. 

Equn.tlon (48a) r0quircs that they all ha.v~ C 1'!1 +1. J\g discuseJ~d in obta\ning 

Eq .. (4 7'), these 3n atatofl can bo reached in aevflro.l different wa.yn. 

(a~ Stro_ng_ decay o! a meson with any of the quantum numberR l { o- -), 1 ( l +-), 

1 (l .. w). c ~.. However, no such mesonR are known, nor can the NN AYRtem 

have Buch quantum numbora. Tho simplest rnodol wo\lld bo a r 1'Tl' r~~fiOll;)_nt 

(b). G-forbidden decay of a. G = +1 meson with I ::: 0 or z. The r1 ifJ nn cxa.rnple 

o£ the X = 0 case. 

{c). Weak decay o! tho K meswna, as we ahall Bee below. 

Tho reasoning uaed to construct Table V io identical with that utJed 

~::~ 

!or--Table IV; we tA.k<! tho first row aa an example. Given. J'· of tlH~ mcnon in 

'l 

Colurnn l, we get spatial parity by chn.nging P by ( -1 )-' "' -l. W c hav-:.~ just 

mentioned that ( 4 7a) I"oq\d.rc s o.ll the neutral state o to have C = + 1 and hcnc e 

Loven. For. tho chal;"gcd states we chooao L to apply to tho doubly cha1·g~d 

dipa.rticle, and then L must bo even, by aymmt~try. Wo then choo:->·~ l ao a..s 

to ar-~tiafy the spatial parity. 'the simpleat spatial scalar quantity with 

L "' 1 "' oven ia a consta11.t, oo that the Dalitz plot should tend to be unifor nil y 

populated. 0! course tho c~?.stant can be multiplied by any scalar quantity, . 
c .. g.~ {l + q 2 + p2 + p 2 q2. + • e • ): but 'I') decay and K decay both have low 

Q valuosp so that barrier penetration auppx·ogsos the higher values o£ L and 

1. leaving qOpO dominant. Puro q 0p 0 io of course symmetric, so ljJ (ie~pin) 

io also fi!ymmctric and nO'Il'OtrO can bo produced with R. :a Z/3, aa proved in 
• 'I') 

{44). Terms like s_XE_Xp.z. aro J).Onsymmetric and cannot yield 'lfo'ITo,.o. 
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For the remaining rows it is not hard to see that the simplcat spatial 

vector with L even is E.• The dmple at :spatial axial vecto'r is s.,X~, but this 

has L odd, ao we choose (g_X£.Hs.:e). Note that tho s_XE_ factor makes~ 

vanish at the boundary o£ the Dalitz plot, and S. • E. makes it vaniah at the 

vertical m.edia.n. 

z.. Tho !) Me ROn 

Thtt .., i" a neutral meson with a masG o£ 548 MeV, r < 10 MeV 

(probably about 1 koV) which decays into several neutral modes 3/4 of the 

tin"le and into 'It+ w·'n'O l/4 of the time. Re!erenccs to the data are given in 

Table II. Note that 'l ha11 a mass o£ 4m + 8 MeV, so that ih Q valulll !or 3r. 
• • 

decay is limited. 

•rhe ispin o£ "l is taken to be zero !or two reasons 1 ~. no evidence 

!or any charged '1'1 has ever been observed: socon.dly, tho Tl was discovcr0d ir.1. 

the reaction 

I£ T) h.a.s I :a 1, then charge independence sets a lower lirn.it on the c:roos 

. = sections a !or the related reactions: 

= :& 11' p_.. PT'l • 

More precisely, there is a "triangle inequality" J';;+ + .[;" ~ .J 2.0'0 • 

But Car1nony et al. find no evidence !o.r these reactions and report that tho 

2.7 
inequality is badly violated. 

The Dalitz plot for 287 'Y'\ published up to Aug. 1962. is shown in Fig. 14 

(taken from Rc!~rence 26). It has two salient features: 

First: It does not show sexta11t symmetry. If symmetric, the 200 eventa in 

the top and bottom aoctor s would be distributed 100 x 7 in each ; but this 

is not true by 3.8 standard deviations. So we are not dealing with an I :a 0 
... 

state. 
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p 
s(~c<md: 0{ the thr~e 1 "' l J ponrdbilitic-r.~ liated in Table V. none exc~pt 

o- corn•~ll r·n·,wht:•rt~ n"'nr f.it'l 1n'{ lt)."" d·,..,t . .:. Y.rOWOV""r th~ popul ... t'on i n t A I"> l •> ,._ '"' n ~c t •; : '"" , 8 0 

p<)doct.ly 01.\t, but in~jtt~t.l.d {avor" low T
0

• A good fit ia 

l•+•l
2

rY.l -0.8:~., whoro -l "'·7 . .-; +1 (19) 

The (iriJt t,nn, 1, it~ o{ courtHl tQta.lly ayrnmctrl..c: 0.4 :l'; is not. As point()d 

out in F.q. (10) o( Gdl-M~nn and Rooen(cld, l (d) tho non::ymmetric term 

0.·1 :t. contd.hutt\ll only :.~.bout 1/4 o£ (0.·1)
2 .= 1% to the T1 decay rate. Thua th~ 

13ymmotric ota.te don'"linattH} ~ doCL\Y, and wo expect ( 44) to hold, i. o., wo 

<\xpect 

r( ,.ono,ro) 
r ( 'IT+ 'IT - ,r 0 ) 

3 ,., 
2 

X pha.>lc apace· J:::l l. 7 • 

-+ 
T:nercfon~ wo conclud{l that ,.1 is.o a. 0(0 ) meson and tha.t it docays 

,..lowly to 31r a{tc'll.' ~n.nioaJion i&.I'Hl rea.bso:q.>tion o( a vix·tual photon. 

(50) 

T::~.ble II t:ollv uu l'( '1 - I'H'•utra.lo)/r (r1 - ,.+,.-'T1' 0 ) = 3. Combining thifl 

with Ec·1• (SO), wo uoc that a.nothcr neutral mode, prcuumu.bly yy, ia irnportanq 

c (yy) 
-:,--( T·---0-) 
I 1f 1r ,. 

1.7 = 1.3 

'l'hi~n n1odo h:orJ rcctnl.tly bc<:ln l'Cpol·tcd by tho Caxnbridgc bubble chu.mb<1l" ,'p·oup, 

with :~. b~·•mching {l·a.c tion ccn.r::iotcnt with (51). 

Tho.:! :.t•cmn.i.n.ina \\l'l.Rcttl\~d qucf.>tion nbout T1 is why the G-!orbiddon 3,. modft 

(ex: e 1 ) aeen'\H to bo cnh<~.nced HO th~lt it dominate a the ,.+TI .. Y rn.odo (o: c
2 

X p-wa.vo 

b::~.rl'icr penetration). Exp~~x·irn~ntnlly ,. + rr-y/ {all xnodes) acexnn to be~ 23 5%. 

1'heoroticaHy thitJ ha.u not b<~cn cxplu.i.ned very su.tisfu.ctorUy, but it is 

intc::lligtmtly c.liacustH~d by Ui·own and Singer, 29 and by Cell-Mann, Sharp, and 
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-~ 
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Wllgn.,r. 30 Browt1 nnd Stngor catlmntt't n. width rn.bout l/4 koV, "lvin~ o. 

m~ttn lHCl of 3X 10-U~ nrlc. 

3. K-MeGon Decay_ int') 3'1!' 

We wioh to diocua~ vory briefiy th(' following d()cny modt111 of.tho 

~:~pinlcEis K mcRon: 

Thcst~ n"lodes aro diocuaaed by Gdl-Mnnn and H.otHHlfold, 1 (d) hut wf) WM\t 

to ohow that all except K
1 

are covered by Table V. 

..,. DecaY..· + + Lc t L refer to the '1r '1r dipi<m • Thon. L iu ovtm. 

rulo favcn·s I = 1. Thia is then the 0"" z:ow of Table V.. Tho Dalit11. plot &'JhO\ll'c.l 

be al:rno11t uniformly populu.ted. It is. 1·1w o1\.n·lo l.'ctnarktJ apply to 7' 1 • 

Equation (46) rclatca ..,. and r 1• 

Kz Decay. Tables IV and V romin.d \u; that the J ... 0 otatos of 3"rr hav<.' P "' -1 

(i.e., o· ). Since CP JK~) = -IK
2

) , C muot be +l. Then! u 1 i.o'aUow,,d, 1.1.n.d 

ia favored by A II I=. l/2., oo again wo expect {c:md find) th<.! pl'O~)(~>rtiol; o( tho. 

firGt row of Table V. li:quation (41) ... gain prMlictu '11"
0 ,r0rr0/rr1·'tr-'1T'O ~~ 3/Z. 

K
1 

Decay. This time, oinco CPJK
1

) =·.r jK
1
), C .rm\ut bo -1, oo I"" 0 Ol' 21 

. I ::: 2 is sup1-wc s sed by .t::..j I I :: l/2. I a:: 0 il5 cn\ppl.<HH)t'd by th.., complic:A.tod 

{w
1

-w
2

) (w
2

-w
3

) ,<w 3 -w~) form of the antioymrn.t.~tl'izod wavo (ut1ction ~hown in 

Table IV and Fig. 12 (b). Since 3'1!'0 cr.m h.nvc only C = +l it ia £orbiddon. 

I intend to take up 1·..-Jlatod topic a in UCRL-10192. (Rov. ). 



t want to thAnk r. 0f'lr1Hl() .-nd 0. Olacomnlll lor their h•lp in wrHln" I. 

' 
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Table I. Non$trt\ngc· meaons. The column ln.b<':lod N'N liate the NN states 
having ~amo quant\nn nurnborR n.u the· rnesona. A single arrow indicates 
electromagnetic decn.y, a double ar.tow indicates f.ltrong decay. Reference~ 
are given in Table II. 

-
I spin Pseudo scalar n'lelilona I Vector mesons 

pal·ticlc JPG c NN particle JPG c 'NN 

0 o-+ ls 1" .. 3 
'l'J + w - s1 I + 0 0 ·+ 0 - -

I 
- yy, lT TT 'IT ~'IT lT 'IT 

'11'0 ls 1-+ 3 
1 o-- + p - s 1 I 0 

- YY -r TT'IT 

3 

3 

l. 
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Tnbln II. 

TENTATIVE DATA ON S'rRONCLY IN"I"fi!IIAGTINCI F'AH"l"lCL.~:S ll6pt. I'Ji.t A. 11. 1\ooMf•ld 

---.,...---..-------.---------------- ···---~-----------

Particle 

VAcuum? 

Ell lib• 
ll11\ell 
Ou&n• 
tum No, 
l(JPO) 

Poulblo 
Auignmont 

+"'u ----1----..... ----+-----'--l------- ·---·--·-. 
oco·•, 54H c: 10 

---+------+---+----1----
.. 
.f .,• 
"\.". 

p 

·"'v 

I (0"") • "ll 

+"y 

78l < I 5 

,.o 13S 
.,.~o 140 

7SO 

0 
0 

,OlH 
,()l 

------------··· ~-- -·-

100 135 
58 34 

67 
30 

---+-------+----!----+---- ------ -------------------------------·-·· 
t (?) I(?) I (0~ ") _, .. 560 < IS 

0 
0 

,.II 

Kl•~'•" [I•} 
K .... ,," 

'/ l90 

Z/lKI ll? 
58 388 

1.45 

l.O(o 
Z3(o K {~: icn 

--'---+-------t-----+---- ·--- -----'---- _____________________________ ,._, 

icz"l • y 888 so ,711 l<n(p•wavo) 

----+--------+----+------ r---··- ....... ____ --~-------------·---------------
710 < lO • 51 Kn IOI(K"n°) 161 

0 ,AS 
100 ,78 1.1. 

N { ~ ., i<tl) Nu ~ ~1~} ----'-;r----+---+---"-·t--- ---- ______________________________ ,_ ·--
llo88 • 100 Z,84 610 f.t7l 

-------1---1-----1---- ----------- -----------·------------ ----------------
ISil -150 l.lB 

ll38 JOO I. 51 Nn(p·wavo) 100 ?.11 

-.--.----t----+----1---- ---- 1----- ----------·-·· ·------------------
N :yz(l'RO) ~(J;>~) t<r•l .:.6 19l0 -lOO 3.6'/ Nn + othur ? 84l(n"p) 1Zl 

11. oci•l 11.,. 111s o , 1.z1 .- P (t.l &7 38 1oo 

-;;---:-+--a:-~r--r.--+-----+----+---....Jr---r---·------------------·-
Y~(1815) O(J;.jl o(r+l 11.Q 1a1s 11.0 1 J.Z9 (KN+othor) 1 383(K 'p) 541 

---t---l----+-----+---+·-4--+----------------:-------
• 1 · IS {:E" J l 69(:E'n') IH 

Y0 (1<110S) 0(?) O(z-l fl.~ I40S 5U 1.97 /\ln 1100( IO(/\n•n·) 6? 

----t----.L----t----1----- -·-- -------------------------------------
Y~(l520) oc.?.-1 /\ 15zo IS I. ll {l:n(d·wnvn) 60 194(1:

0
-f) Z67 

"" y 1l .. RN(d-wav") 30 88(K"rl zH 
fll• 10 IZS(/\• •") 7.51 

118? 
1191 
1196 

0 1.4Z 
0 I.H 
0 I.H 

------r------r----~----4------~-------~ 
1:6 1385 so 1.91. 

? 1665? 1..65? 

0 ' 1. 1l 

50 
100 
100 

110 
76 

117 

185 
74 

19l 
--------------------
{
"'" 98 13S(/\n°) 
l:ff ltl. 49(I:·.i) 

U\•+othera) ? 435 

61 
66 

liO 
119 

4S9 

Ill 
138 :;z1i~ -}c?l {-c-}•1 ==.. :;!i} 

-.:...--r----1--+---·+--4___;,-+--+----------------
? 1530 <7 l.34 100 148 

---~--...;......L---L..----1.._,.;_.....J ___ -J,. __ ...._ ___________________ _ 

MUBI35S 
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FOOTNOTES (Table U. ) 

? Means data that either 1 have not seen, or of which I am not yet convinced~ 

[ 1] The render can usc the data on p. 1 without reference to this shorthand notation. The 
first (and perhaps the only useful) contraction comes in choosing a single symbol to 
denote baryon number B, strangeness S, and 1-spirt I. Thus for the S = 0 meson with 
I= 0 (like w) we chose w. For the S = 0 meson with I = 1 (like 'IT• p) we chose 'IT. For 

K and Ki'{·z.... we chose a Greek K· Suggestive names (N,A, !:, !::) existed ~or the baryons 

r 2 J 

[3] 

[ 4] 

r sJ 

r 61 

with I= ft., 0, and l. .F;or I= 3/Z [e.g., the N;{Z (3/z+, 1238) and N~/2 (1922) isobars], 
we invent symbol 6; if :::3/2 shows up, we sugges 0 (omicron). One snock is that 
A (I = 0) now stands for something that can break up i11to ~'IT, but is forbidden by con­
servation, of I to break up into A and a single 'IT• 

The symbols above are useful independent of the idea o! .a Regge trajectory. In addition, 
the Regge conjecture suggests that particles (e. g. I ""' N, 6, etc. ) having the same panty, 
but J -values differing by 2, can lie in the same trajectory. To emphasize this point, and 
to further condense the notation, we suggest the following subscripts to denote parity and 
a string of J' s differing by 2: • 

Subscript 

a. 

'Y 

6 

For mesons 

o+, 2+ • • • (e. g., vacuum or ABC) 

o·, 2- ... (e.g., 1Tmeson) 

1·, 3· .•. (yfo1·"vector") 

+ + 1 , 3 • • • (none known) 

For baryons 
I 5 
2 +, 2 +, • • • (thus p = N

11
). 

1 5 
z·· z·· · · · 
3 7 
7-, 2-, ''' [e. g.' D3/2Kp 

resonance Y: (1520)] 

3 1 + I z+, Z' ••• (e. g., the 3 .2. 

3/2 isobar 6 6 ) 

G parity is written aa a prescript (this avoids confusion with the charge of a particle). If 
two trajectories exist with the same symbol, the lower one can be given a "prime;" ·thus 
the vacuum is already +""a.· If the .ABC meson exists, its trajectory will be +w~. One 
can use the ·trajectory notation for particles; thus ~6 (1238) means 
* 3+ * 7+ . N3; 2 <z at 1238 MeV), and A (1920) means N3; 2<7 at 1920 MeV). 

If one writes the mass, e. g., 6 0 (1920), one does not have to write the *to indicate an 
excited state, (This notation was evolved in conversation with G. Chew and M. Gell-Mann,) 

Where the properties of a particle are essentially tonknown, it has been given the simplest 
possible assignment merely because it had to be lis"ted somewhere. 

r = empirical full widths at half-max with background aubstracted. 

For analysis of possible neutral decay modes, see Tables 2. and 3 in G of R. Lynch, 
· Proc. Phys .. Soc. (London) 80, 46 (1962). 

Q values apply to decays to neutral.particles (unless that mode is forbidden), 

See notes below. on this particle. 

Common ,electromagnetic or weak decays are. listed !or :onvenience. The masses come· 
from Table I, except !o.r m(:=:•) !or which see note on:=: below. 

' " -~ .: 
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In addition to the re!ercncea and notcu below,. rna11y new data Wt~re presented at the International 
Conference on High-Energy Physics, CEltN, July 19(>2, (~roccedinJl~ o£ the 196Z International 
Conference on_His;:~c~ysic~, lnle•·llcicn.-:e, 196l), 1i!ora complete bibliography to 
11-7_-61, "ce ~'Lynn Stcvt:nson, Jlihliography on Pion-Pion Interaction, UCRl.-9999). 

represents the vacuum t1·ajc..:tory, which crosses J = 1 at m = 0, an<l should crose·J = Z 
at about 1 DcV. It!! KR decay mode should be K -Kt, K 1 K 1 1 1< 2 I~z in the ratio Z: 1:1, 

.The dat."l o! Erwin ct al., Bigi ct al., and Alexander et al. (C.I::I\N, 1962), could be either 
1.1. o+t or z++ interaction. These d;tta ahould not bt~ confused with thr. K 1 K:~. data of 
llt!rtan:t.:l ct :11. (•HH! noLcli on.w below), . · . 

w~ • . could be th<' ABC ;ncaon [ Aba~>hirm, Booth, and G1·owc, Phy11. 1\cv, Letters '!..•· 35 (1961)}, 

Pcvsner l't al., Phyli. Rev, LcttOI'II 7, 4Zl, (19(JI); 
Bastien ct nl., Phy11. H.ev; Letters tf,' ll•l (196l): 
Carmony, Rosenfeld, and Van de Wiilh,, Phy11. ltcv. Letters 8, 117, ( 196Z); 
Rosenfeld, Carmony, and Van de Walle, Phys. Hev. Letters '8', l93 (l96Z): 
Pickup, Robin11on, and Sal•mt, PhyiS. Rev, Letters 8, (1962.); .... 
Chretien et nl. , Phys. Rev. Lotte rtl 2• ll7 ( 196l), ~~ , 

w Mas;:li<!, Alvaruz, Rosenfeld, .'lud Stevenson, Phytl. ltov, l.ctters '!._, 178 (1961); 

Pevo:~ner et al,, Phys. Hcv, Lcttc'l'S '!._, (1961); 

Stevenson, Alvarc:G, Magli~, and Rosellfcld, Phys, Rev. 1Z5, 6a7· (1962.): 
Xuong and Lynch, Phys. Rev. Lctter11 7, 327 (1961);. 
Neutral mode !rom Button-Shn!cr ct al.-; UCRL~l0l37, and new CE:RN 1962. data: 

. Bertanza ct al,' (CERN 1962. and Phys. Hcv. Lctttlrrl 9, 180 (1962.) have reported a low· 
energy K 1Kz interaction at about 1000 MeV, Possible explanation for this ellect 
is a second w(-wyl· · 

• Kl/z.-(880). Alston eta~., Phys. Rev. I.ctturs 6, 300 {1961): CEHN (1960'.); 
Chinowsky et al., Phys. R<lV, Lcttel's (to ti,, .Published, 196Z), 

K•. - (730), .1\lcxanclcr, Kalbfleiuch, Miller, and Smith, Phys. Rev; Letters !• 447 
( 1962.), and CERN 1962.. 

t .;. Barloutoud, 1-Icughcbaert, Leveque, Meyer, and Omnes, Phys, Rev. Letters !• 3Z (1962.); 
B. Scchi Zorn, Phys. Letters 8, l8l (1962): · 
Kenn<!y, Shepard and Gall, Nuovo Cimcnto (to be published); 
Erwin, March, Walker and West, Phys. Rev. Letters 6, 6Z8 (1961); 
Peck, Jonc.,;, and Perl, University of Michigan Technical Report No. 4, 1962 (unpublished), 

p • Sec summa1·y by Stcvcn.,;on, UCHL-9999, and CERN (1962.) • 

• N .· - For l'cvicws sec: Fa1k- Vairant and Valladas, Rev, Mod. Phys. 33, 36Z (1961 ): 
B. J. Moyer, Rev. Mod. Phys. 33, 367 (1961 ). For recent data. see J. Helland, 
UCRL-10378, and CERN (l96l). There ia no evidence that N!;z (151Z) is a pure 
resonance with a single phase shift going through 90 dcg. At 1640 MeV 
in I = 3/l there is another shoulder, probably 'not a pure resonance, The np phase 
shift !or N~/l (1238) goes through <JO dcg at ll38.McV,· but because of a ,..)o,z !actor, the 
np cross section reaches its maximum at 1225 MeV: see de Hoffman et al,, Phys, Rev. 
95, 1586 (1954): and Klcpikov, Mcscheryakov, and Sokolev, JINR-D-584, (1960), 

* Y0 • (1815) Chamberlain, Crowe, Keefe, Kerth, Lcmonick, Maung;·: and Zip!, Phys, Rev, 1Z5, 
1696 (1962):a1so D. Keefe, CERN 1962.. 

* Yo - (1405) Alston ct al., Phys. Rev. Letters 6, 698 (1961); Bastien et al., Phys. Rev, Letters 
.6, 702 (1961): Alexander ct al., Phys:- Rev, I,etters 8, 460 (1962.); G. Ekspong 
TCERN, 1962.) has reported [' :::: 1 MeV, for this particle. 

Y! - (1520). Fcrro~Luzzi, Tripp, and Watson, Phys. H.cv, .. Letters 8, Z8 (1962); 
·Tripp, Watson, Ferro-Luzzi, Phys •. Rev. Letters 8, 175 {1960): 
M. B. Watson, UCRL-1 017 5 (Phys. Rev, ·'" to be pUblished). 

Y! - (1680) Alexander et al. (CERN 1962). 

"' .Y1 • (13!i5) Alston and Ferro-Luz~i, Hev. Mod, ~'hys. 3, 416 (1961) and OCRL-9587; 
Ely et al. ,. Phys. Rev, Letter.~ !_, (Dec. 15, 1:9'61 ), 

: .. ' 

Y~/-~ (1685), Alexander et al,,· UCRL~l0286 (CEHN 196Z). 
.. . . . 
· =: 1;z·(l5ZOtat CERN, 1962. •• ncrtanza et ;d., Phy.s~ Rev. Letters .2.• 180 (196Z); 

. (DNL- Syracuse) reported m = 1S3S, 1'.:; 35 MeV, 
Pjcrro,u et al, • Phys~ Rev, Letteu .2.• 114 (1962.) reported m = 152.9, r < 7 MeV, 

:;:· · -(1321), Mass !rom Bcrtan:~:a et al., l'hys. Rev. Letters 9, ZZ9 (1962.). 
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Tn.blc IV. I = 0 3Tr ,.tate o, which 
ncceBJJa..rily havt" C m La -1. 

·- - - ::::z_: -----·= -----
PropertieiJ o! ~311(E_, 9..• L,.!_) 

Spatial Leading_. Antisymmetrlca1 
Tranu .. CandL I. 
formation 

terms form 

s(0.1) odd odd 9.. • E.-(w1 ·wz)("-'z .. w3)(w3 ·w1) 

v ( 1 ":) odd oyon S. ~<Et ·e.z)w3+(e,z""2,3)w, 
' ' 

+ (E-3 .. E.1) wz 

A(l +) odd odd 9..XE....,.(E_ 1X.e_z.) +(e_z.XE. 3) 
·' 

~· <e.3xe.1r 

-

·' 

. ": .. 
. ~ . 

~ ·. 

' ' ' . -
,: ' . 

<· 

'· 

~croos 

on Dallt z 
plot 

rric.dian • 
where 
s_aO 
and 
center 

boundar y 
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Table V. Iaovector 3'11' a tate a. For neutral state a, C m +1, 
so L is even if .it applies to the dipion. For charged stateo 
like ,.+,.+-rr"', L muBt again bo ~ven if it applies to -n-+'11'+. 

-

Spatial Cand L 1. 
T1·ann-
!orm.ation 

S{O+) even odd 

V(l .. ) even odd 

A(l +) even even. 

4J3 'II'(£. S..• !_.:., !J 

M.omcntum dependence "'(ispin) 
o£ leading terms 

0 0 
a conat, q p 

£.• 
I 

' 
( .9.. X£_){ 9.. • £.) , 

\' 
I. ,, 

mainly. 
symmetric 

non-symm 

II 

Zeroes on 
Dalitz 
plot 

no no 

p=O 

Boundar y 
n.nd ve rl 

,_ 
cal m~di an 

-······----····. 

'·· 
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Figure Captions 

Fig. 1. Particles stable against strong dP.cay. 

UCRL·l0492. 

·.Fig. z. Particles and resonances. The data and references correepond 

. ' 
'"! 

to Table U. 

Fig. 3. • • + 
Fictitious K3/l." Here KJ/1. and R3/l. are sketched ae two oepnrAt., 

quartets, although they would actually be charge-conjugate, and would . 

· have equal masses. 

(Note to the Nuovo Cimento editor .. -thie Fig. 3 is unimportant, reproduc, 

it much smaller than Figs. 2, 4. 5.) 

Fig. 4., Chew•Frautschi plot o£ the baryons. The dots ccn·responding to tho 
I 

meuonY are merely shown lor otientation, The notation and aosignmc~ts 

·are explained in Ta.ble tt and lts reference a, The solid linea correspond 

to "signatu_~e 1/2. 11 ; the dashed lines to "signature 3/Z": ·i.e., Rogge 

trajectoried o£ signature 1/'1. can generate particles o£ spin.l/2. + Zn 

(namely, 1/2., 5/2.. etc.). These values ol J are shown as t.~olid black 

lines, joined by solid colored trajectories' dashed lines indicate the 

signature -3/?. set • 

Fig., 5. Chcw-Frautsc:hi plot o£ the mesons. After. this plot was made tho 
;. . . . . 

·· spin and parity o£ Kl/?. (888) was found t.o be.l·. ao both tho point ~nd the 
\ 

·trajectory should be raised from J a 0 to J a l. There is no longer any 
. .. . 

reason why the spin ofKl/Z(730),' labeled M, should be unity, if this 

me son exists.· 

Fig. 6. Production of a p meson by a peripheral collision, 
"J. 

· · Fig. 7. The total 11''11' cro.aa· section a aa a £unction o£ the dipion total energy 
'11''11' . . . ' 

.·. ··w squared, as determined in the physical region £rom tho reaction 
. . ' ' . . . 

/ l.'ZS?_CeV/c ,+ +p ~ p ~+"'O• TheUne labeied tz,..~Z is the cross 

section given by Eq •. (3l) with J a 1 and o • 90°. From D. D. Ca1·mony, . 

Reference 1 7. 
·,, 

~~~·,> - -~.· 
., ~ .. . ;: .. 

' .~;~<~:·.·~ '.!.. ,_1 
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Fig. 8. Da.Utz-Fabri coordinates lo·r three ·body oy~temt •. 

Fig. 9. Triangular DaUb plot. · Conoe'rvatlon ot momentum lorccu evenh 

to Uo inolde either the circle or the ttianglo &\•CI•O in, the nonrolatlvt •. tlc 
• j 

I ·: ! 

Ol' rela.tivhltic Umite reapectlvely. 

Flg. 10. O·lo1•bidd0n decay via embH!on and reabaorptl(»n ot a virtual pho.ton. 

Fig. 11. · Configuration tba.t lies on the vertical median ol the DaUtz plot in 

Fig .. 9. 

F1g. 1 z. (a, b, c). Isometric projection• of I'll 12 from ~able tV. 

(d, e). Dalit~ plot ot w decaye and background. ( ttcontrol tflglon") eventat 
. . 

··(d) ie Z41 control events, (e) is 2.70 "w·region." event.a. The contour 

line,, a1·e the projections o£ the contours of (c:) for 1. 1• me eon. Froan 
' . 

Stevenuon ot al, Re£erence 2.5. ~ 

Fig. 13. Colurnbla•Rutgera w decays from Ret. 2.6 • . . 
Fig. l•l. . .Oalitlts plot £or '' decay a~ ! . . . 

.. •• ,1' 

·-----. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
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or usefulness of the information contained in this 
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ratus, method, or process disclosed in this report 
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