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Add minus sign before |w)> and ~ |K> on right hand side of (5a)

- and (5b>.

Equation 19 - add cross - M oc(g—; X—g‘; ete.
Equation 29 4f g;é' == (-‘>(1(’ -'.I")
rn T -
Equation 34 - the middle factor should read: ( N~ - M'*Tr
First sentence after equation 38 add a small zero over the T ,
M—31°.
Equation 47 - add delta sign before C and G. i.e. /C= No;
A G = Yes, ete.
Fifth line down in paragraph C - (47a) change to (48a). Ninth
line down in Paragraph C, L ={, not L = 1,
Table III change N (1520) to (1512); also change N, (1588)
to (1688)0
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STRON"GLY INTERACTING PARTCLES AND RIKSONANCF,B*
o Arthar [T, Noaonfeld

Department of Phyaicn and Liawrence Radiation L:\borntory
University of California, Derxkeloy, California

August 1962

INTRODUCTION

I want to start with a fow words about terminology, [ will use the word
"particle" to include both atabla particles and “resonant atates" which can

decay rapidly via the strong interaction into other particlua.. Hence a precise

but less convcnti onal title for this course would be "'S trongly Intnracting Parti~

"cles: Bonnd and Unbound. " Notice that I have altogether avolded the word

"'elementary, "
The most familiaxr example of an unbound state is the I = 1/2, J = 1/2

pion nucleon resonance, In this case thero is only one decay channel, and we

can show that the pibn-nucleon scattering phase shift goes through 90° at the.

rosonance; if thevre wara more thoan one channel we could atill show that tha

'scattering amplitude bacomes pure imaginary at the resonance,

- An example of a.oliphtly bound system is the deuteron, Preclaocly because

it is elightly bound its propertiaa tend to be those of the sum of its conaftutenta,

and we tend to think of it as a '"composite' systom,

An example of a tightly bound system ia the pion, considered as a bound

~ state of a nucleon and an antinucleon, Its binding energy is so great (m"<< ZmN)

" that the new system has properties completely different from ite constituents,

and at this moment in history tendsa to be thought of as “elernentary, "

/

" Lectures given in the course on "Elementary Partlcles, "
Enrico Fermi International School of PPhysics,

,July 22 through Auguat 4, 1962, at Varenna, Como,’ Italy.

(To be published by the Italian Physical Society
in the Proceadings of the Varenna summer school,)
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. It is best to classify a particle by I.)).'()];)e':ftiﬂs other than its decay via

¢ Trre g t

any particular channel; thus it would be-an incomplete statement to say that th

AR

' ‘ :
YO of mass 1520 MeV 15 a Tw state, because this neglects all other possible

‘ ' ] ' . N
final states. In fact, the YO (1520) decays into Zw (about 60%), Kn(ahout 30%)

and Aww {(about 10%), .
L THE FOUR BASIS [NTER.ACTIOP;g AND\T}-IEIR QUANTUM NUMBERS “

-‘3&%1(:@ there are many purt.iclr:s and only four interactions it ia bottér to
dincusa first the in‘tv_\ractiénﬁ. Anyway I feel that event\.ml‘ly.thé i.ntern,ctimm ’
will explaln the ,pa’rtilé};gr; rather than vice varsa,

In nature only fousr fundariental interactions exist: gravitational, weak]

electromagnetic, and strong. [t is generally assumed that all four interactions

-~ IR

~

ob’c:;_ t‘hf: {c&llé\\ring symme,tri(sea and c:onacrva.tion? :L;\:.\vs:, ! evmx,'if they are not
“\éxperimen'tally tested for all the interactions:

(rx) congervation of ],ir{ea.r and &n.gulax; momentum,

{b) co;xserva.tion_ of electric charge.

{c) conservation of baryon nmumber B and lepton number L,

{d) jinvariance under CPT,

' Th«:. operator C when applied to a single particle in its own raest frame
vtransfo-rxns the paxticle injzo the corresponding &n’cipa‘rticle. {Thus we assame
that every particle has an antiparticle which may or may not be distinctj, For
some puxposes it is convenient to think of an antiparticle as a hole in a nagative~
e‘nergy ,‘,‘garticle gses, The C concept is useful mainly for a system of nm‘?ns:tﬁfn,n.g;‘é.
bne_n‘i‘traila‘_-’lk'iﬂ}ésoﬁvs, discussad more fully later. |
(n) IY?I_x}.v::;r"ianCQ uner '.[’"(or Cp, because of d).

EE‘,‘be notion of a moving plicture offers a siymple phyxiaic—a.l model of the
\t_?me-.reversal op{:ra_tion. The time-inverted eituat{oﬁ'is obtained by running

the rmovie backward, Time-reversal invariance requires that to an obserxver
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who does not know tha initia& conditions the invorted situatlon makeo sensa,
The time-reveorsal operation is meaningful 'only for mlcroacopic systemae,

not for the large ensoembles that are governed by statistical as well ae mlcrd«:

~ gcopic mechanics,

Additional conservation laws are obeyed by some but not aii of the four
interactions, These we take up next, ) ”

A, Stronﬂ Inte ractioﬁ .

1. Orxders of Magnitude

The strong (nuclear) interaction ha.o the following characteristicst
a. The range {s short, Its order of magnifude is given by the nlon Compton

wavelongth,

L ;;11;—-&- s 1,4%10713 ¢cm @ 1,4 Fermi, (1)

+

~ b, The energy is laLrge. ' For example, nuclear bindlﬁga run i{n tens of MeV

and the production of mesons in hundreds of MeV,

c. The na,tural unit of time £or strong interactions 13 given by the time 1t

takes for a light aignal to cross a distance equal to the range of nuclear torced!

r. ~ 5-_)( 10'23,_uc. - - {2y

.mc

d, If a reaction takes place in a time 7 the correspondlng lull. width at hall

maximum I of its Fourier tra.nsform is

. w21 , )
ra %a Z/BXIOT MeV sec ,

A mors useful form is o :
r= fc . 197MeVE =~ (3)

TC TC

If we take, for example, ¢7 = 1 F, we gef T =200 MeV, (Notice that i{ thov

 particle has mass m and is produced with momentum p & n mc, then it o

actx;.ally goes an average distance mcr from its point of prodv : If v



Claws will find a help

"meson-was not discovered until

particles {mesons and baryonas); whodse grouping into mmlid

TR e TR TR T T
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is large, this fa.ctor_.canl\\elp the resonance get out of the range of nuclear

forces bafore it decays.). The i, pion-nucleon resonance A hae
. 4 &

FA =100 MeV {i.e., cT = 2 1), Stmilaxly the p rmeson has I‘B 2 100 MeV, .

But the w meson has ' & 15 MeV and probably l" ~ 1 MeV, This means
. . : U

a coxre r:«xponding ¢t 2 200 F, which ie "outer sprce” 1n comparison with the

dimensions involved ia nuclear interactions,

.

2. Additional Couservation deu tor the Strong Interactions

The siudent whoe needs further basic informatisn on 'che g¢ conservation

ful exposition in a roaview art;cle by Wick,

.
‘e

. » . hd H ki
a. Congervation of Isotopic Spin I (both {Iland 1 }.

1
poo

Figure 1 shows the particles that are stable against decay via the strong

interaction. Hiost of thera have been knewn for many years, although the =

oot

961, and its guantum numbers were sorted
out erdy: in 1962, The particles without any strong interaction {photon and
leptons) are shown as thin bars; thick bars represent the strongly interacting

rouping suggeosted that all members of the maultiplet shared a new

-

quantum numbex I, called isctopic spin, Fox the rest of h\i tot wa refay to

pee

t for short as ispin, a conserved vactor in "‘i-:;pacc—:, ' The projection of k

along the ''charge axis" was called I , and gave the electric charge in units
“Z - :
I
of ie!.
. hta
4o i A
Q= z L (43

’I"'zc conv*ant ¥ is called the "hypercharge, "' since it maeasures the "center

of chaxge' of a multiplet, For mesons the hypercharge and the Yatrangeness®

are the sarne thing., Fox the nucleon doublet, though, we have

H
Q::‘)“{—K:L’

<.

(J,-

%

%1‘
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l.e., Y =], Howevar, ulnf.:“i\"«:‘\i.mi(mn';t are {ainiliaxr, we lika to say they have
zetTo str:\ngvanesé, f. 0., we invent t};v..a' relation

Y =83+ B,

wherxe S ‘in the atrangeness and T3 the baryon number.,

In swnmary, both Y rm.«,l S are vaed to dencrita t.h;r p«)n%_tinﬁ of the
v_centex' of charge of a multiplet, but Y 1s uacd to relate jtn diapiacement from
zexo charge, and 8§ is used to relate {ts displacement t'x"-\rmbtho conter of char‘;o

of the "nonatrange' particlos,

b. Sepaxate Invariance Undexr € and P; G Parity

W defi;}c parity P as the oporation that reflectn space coordinatea, 'Th\;;
the p;u;ity of a wave function of orbital angular momentum £ {s (~1)l; As dia- ;
cussaed in any text on parxticle physics, the intrinsic parity of both the » meson
and the X mason has baen detarmined experimentally to be odd:lb 'We discuss
the parity- of formion-antifermion paire in connection with Eq.. (m).. |

P l'n'> w 'Tf> . E (5a)
P k) = |K) . (5b)

We define charge con_jugatlon, C, as the operation that transforms

"pa.rticlea'mto antiparticles and vice versa; tix\m olectrons o~ tra'na{orm into
lpoaitrona, o+, while vnr+ tra;xsforma {nto v~ and a0 info iteelf, As W,S8.C.
Williams has pointed out, la a more satisfactory name for this operation vyould
b;a particlé-‘antipardéle conjugation, -as the;re is x-'\o'tl ﬁlwa.ye a change h{ .eiec'tr{c
charge.. | |
We want the photon to ha.\"e vth’e same behaVior undér 'C as elactric or

~magnetic flelds and currantb_, namely

- e e 2 sy o e
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Smce “0 decays electromagnotic.ﬂly into two identical particles (two
y rays), and sincol Cc iq conserved by the electromagnetic (om) lnteraction as
well as by the strong interaction, we have | | '
Clu®) s+ |w°> | (6a)
C applied. to chax ged particles is not an obviously uaeful o;mration.
since they are not in eigenstates of C, and hence C alone can ylecld no new
selection rules, Thercfore for most charge‘d particles we do not bother with
C except to note c? = 4—.1. so that [C, H] = 0, wh’eré H is the stror\g or electro-
mé,gnctic Hamiltonian. But because of G, which is defined in (7) explicitly for
| pions, both cha.rgod and neutral, we want to adopt the convention
T ._.'V.Ctrr>=+lw >. o (éb)
in analogy with (6a). This choic4 is arbitrary. we could have chosen
Cf w£> = e*ial ’.> but (6b) is simpler.
{1) G Parity
Next wo wish to take advantage of simultaneous conservation of C and
- I to derive .a. new conserved quantity G, first introduced By Leec and Y:mgs
_ a.nd Michc1.4 They defined G as Cei“IY,‘ i,e., a charge conjugation and a
' l§0° rotation in ispace around Iy. Actually, with C defincd'laa it ie abové,
wfe must redefine G as | | ‘ R ' | | |
| | G=Cexplinl), (1)
' 'I'hé reason for introducing G is readily scen, -‘:'Given a multiplet with
.  B= S =0, ‘only the nlg.t;xtral component .éu(n be in an eigenstate of C, since C
'reve rse'g 'C.harge 8. . I-Io'wev;ar, the rotation about Ix or 'IY aga.ixr revarses
‘_chargec, 8o that the whole multiplet can be an eigenstate of G, Notice that
C Perfor@a a reﬂcr:tion io ispace, and exp (in'[x) is a rotation, Hence G has

thé properties of a parity operation in iapace~~and Wick calls it "“jeotopic

parity, ul )



~1- | CUGRL-10392

Next wo winh to prova fq. {(8), i.e., that for any aystam of n, plone,
. (en' ™

To do this it {s convanient to ropranent tho plon {which has unit angular

W

momentum in iepxce) by the ap}mricrxl harraonics in {opace, {,e.,
lw0> m Yl o con v oz,

ieh

Iw*> ™ 1'11 w -oin § o7 = ox - ly,

.14;

wo HY-luc 4+ 8in ¢ o nbn - Ly,
1 Y

Using the C paxity of w fvom (6a) and (61b), we then have

,c]n°> w G oxpltnl) [2) m Cl-z) w Clea®) v o[« ), and
led"> s C enm(iw){ ) ll:c-iy> ':x Hy> ﬂC'-w > n-]wt>‘.

Then G changes the sign of each plon, nnd consequontly
x Tr. . . ’ .
G=(-1) ", Q.E.D, (8)
Since C and [ axe conserved in strong interactions, so {8 G} connequently
an even numbar of pions cannot transform into an odd numbor (and vice veraa),

thereforo pion vertices in Feynwman diagram:s must connlsot of an evan numbesrb
of plons, We can now rapeat the above diocussion of the effect of operating o
'/.ltu f‘xo(iwI ) on Yx(z) to obtain a differont rogult for any particle in an
ongenamte of C(i.e., any nonutrm\ge noutral mowgon with arbitrary {spinl),
4."10 aym-notry of YI (z) ie (- l) . 1e6., m.p(wrl ) Y o (- 1) Y?, thus we havu
the reosult
| gece-nt ()

“for neutral noastrange mezons, Once established for the neutral member e

. of a mnltiplet, G applies for the whole multiplet,
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'

c. ParticleaAntipartlclo Bystems
| { The rule CPX_ = +1.)

{1) Case I, Boson-antiboson pairs

For two identical apinlera boaons such as 240 the wave function muntv.
be symmetric under the operator X, which exchanges theso two particles;
how, |

X = +1, " | (10)

If the bosons are charged, Witfx chargé Q, and have s.pim, we can write

a wave function of threa variables,

R LG G NI . ooy
where § = gl + §2 is the diparticle spin., Then

Xy = X_$(r) Xq0(Q) Xgh(S) = PY(r) CH(Q) Xglug),

i.e,,

~

X = PCXS.

This generalized Y must again be symmetric under X, since boson field

operators commute, Therefore

X = PCXg = +1, {(12)

i

If ¢(r) is an 1 wave,
P =(-1, (13)
Questions of intrinaic parity and C do not arise, siﬁce wa hajro two boaonh.

and P% = C% = 41,
8.48.-8
1 2 “('I)So 80

‘The symmetxry of Y(B) is (-1) |
| " Xg = (-1)%; N ey

- (12) then becomes

o= (-1} *s‘, . - | (15)
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’

We can use (15), for example to calculate C for the p® meaon, which _ 1

e T P

.. decays into vt ® ina p wave, For spinleas boson-antibowon palrs (15) is

ca(-nt, o o (15a)
i eoﬁb Cpo @ -}, | o

Application of C = (-l)‘ to KIKI va K}.K pairs

i

Conasider a nonatra.nge KOR° pair produced with relaﬁve angular momaen=
tum Il The K meson is spinless, therefore (12) becomea _
PG = 41, . o 1e)
Now,ﬂ it e well kn;:wn that noutral K mesons decay \;la the weak intere

action not as K° or R? but in eigenstates of CP called K, and K_,, Thus

. 1 2
Kl -~ 2% in an a-wave, therefore P = +1, C = 41, CP u +{3
' KZ cannot = 27 omd haa CP = -], »

If CP is applied to |K1K1> or ,K1K2> we have
| CPy, (r) [K,K)) =(-1)! CP |K,) CP[K,) = =1,  (17)
" CP %(r) ]xlxz = (-1 cp |Kl> ' cé:az> a-(-1)0, - {17Y)

Combining (17) and (16), we ses, for KOKO systems,

even P (= even C) requires decay via KIKI and KZKZ

odd P (= odd C) requires decay via KLKZ‘
For further discuasion, sece Reference 5.

‘(ii) Ca.sc II. Fermion—Antifermion (€1} Pairs

It s0 happcne that Eqs. (12) and (15) also apply to {1 paira. To explam
. this we must remind the reader of an important minus sign that enters in the

parity of f{ pairs, For fT palrs in an oxbital 2 vwave.v the parity ia

pe-(-f. 8

1
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'I'he‘;'lle; are two ways that we can underatand this minus sign:
(a) A modern theoretical explanation i'n plven by Stapp., b
(b) Purely oxparimentally, we can note that when positronium annihilates

{rom the 130

to cach other, 7 We shall now show from this fact that 1.":‘o

state into two photons, they are linearly polarized perpendicular

0 must be a pseudo-

-scalar (07). We shall use this sort of argurnent many times, It runs as

{ollows, The matrix elomont M for the process must involve linearly a

P

3 &+ )
vactor for cach photon created, and a scalar or pseudoscalar 0 representing

the annihilated 1S atate. For the two photon vectors we choose their polari~

0

zation directions ¢ The matrix element M must be a scalar quantity,

10 L0
+

In addition to Cyr g

If experimentally ¢

0" it can contain the photon momentum K to any power,

and ¢ . are perpendicular to each other, M must contain

1

*
(E_l)(_c-_z) 07, where :\__XX

2

£, is an axial vector, To make a scalar quantity we
must write

Mooc(e, ¢,)= k0 | (19)

k0,
i.@., the parity of 1SO positronium must be negative, Q.E. D,

[t can further be shown that (15) holds not only for ete” but also for all
" {T pair s; 8

Equation (18) comes up particulariy often because antiprotons coming
to rest in hydiogcn are captured in s atates, thca we know that they are
captured from negative parity statos. The prediction that v”, K, ‘and p |
should Bc ca.pturcci from s states was firet made by Day, Snow, and Sucher,

- ‘ | . 10
in 1959.9 It was tested experimentally for »~ in 1960 by Fields et al.” " and

11961 M. Schwartz 2 pointed out that one

more recently by- Hildebrand,
¢
could use the constraint of s-wave capture to calculate the spin of K (888)

when sufficlent data became available, In 1962 Armenteros et al, 13 confirmed
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the predicted s~wave capture and gathered enough data to suggest strongly
that K™ (888) had spin S> 0, This e:'cpe'riment was well covered hera at

)

Varenna in the lectures by Harold K, Ticho, G. A, Snow 4 has recently

published a table of other particles whose quantum numbers might be detor-
mined in similar experimenté,

Having eatablished (18) we can derive (12) exactly as for boson~anti-
boson pairs, except that for two fermione we want X = =1, Here X ia still
erXS' but this time Xr m (-1)‘ is not P, but rather =P, so we still have"

PC XS m ], (20)
This time, since spins are half integral,
S. v»A
XS "("_1) . ) (21)

!
Since P = =(-1)", (20) and (21) combine to give

L+ | |
ca(-1)'"5, (22)
which happens to be identical with (15). Q, E.D,

(114) Summary of Particle-Antiparticle Systems

Note that in this diaéuaoion of particle-antiparticle systems we have not
yet used the concept of ispin, In fact, for Case II; £7, we used for our example
.e+e ~, for which ispin is not deﬁned; If I, and therefora G, ia dofined, we can
combine (15) ox (22) with (9) to form

G (-1 "’S”‘._ (23)
Thie applies for both'boebn;antiboson and fermion~-antifermion pailrs, For
pairs of p.ions ('rr+'n-, w -n'o) in a pure istate, we can write y = y(r)¢{ispin),
The symmetry of y{lspin) is (;;)I, For these two bosons wé can as uvsual
require | \

X = (-1)" X, .41 - | (24)
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“i,e,, for dipions we bave -
! +1 = aven, ‘ (25)

Thus the strong p-wave decay p -+ ':an shows that p has unit ispin;

It s not easy to genevralize the approach above to other particles because
" one bas to introduce both {epin and clxarge.cpordinatea. Thus the KK {atate
t4 + 4t could describe either K KX~ or ‘KOKO..

[t {g {nteresting, and p.robably significant, to note the foltowing relations
ship, illustrated in Table I: Testablished so far are four nonstrangé mesons--

éO

g

two pssudoscalars (one each with [ = 0 and 1) and two vectors (again with I'
and 1), The pseudoeca.l,:;;r mesons both have C = -0-1; as {llustrated by the iz;ct
that they both decay into two y rays; the vector rmeasons both have C = <1, aa
we shall seé in Chapters IV and V wlif;:ﬁ we diacuss thelr élacay' modes. The
relationship is that these are precisely the cl;sarncteriutica of the posaible
nucleon~antinucleon states as summarized in (22) and (23).

Finally wé muy nots that K and K* (888) are alao 07 and> 1" r.e‘mpectivcly,
and coﬁld have S«wave AN dissociation products,

n, Elactromdgnetlc Intexraction

| 1, Order of Magnitude

The electromagnetic (em) 1nt«3rz‘ctionu have the following characteristica:
a, Tha rangs is defined by the 1/r deper'xdence of the Coulomb potential U =e/r}
b, The etraixgth of the intaraction is given by the fine-structure constant
a = az/'hq = 1/137, Tn thé sama units the atrong~interaction coupling conatant
“ia of the ordar unity, Therefore the em interaction is only about one -hundyedth
as strong as the strong interactions, Another way of comparing the em 1xxtl’§r-

action with the nuclear one is computing the potential energy U ap the range
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of the nuclear forces:

2. Conservation Laws and Selection Rulea

a. The em interaction has long been known to conserve C and P
separately.

b, Early in the study of strange particles it was oboarved that photon
emission conserved strangeness, i,e,, decays such as A~ py did not occur,

c. By use of the poétulate of "'minimal electromagnetic interaction
we can show that a single photon can Carxy away only zcro or one unit of
ispin. The "minimal interaction" anaun%ptlon is that the photon i3 coupled
only to electrical currents, whose t&r;*xo component {8 the Q of Eq, {4), which
we rewrite as

Q=1- oyt -;« Y (e = unit vector), N | (27)

The first term on the right~hand side contains an ispin vector: the seocond
toxm 48 scalar, Hence tha photon's ispin transformation propertics cannot
be more complicated that those of a scalar and a vector quantity; thuz wo have
Hproved that, for a phdton, Ala 0or k.

d. When a single photon is emitted by a strongly interacting system
either G changen or [ changes by one unit: l.e,, AG = Yes, A'I l =}, To ses

this, call the initial state {i> , the final §£> and write the reaction as
| 1 =~ 1) + vy o+
~ where et =cl) ey =-clf). - (18)

For the initial state, (9) becomes . . _
| alt) scli) t-ntedt -0t s
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Dividing (28) by Glf) = c|f> (-1) f, we have
. ) I.- o
%l.l%.. E ~(~1)( { I‘)._  Q.E,D.(29)
where (If-li) = 0 or = l; '
In this sans?} a photon behaves either like a p meson (yp ) (1. 0., it "carrios
off"' 1 =1, and does not change G), or like an w moson (I = 0, G = -1) which _
can be written Y, In our discuussion of the 7n meson we use this reasoning
extended to emission and reabsorption of a virtual photon to derive Eq‘. (47);
We next want to prove two other important selection rulea:
First, (J = 0) 7~ (F =0) +y. Thus, for example,
ne w0y, B (30)
hecause gauge invariance requires that a Yy can oxist only in the substate
J_o= ol | |

A

Second, (I = 1) /~ 2y. Thus, for example,

» m/'-‘y"' Ye (31)
Proof: The two y can have a total .Tz = 0 ox J:é. Since the {J = l)' aystom
cannot have J’Z i 4 2, only the states in which the photons have Jz = 0 need be
- examined further., There are two such states, one with both photons polarized
left-handedly, and oune with both right-handedly, A rotation of either state
through 180° about the x axis rmerely iaterchanges the two photons which
multiplies the state 'lf»;/ +1 because the photons obc;} Bose-Einstein statistics,

However, the same.rotation of a (Jml,Jz= 0) system muat multiply it by -1,

as may be scen Iby considering ‘{?(z) x cos ¢, . Thus the two y's do not have '

the sarne anpgular moraenturn properties as o J=1 system, and the decay is
I I j ’

- forbidden, ©.%, D,
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C. Weak Interaction

The weak intexaction is 50 short-ranged and weak that it binds nothing,
50 it is responasible ouly {or decays (w decay, A decay, 3 decay, etc, }. Its
exact range is not known,

For processes of comparable moraentum, -weak interaction rates are
only 10734 a5 fast as strong rates, Thus where the strong decay

K*(888) =+ Kw {with a momentum of 286 MeV/c)
~23 ‘

0 sec, the weak decay

{
Klo -n 1r+-rr° {with a compa.rlable momentum of 206 MaV/c)

takas about 10’10‘ sec,

o -

The weak interaction is well known to violate C and P separately, Ita

charactistics are discussed in the lectures by Profesaor Frank S. Crawford,

D. Gravity

Gravitational attraction is so woak as to have almost no applications

to particle physics, therefore we ignore it,
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II. NINETEEN MULTIPLETS
This section is limited to prese'nting and commenting on Fig'. 2 and
Table II, which display daf;a on the currently known mesons and baryons..

Figurc-' 2 shows the great increase siﬁce 1960 in the number of particles
known. Thick colored bars represent those particles which are astable againat
strong decay; those which decay strongly are represented by thin colored bars,
and their width T is shown as a vertical "flag, "

The mass scale of Fig, 2 {s so small that the mass differences M
multiplets‘ cannot be illustrated. There is a handy rule to help us remember
which comiponents 2re heavier--namely, that with the single exception of
w, all multiplets in Fig. 2 (for which the mass differences are known) slope
up to the left; i.e,, the more nagati‘vex- the chargn the greater the mass; Thus
m(Ko)> m{K), m{n)>m(p), m(Z7)> m(1’30)> m(2+), m{=") > m(EO)‘.

Not included in Fig., 2 are three particles not yet fir@y established--
g, K:‘/2(730), and Y;’(1685)--Which are listed as questionable in Table II‘.

The notation of Table Il for particle names (outlined in the notes to the
v'table) is used henceforward,

1., Sorne comments on widths ™

The widths listed in Table Il are completely empirical half-widths at
half{ maximum, even though the resonance may have J >0 and not be doscriﬁcd
by a simple resonance curve, However, background has been subtracted and
experimental resolution unfolded,
| For all the well-cstablished particles except =" all the widths seem
to be rather reasonable. At first it may seem surprising that Y(;"(ISZO) has
I" only 15 MeV, but it should be remembered that before it can break up it
l;xaé to i)enetrate a d-wave barrier, Why E':/Z(SISBQ) has I'< 7 MeV I do not

understand, unless it also has a large J.
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2, KOKO attractions at about 1 GeV

Also not listed as resonances arer (a) the Klol{lo

both even, probably I = 0, e,g. O(OH)] reported recently {as indicated {n

Table {I) by Erwin et al., Alexander et al., and Bigi et al; (b) the KIOK??

attraction [J and C

attraction [J and Cboth odd, probably I = 0, o.g., 0(1-,)]. ‘frnportod‘by
Bertansd ot al, v s :

In concluding our discussion of displays like that of F‘_ig. 2, wo would
like t'o sketch, in Fig. 3, a fictitious quartet, K‘;/z. and it;x antiquartet,
K‘;/Z. Although these particles do not exist (or, if they exist, they have
certainly not been found), they help us visualize both new vertices which
Crawférd has to introduce in his Puppi tetrahedron as extended to allow for
A fI[ = 3/2, with AS = & AQ {sce Chafﬁcr V of Crawford’s lecturaa);

Note that the I{;:/z, Kg/z mesong »v?uld contribute two new verticos to
the Puppi tetrahedron with charge Q = +1, K?}Z corresponds to the one
which, like the real i) /';, decaye into loptons with AS = AQ; but R, with
S = =1, must dacay with AS = ~00Q, | | |

3, Determination of J

J for most of the particles has been established by data on angular
distributions, but, for a few particles, lower limits have boen sot merely
by general considerations of the total croas section) wo now discuss thia point,
Conasider clastic scattering, |
A+ DB - A + B,
where the target B can be a nucleon or a peripheral pion,

If the A and B are spinless, then

o & 4nx? (27+1) nin’s, (32)
where & = phase shift,

J = total angular momentum of the state, °
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(The‘ equality aign refers to the case in which the elastic acattering chanﬁel
{s the only channel,) |
For a r¥csonant state, the phase shift ia 900, and

o % 4mnZ (23+1). | (33)

15

In the genevxal casa of pariiclos with apin”~ but no isospin

-

1 2
o= (B TN, + 1)

4wh® (2T +1) sin”s,

whers S1 gnd SZ aro the apins of the two incoming particlea.. |
The appropriate Clebsch-Gordan coefficiente must still be applied
for taking isospin intoconnidcration‘.

. The case in which the target is a w leads us to a discusgion of the p

meson in Section IV,

4. Mnemonic for gquantuni numbers of nonstrange baryons

For a given wp orbital angular momentum £ like the p-wave 1+, we
P 17 37 1 1t
can make J = 5 ox -Z- . lopin 5 choosea to form a particle (the 5 nucleon)
. « +
which has the lower value of J; I = 3/2 forms a resonance (the é— A) which
has the ,bigh-cr value, This same association of lower I with lower J, higher
- I with higher J, soems to be general, Jerome A, Helland of Lawrence

Radiation Laboratory illustrates it as shown in Table IIL,
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I, SIXTEEN REGGE TRAJECTORIES

Figures 4 and 5 are Chew-Frautachi plots of all thc.; particles as desf
¢ribed by Drell elsewhere in this volumc’._ The nOtati;Jn is that exélained in
the notes to Table II, and the Optimistic assignments correspond to the
"possible assignment' columns of that table. It should be peinted out that
the Regge t;rajec'tories really are somewhat S-shaped curvee about which
little is known, so our straight lines represent only absence .of information,

For the baryons (Fig. 4) there are three possible trajectories that may
cach join two established particles,

Forthe xnéeons (Fig. 5) the situation is still a very sorry one--no two
known mesons lie on the same trajectory,

The slopes of all trajectories (barybn and meson) correspond to a range

1
R”’E-

ﬁc , and agree with current information on the slope of the vacuum
i : '
trajectory near m?= 0.

IV. PERIPHERAL COLLISIONS, THE p MESON-

A, Onc-Pion Exchange

- +
Consider the reaction w p ~ ptr+-n'o

. It can be represented by the
ona -pic;n-exchange” diagram of ¥ig., 6, where the targef proton has a
laboratory 3-n~“omentum P =0, and recoils with momentum E'. In 4-vector
notation, where the encrgy is called PO and the 3 -momentum P has com-

ponents Pl' PZ‘ P3. we can then write

CE ’ ¥ . Y .
/M ' PO\ o . Pl-M {o
P = ~ ? p = '/y P.—pﬁi A= o ' A
\Y A | P’ \ B

Chow and I_,ow16 pointed out that the 4-plon vertex would represent
real mww scattering if it weire possible (it'is not) to choose AZ (which represents

the exchange w) to héye the value +m12r.
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2
At that point (A% = m ) Chaw and Low tell us that the experimental
¢rosa aection for produation of a w0 Xeading to a p with total energy w is

’ A
2 2 2
a9 r { =0.08 A/m'w Kinematic
L, 2 : T - -
ALS A’ A (/_\2”_ nu:"))/ Factors

¥ G""(w). (34)

o

The [actors f?‘(A/m“)z repreoent the probability of cr;:nting a p-~wave
pion at the np vertex in Fig, A, The factox v /(/.\Z-mz)zrd;preaentn the
probamlxw of real wx scattoxing at the socond vcrtr-x,, anrd 1/(A -m ‘) iy g;};., .
pion propagator, w

The experimontal importance of (34) is that it aometi'mea holds {n the
phyaical region (i.e., A2<~(')) fox sinall }Al, say< 400 _Mevyc.

igure 7 dieplayas p production by 1.255-GeV/c w4 ;;, with the recoil
momentum Pluelected to ba< 400 MoV/c;

Bath charged and neutral p have now boen produced in many different

reactions, 20 that it is clear that p has iapin = 1, Honce J = 1 or 3, The

fact that S 12 w*% as shown in Fig, 7 suggests otrongly that J = 1,

B, Qther Tests on the Perivheral Productionof p

1. Angular Distribution Teot

Consider the nw vertex in Fig. 6, in tho ww(=p ) ront frame, If wo
rneasurc an angle § with reopect to the beam direction, the p wave function
must be YJ, (cos ¢); and if p ‘has a spin J = 1, then its amplitude must be
cos g, Hence the angulax dictribution of the decay of p in its own rest
2, . | . 17,18
frame raust bo cois @, LFor some oxporiments this test works beautifully;

sometirnes it does not worlk o well, 19 But coes'2 0 iz always the dominant

texim, and this adds further to our conviction that p indeed has J = ],

2. Treiman-Yanpg Tcot
Treiman and Yang‘}'o have pointed out that if the two vertices of Fig. 6

- are connected only by a spinless pion, then the overall reaction be azimuthally

.
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symmetric about thtr:‘. direction of the exchangod plon. This means that there
mu:;t be no correlation between tho plaﬁe of the p produced at the ww vertex
‘and the plane made by the target and the recoil proton. In the laboratory
reference frame the latter plane 18 not defined, so it vie conventional to choose
for a refc.rence frame either that the reat frame of the p, or of éhe beam
pion. We next want to give two examples of reactions which probé.bly would
- introduce a correlation between these planes. First, suppose that thexe is
a final-state interaction between the scattered m' and the recoil proton, This
“could be important if certain orientations of the ww scattering permitted the
formation of the Aisobar. It is then easy to see that a correlation between
planes would be introduced. Second suppose that only a single particle was

exchanged, but that it had a nonzexo spin; again a correlation could exist,

-3, Results of Above Tests on p Production

I—'j'.ickup et al, 21‘ have applied tests 1 and 2 to about 100p produced by
1.4-BeV/c = 'p pir--rro. They report that if they choose A< 80 .MeV/c
(A/mw < l/Z)ra.nd select the diplon mass w to iie inside the p | band',. the Treirxia.n-
- Yang test is satisfied within statistica. But although the angular distribut&on
of Gmr is nearly cosz 8, there is a definite lingar term which seems to be
| relafod to a combe;inkg process, namely A formation, vwhich cannot proceed
via one-pion exchange ("OPE"),

.Carmony and Van de wWalle!? and Xuong21 tested the 1500 p produced
by l.Z-BeV/c‘-rr"p ->- prr+wo which afe shown in Fig. 7. In contrast with Pickup
et al; ',' they can include data for Aup to 400 MeV/c (A/m" = 3) and still get
an impressive (but misieading) 'coazﬁmr angular distribution, Then when but
they apply the Treiman-Yang test it fails, and cannot be satisfied until the
selection of avents ié}_fu‘rther ,rc-.:e»t'ricted.to areas of the Dalitz plot far from th;

v"v’bgmds corresponding to & \
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In conclunim{ prr‘ra!‘nt oxpcrinnco with, t.ho » showa that the combinathm

of Toats 1l and 2 48 a qulto noanvn meaeuzro, of OPE, L e s

V. MESONS (m, w, i) THAT DECAY INTO 3w
We ehadl study the decay miodes M -~ 3w, where M. u‘tanrﬁa for any of

. o !
the maosonn w, M, i< P,»I:(P;

K;,_ . We Uit our connidorat\onu to mosona with -
1Rnd J both s 1, | ‘ S j

i D:\litf,-—r abri Varmblers

i

Fohowing Dalitz, the kinﬂm.xtxos of thn 'hr dc-co.y may b«~ analy ed as -

shown in I'lg. 8, where ¢ denotea the xnlz\th. R —1r3 mOmentum in the (rr

_ 2 3)
‘reat tr:unc, .m\l R the mc)mcntum of 1\'1 in thc rest {rame of M -
Ain his loctux‘ca hmo at V-nr'mm I~I K. l‘xcho diacusnen the goner;al
properiios of a I)alitz‘bz_q_:i ami Vnhown th.:.\t unit avea is proportional to'Lorént_z-
invariant p)‘msc space zynd(thn.t collinear events lie on the boundary., Dalits also: '
invented the idea of diw»ldyizmg the vyxnmetfy of the pions by pickinp ‘encrgy axes
normal to the bases of an wo'\colou triangle (ace Gﬁll Mann and I\oscnfcld
Appendix C), as uhowx} fa ]f-fi,«_;. 9 For overy point P instde the triangle one
‘hag PL + PM + PN = ¢ons :tamt = helght, If the height ia taken equal to the O
‘Value of tha reaction, tl.\cn tha geometric.al relaticon that we have just written
represaents the c.nerf;y con.-aorvaﬁicm rolation Tl X T?. + T3 = (), ILvery point
P thua may rcwrnnent a decay event, piovided nmmentum is conserved,
Weé shall soon discuns tho popalat.on of the events on a Dalitz plot and
ex.pr.(ma‘tho wnvcvf:nction i termo of powoxs of p and q: p and qL. Itis
- worth noticmg that onae 'i::m qualitatively associate angular momenta { and L

‘with thege two expom,mr:. To nee this amnociation, write down the £ ~wave

eigenfunction A for a free plon-as

/ e _-V‘l';z (Y'())w,jl(pﬁ Yl“of' 0).:»__
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where 52 (px") is a 1341:58(31 (uncfion and Yl ls a spharical harmonle, In the
small radiua appréxlmauon (pr << £°) tha leading torima of the Deasal functions
ax‘fe proportional to p’l (or qL), 70 that the total \rv"avn function for the 3xw ayatem
is proportional to the leading terms pqu. .

We conclude that if wo see a Dalitz plot which behaves for amall p like
M‘]Z o ]pz [2 2 pzﬂ . then i:h’e angular momentum involved must be mainly £,
with pérhaps some admixture of £42, L+4, ‘atc., whose. preassnce we cannot
demict'.

To form the spin J of the meson wa simply write

_{ af + _;I__: (35)

(1. e‘. , there are no complications with intrinsic opins, since we deal hera with

three spinless pions), . .
Th (3] " d 1 L E+I" .

e "orbital" parity of y({p ,q ) is (~-1) . However, the parity P

of our moeson M has an extra factor of[)?‘(pi.on)]3 = (-1)3 ® -}, 80

P{meaeoon) = -(-1)2 + L . (36)
Note that for a J = 0 meson, £ and L. must be equal, so £ + L is even
and P{J = 0 meson) = =}, l.e, a 0% meson simply cannot decay into three pions,
To take advantage of the fact that ncutral mesons are in an eigenstate of
C . we find it convenient to chooso L so that the dipion is neutral, i, e,
94=P . “P _+ =P n+ Then C ia(-l)L.
™ ™" Y
’ ‘For charpged mesons we get a simplification if we let L. deacribe the

atat {or v w") dipion. Then L can only be even.

B, Ispin Considerations

Next we introduce ispin, i.e. we write the overally as theﬁroduct of
Y{p, gq) or $(L, L), times \pz(ispin)x

913.“ - \P(Ro g) Y (Ilo IZO 13)- (37)
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Bosa astatistics requires ihat Y be symmetric undar Lntcz"vchangc of any of
the two plons, Dut aziﬁce we have foctorad W in (37) each ¢ factor Aeparately
must have ldentical symmetries under Intoerchange,
\l-l can repreasent I = 3,2, 1, or Oi we discuss only the casen 1| and 0,

Case I, 1 =0 (sextant symmetry),

We want to discuss the propcrtiéa of lllo(ll, IZ, 13). To simplify the

notation, write -I-X 2 a (when 1'1 is the fepin voctor of the firstw), I, =2 b,

2

I3ag.

‘Then thexre is only one way to combine a, b, ¢ to make [ » 0, namely,

Q,Imoaie P—\/S.' (38)

which is totally antisyimmetric, so M=~ 3nw {s forbidden., Since the ispin

s
factor is antisymmetric in the éxchangc of any two pions, the spatial faétor
¢ {p, q) must have the same property, and ita square, which is the population
of events on a D:ﬁitz plot, must by symmetric. This means that the Dalitz-
plot inopulation must be symnietric about every madian; i, e, it must have
"gsextant symmetry," It is then conventional in diacussing [ = 0 Dalite plots
to fold all the data until they fall into one sextant; thia simplifies the statistical
analysis,

This total antisymmetry can also be soen in a more famillar way. Take
any of the three pions: it has [ = 1, therefore tho xemaining dipion must be in
an I = 1 state if the 3w final state has I = 0, A dipién astate with [ = 0 or 2 would
be symumetric, but oﬁr { = ) state ia afxtiuymmc;tric. (The p mesonisa
familiar example.) Sixce we have ;hose_n an arbitraxy nion to start wiﬁx, we

conclude that the I = 0 threce-pion state is totally antisymmetric,
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Case I, 1w}

We can have a totally symmetric {sovector atate

b T (abie)=albre) +hlcea) relab) (39)

But we can also form atates of the nonaymmeotric (naym) {ormi
nayn

Viay =av{byc)orby(exa)or c¥layh). (40)
By b *c in(39) we mean the iscalar combination of two vactors., Using

the Clebsch-Gordan table included {n Crawford's lectures, we have

bec = _1.«.3: (b*e” = %0 4 v ch), ~ (41)
Asosuming 13" = 1, and assuming the symmetrical form (39), we now
show, with the bhaelp of Clebsch~Gordan coefficients, that the ratio
+ -0 + + .
. wowow , _ e oW
R’] = =5 is proportional to 2/3 whereas the ratlo RK.+ =05 = 4.
o w wowow
We say 'proportional to' rather than “equal to'" because there i still a phase-

spRCo factor which is slightly larger for wovo than for 17+'n".

Proof: Cowmbining (39) and (41), we have
b
Q.I n «f .é. {:}_(b+c"«boco + b"c*) + h(a+c’~a0c0 +a"c+) +9_(a,+b" - aobo +a"b+) } .
| (12)

_For the decay of a neutral meson like n we are interested in the ncutral

componant of (42), so that we have

451 = 'J-i« {ao(b*'c—-boco-bb'c'y) + bo(a"‘c" - aoco +a'c+) + co(a+b" -2%0 4 a-b.')} .
(43)

'T'xm‘v-".w—nc state appears aix times, but with different {(noninterfering)

pexrmutations of a, b, ¢, so that when one gquares the amplitude one gets

(1/3 )%6% 12) = 6/3. The fronovo_ state appcars in three torms, and they clearly

intorfere, 50 squaring it, we get (1/3)(32) = 9/3 ., Therefore the ratio

S EE AR T (44)
- . ™7 %60 . § 3 -

At
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In the case of K decay we show below that { 39) again dominates over v

{40). For K -we are {nterected in the pooitive component ot {( 39), {, e,

S boa oy no- ]
\j'I = «L 1a+(b ¢ -boco-b-b c‘)ﬁ'bk(a'c —nocol~n c')+c'(;1'l>>"'-a0hnt-a b+) .

(158)

epn o - v . o - bow b
Che: w won state appears twice as a b ¢, twice as a b ¢, and twice an -

w o y
a b ¢, so that, squariag the amplitudes, we pet ( 1/3)( 3‘.42.)') =4, The

+ 0 0 - L , , L ~
m ow v Aatate appears three timwes, always in a different permutation, =so that
+ 00 +
Towow o %—(3)(12) = 1, Hence, for K, we have
. Tr.'.‘,._ . . . .
= O U R | Yy T .
‘RE(-‘. -':r—‘ w.m(‘) 1/1. C». ’»'v r)o( ‘(’)

C. Allowed vs G-Forbidden Decays -

In sections D and ¥ below we d..{;;cusn the properties of 3w states
4/.(311) with [ = 0 and 1 respectively, but we do not .w:.mt to imply ﬂ)at the
meson producing these states necessarily has the same quantum numbers as
Y{3w); after all, K mesons decay to 37 via the weak i'nt;eraction, r\‘ncl we ahall
show that o — 3w only after emitting and reabsorbing a virtual phétoq,

This prings us to the topic of "G-forbidden" ¢m decays, Consider ‘tho

‘ i
. M, whose quantum numbers are 0(0

). A 0 meson cannot decay to 2w, [t
.l,. - .

can decay to yy and to yw 7w, but these modes scern to be so slow that a 3w

mode competes, even though it is G-forbidden, How can this be? We have

already shown in (29) that a single photon cha.nges' C and hence must eithoer

change G or else change I by oné unit, Suppose now fhat this photon ia merely
N virtual, and_.is x'eab.‘;ol"‘.md as sketéhed in Fig, 10, The first vertex changas
C, and the second vertex changea' it back again; i.e,, this juggling of a virtual
photon preserves C, Since there are two em vertices, AI[' can be 0, 1, -or 2.
Ou‘r rule G = C(-l)l, Eq. (9), then says that if Alll = 1, G changes; if

A]I] = 0-or 2 then G cannot change and nothing has been accomplished in the
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way of producing an intormodiatc meaon state that can thcnvfall apart inté 3n.
However, we see that photc»ﬁ emiesion and reabsorption caﬂ change G and
change I by one unit so as to permit the {aoscalar n t(; decay into an {so-
vectox configuration of 3w, Of éourso cach em vortex decreases the amplitude
by a factor ¢ (really e/\/T\E), so that P(3n) is down by ez, and ]5’:]7' {s down by
e4; i.e., the rxate is down by approx 10% with respect to comparable Geallowed
rates.

In summary, G-forbidden decays have the following properties, which

have been pointed out by many authors:zz' 23, 24

.C=No, G=Yos, All]=1, I'ocedl. (47)

D. Isoscalaxr (C = -]1) 37 States

1. General Properties

In this section we discuss the propertics of I = 0 3¢ states, of which
‘there are three: pseudoscalar, axial vector, and vector [Eq. (36) rules out

the scalar possibility]. Combining (8) and (9), we have

| G=-1=cC(-1)},  (48)
therefore C=-(-1f, - (48a)
So for I = 0 all §(3w) states have C = -], and hence-~by {(15a)--L must be odd;

These states can arise from the allowed decay of {soscalar mesons with
G = -], or frox the G-forbidden decay of isovector mesons with G = +1, which, _
according to (9), also have C = =}, \

In Table IV we have listed in the first colurnn the three possibilities for
J and >, We now discuss each row in turn, Although the firat row applies to »
a pseudoscalar meson, the \1)(311) must have acala% spatial transformation
propertics‘. Parity then forces £ to be odd also, Th:a_ simplest possibility is 4
then ql and pl, and the simplest scalar quantity is g « p = gp cos 0, which
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vaniahca when cos 0 = 0, i.e., when p,=p_or )X T E_ {nece Fig. 11). Thus
¢ vanishes along the yertiéél median of the Dalitx triangle, The antisymimetrized
form is the simplest scalar exprossion that vanishes along all throe rrur.diaxm; |
lup(antisymm) IZ is drawn in isometric projection in Fig'. 12(b) (takeh. from
.Refcrc-‘.nce '2‘:’»). . : ,

The second row of Table IV is the axial mna(;n (l‘+) inllexstrate:d in };l;;.. 12(a)s
'q:3v m_.ust then be. a spatial vector (17), i.e., £ ia even, a.ndg_]l need not ecnter.
Thcm 'q, =q is the simpleat vector, and ¢ muat vanish whcn;tho dipion has
q= O. i.e,, whcn 7" and =" "touch! in.momcntum space; To antisymmetrize
v\p we fiz's? trierl.(k\_l'- RZ) -0'(1.\_2 -33) +(f;’.3 1 -El)' but because D, *L)-Z +R3 = (O this
preserve the

i

antisymmetry and make | nonzerxo, Note that § (antisymm) ~ 0 when auy

has the unfortunate property of vanishing, The ¢nergy factors w

dipion has ¢ = 0. It also vanishes at.thc: u_ymm@ry point where W) E W, = Wae
: 'm Refcrence 1(b) Dalitz gives a morxe general proof that Jy muat in fact vanish
at the f*ymmetry point for J = 0, ;Jr and 27, |
For the third row of Tabla IV, ¢ must be‘an axial vectorb(l*')‘, so £ is
odd and y « q Xp, which vanishes for q and p collinear, Collinear decayrs
B » co%feapond :§ the bouﬁdary of the Dalitz plot, as {llustrated in Fig. 12(6).
'r‘This correspondence can be seen by noting that both collincar decays and.

the boundary have one degroe of freedom less than the normal configuration,

2. The «w Mcsoen

The Columbia-Rutgérs data on 1100 w decays are presented in. Fig, 13.26 ;

Itis clea.r thm the data. are p@rfectly conuiatont with 177 and not wit.h the other
. tow I = 0 possxbilitica listed'in Ta.blo v, ' No cha.rged mode’ o£ w has ever been

‘ v'agcn,. 30 we conclude» that w ha._a-thc q\;antum numbers 0(177),
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E, lsovector (C = +]) 3 States

1. GQeneral Propertian

Table V summarizes the properties of the 3w atates with [ = ),
Equation (48a) requires that they all have C = +1, As discusscd in obtaining
Eq. (47), theso 37 atatos can bo reached in several different waya,

+ -

)l

{a) Strong decay of a meson with any of the quantum numberxa 1{0~"), 1(1
(17T, ”",, However, no such mesons are known, nox can the NN aystem
h#vo such quahtum numbers, The simplest model would be a nr resonant
atate,

(b). G-forbidden decay of a G =41 meson with [ = 0 61’ 2'. The nis an exanple
of the { = 0 case, |

{c). Weak decay of the K measonas, 4aa we shall see below.

The xeasoning used to construct Table V is identical with that used

; -
for -Table IV, we take the first row as an example. Given J" of the meson in

2
Colurnn 1, we get spatial parity by changing P by {(~1)” = -1, We have just
meontioned that (47a) requires all the neutral states to have C = +1 and hence

L. sven, Fox tho charged states we chooso I. to apply to the doubly charged

diparticle, and then L, must be even, by symmetry, We then choose £ so as

to satisf{y the spatial parity., The simplest spatial scalar quantity with

I. =1 = oven is a constant, so that the Dalitz plot should tend to be uniformly
populatcd‘. Of coursec tho constant can be multiplied by any scalar quantity,
€. ;g.. » {1 }+ qz + pz + 1;)2-:;‘2 +*°*); but n decay and K decay both have low

Q values, so tha.i barxrier penetration .supprmusca the higher values of L aqd
i, leaving qopo dominant, Pure qopo is of course symmetric, so Y(ispin)
is also symmetric a;nd 797%0 can be produced with R"‘l = 2/3, as proved in

(44). Terms like 3)<E_><pz are nonnymmétric and cannot yleld “0"0“0.

¢
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For the_ rema.ipiing ro@s it is not hafd to see that the simpleat spatial
vector with L even is p, The sirmple st 5u§atia1 axial vector is gXp, but this
hes L odd, so we choose {(gXp){g-p). Note ihat the gXp factor makes |
vanish at the boundary of the Dalitz plot, and q ¢ p makea it vanish at the
vertical median, |

2, The n Meson

| Tha 1 ig a hcutral meson with a masa of £48 MeV, ' < 10 MeV
. {probably about 1 keV) which decays into several neutral modes 3/4 of the
time and into wtw=ul 1/4 of the time, References to the data are given in
, 4Table. II. Note Qxat M has 'a.. masgs of 4m_“ + § MeV, so that its Q value for 3w
decay is limited,

The ispin of v ig taken to be zero for two reasona! _f_i_x:_a;_f, no evidence
for any charged n has ever been observed; socondly, the v was discovered in
the reaction |

0 with 69 ~ 0.6 mb,

“’+"7 -+ PN

If  has I = ], then charge independence sets a lower limit on the croos
~sections 0¥ for the related reactions:
| “:t:p - pn:h . -
More precisely, there is a "triangle inequality"‘ J;—"’- + J;’ » \/;;(-},
But Carmony et al, find no evidénce for these rcactions and report that the
inequality i{s badly violated, 27 _ ‘

The Dalitz plotvior 287n publisﬁed up to Aug. 1962 is showh in 3?5.3’. 14
: (taken fr'c.svxr': Refgrence .26).' It has two salient fcatﬁrea: |
First: It does not sﬁow sextant ‘symmct'ry. If symmetric, the 2»(_)0 events in
. t.he top and botto_m sectors would be distributa_d 100 7 in each ; but this

ia not true by 3.8 standard deviations., So we are not dealing with an [ =0 .

state, .
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barrier penetration), Experimentally w w y/(all modes) scems to be < 5% ,

£ =3 . ‘ : UC_J.RL-IO'WZV
Second: Qf the three 1 = | JP ponsibilities llated in Table V, none except
07 comen anywhere near fitting the data. Howover, the pdpulat‘.on {8 not
porfactly (I ubt, but instead favors llow TO" A good fit s

[2 w1 -0.82, whoro ~1 & = % +] (49)

I\p
leo,, 2= 1/2 - (TO /TO max}, Therefore within the errors we can writa

oo 1 - 0,4z,
The {irat tarm, 1, {6 of course totally symmetric; 0.4 z is not, Aas pointed

1(d) the nonsymmoetric term

out in Fq. (40) of Gell -Mann and Rosenfeld,
0.1 % contributes only about 1/4. of (O.'1)2.= 4% to the m decay rate, Thuas the

symmotxic state dominates n decay, and we expect (44) to hold, i.e., wo

.0 .0 0 '

v ) -3- X phase space' s 1,7, - (50)
T -~ 0 F3 -
M w )
*  Thexefore we conclude that v {a a O(O~+) meson and that it decays

slowly to 3w after eminvion and reabsorption of a virtual photon,

Table IX tells us 1(n -~ neutrals)/ T (n — w+v-w0) = 3, Combining this

with 2¢, (50), we noee that another ncutral mode, presumably yy, is important;

d.e., we eastlmato

I (yy) L :
X X w3 41,7 = 1.3 . (51)
_1“(117;.'“0) ' .

This modae has recently been reported by the Cambridge bubble chamber group,

_ with a branching fraction consistent with (51).

The remaining unscttled question about n is why the G-forbidden 3w mode

v . | | . ) .
(oo e4) seems to be enhanced so that it dominates the «' w y mode (¢ ¢” X p-wave
| 23

" Theoretically this has not been explained very satisfactorily, but it is

Smclligcntly_diamxssecl by Brown and Singer, 29 and by Gell-Mann, Sharp, and

H
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Wagner, 30 pBrown and Singox estimate a width T about 1/4 keV, giving a
“mean lfo of 3% 10-18 gac,

3. K-Meson Decay into 3¢

We wish to discuass vory briefly tho following decay modna of the
spinleas K meson:
C(y + + ot 0
T and 7' (i,e. K ~ wtaty” oxr v'n xr)
KZ ~ wtu w0 orx 1r0n‘0'uo
, Kl - wta~ w0,
These modes are discuassed by Gell-Mann and Rosenfald, 1{a) but wa want

to show that all except K, are covered by Table V,

1 3
T Decay. Let L refer to vtho_v'l'-:r* dipion, Thon L is oven. The A.!l] n1/2

rule favors I =1, This is then the 0~ row of Table V, Thae Dalite plot should

. be almost uniformly populated, It is, Tho same xemarks apply to v,

Equation (46) relates 7 and 7',

_KZ Decay. Tables IV and V remind us that the J = 0 atates of 3w have P = -]

" {i.e., 07). Since CP I[{Z> = -]KZ> , C muast be +1, Then I =} is'allowod, and

“is favored by A]‘Il = 1/2, 80 again we expect (and find) the proportiou of the

first row of Table V, Xquation (44) again prodicts - a vro/w e 3/,

Kl Decay, This time, since CP[Kl> = lKl> , C muut be -1, s0 !l = 0 or 2¢

I1=214s suppressed By AII] = 1/2, 1= 01s suppressed by the complicated

(wl-wz) (wz- ) (w -wl) form of the antisymmetrized wave function shown in

" Table IV and Fig. 12(b), Since 3x° can bave only C = +1 it is forbidden,

o I intend to take up related topics in UCRL-10492 (Rov. ).
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Table [, Nonstrange mesons. The column labeled NN listes the NN atates
having same quantum numbers asthe mesons, A single arrow indicates
electromagnetic decay, a double arrow indicates strong decay. References
are given in Table II, : '

Ispin Pseudoscalar mesons | -~ Vector mesons

particle JPG C NN particle JPG @ Ny

0 " o+ s | W 17" - 3.,%
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Tabla Il
TENTATIVE DATA ON STRONGLY INTERAGTING PARTICLES Sept. 1962 A. M, Rosenfald
Eetab. Poeaible Dominant Decays
Uahed Assignment .
Quan. Waan- TT] T
Reogge por
. tun'\ago. turr!\pgo. Trajace Mass I Mased ol b ‘
Particle | 1P | 13PY  tory (MeV)  (Mev) (Bav)? Made % (MeV) (M7
{pven no,
‘" plons) |4
Vacusm? | - AL I R IR B! I % RKIK Ky e )
" oo™y v B4 <o | .30 noutrats 131 16 - -
: wlpn 2524 136 175
. f o a g0 l305] 86 368 326
w o7y oy 782 ) <15 | .62 [ a0y 14k4 647 379
] . ] 6I
w - »? 135 0 LO14 @ eyy b 100 135 61
"(w" Ho=") s wt140 | o ) MEDOA 58 34 30
o =t oy 750 | 100 | .56 wnl N (pewave) 100 472 348
L) 1?) 1oty | -m, 560 | <15 | . an ? 290 245
K?® 1,0~ K® 498 0 K on'n- [6] /3K, 219 206
ﬂx* rA s K* 494 0 24 KI v 58 ' 388 236
K;/z(eaa) L0 " 388 s0 | .78 Kn(p-wave) 100 251{K's") 283
Krjzmm 37 ? ? 730 <20 | .53 Kn 7 100(K*n®) 161
n 1 n 940 atupltl 100,78 12
. N{P . z(éo) N, P 938} 0 .88 " . i
N;/L(xées)a-“mmv wp %(gw) N, 1688 |-100 | 2.84 N (f-wave) 7 610 572
N;/z(mz)x"oa)mv wp -;-(g--) N, 1512 {~150 | 2.28 Nw(d-wava) 7 4d{n"p) 450
*

Ny, (123)= Tacba s 76+ ag 1238 | 100 | 153 Nnfp-wave) 100 160{x"p) 233
NoL0e0)] w3y 3y | a 5 |~200 || 3.6 ' a2(n" o
Y2 Tyl | Fly 5 1920 .69 Nu + other ? 842(n p) 722
A o(z+ Ay s o | 124 np 16 61 38 100
Y; (1815) O(Jég- ) o(g-ﬂ Aq 1815 120 1 3.29 (KNtother) ? 383(K"p) 541
Sy 1 5 En 69(5w') 144

14 -
Yg(1408) | o(?) oz) | Ay 1a0s | sl 197 {Az.. {roob SR 60
. 3 I La(d-wava) 60 194(£9P) 267
Yj (1520) 0(3-) A, 1520 15 | 23 {RN(“_WWG) 30 Ry a4
A2n 10 125(An'e") 253
z ; - 1189 0 | 1.4z not 18] . 50 110 185
)zt 1y Zq 1191 0o | 1.42 Ay 100 76 74
z : 1196 0 42 an 100 117 192
. . L3 3 Ar 98 135(An?) 2o
YY00385) | 1(Jez) | M3+ | B 1385 50 | 192 {z“ 22 43(Eh 119
Y1(1685)7| 1(?) L 16852 | 7 .[2.857 | (An+othera) ? 435 459
e yz0 1 1,1 _ 1311, Aw®l®] - 61 131
ST A A AUN IR 1321 O {172 | Aa- - 66 136
L . .
Z(1530) {-(7) ? ? 15307 | <7 {234 2n 100 T4(="e%) 148

MUBI358
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FOOTNOTES (Table 1)

REY

" Proc. . Phys, Soc. (London) 80, 46 (1962).

See notes below on thxs particle.

Means data that either I have not seen, or of which I am not yet convinced, o

The reader can use the data on p. 1 without reference to this shorthand notation. The .

firet (and perhaps the only useful) contraction comes in choosing a single symbol to .
denote baryon number B, strangeness S, and l-spin I. Thus for the S = 0 meson with ‘
I=0 (hke w) we chose w. For the S = 0 meson with I = 1 {like n, p) we chose n. For

K and K { we chose a Greek «. Suggestive names (N, A E. =) existed for the baryons

with [ = ;2 0, and 1. For I=13/2 le.g.s the N (3/2 1238) and N 2 (1922) isobars],

we invent symbol A; if 2%/2 shows up, we augges{ o] (ormcron) One aKock is that

,r A (I = 0) now stands for something that can break up into Z, but is forbidden by con-

servation of I to break up into A and a single .

The symbols above are usefui independent of the idea of a Regge trajectory. In addition,
the Regge conjecture suggests that partm[es {e. g.,» ws N, A, etc.) having the same parity,
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 par:ty and

a string of J's differing by 2:

Subscript For mesons i ’ ‘ For baryons
Subscript For mesons
e ; ot, 2¥.v. (e g«, vacuum or ABC) ?+ 2-+.--- (thus p= N )
. . - . . i 1 : .
g 0%, 2%++« {e.g., ™ meson) 7,%.'“
- - ' 7
Y ‘ 17, 3%... (Y‘for "vector') % R TR [e-g.» D3/2Kp

resonance Y; {1520)]

+

8 1, 3t... {none known) : %h + - {e. g.. the 3/;,

3/2 isobar A

o~

s )

G parity is written as 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 "prlme." ‘thus
the vacuum is already ,w,. If the ABC meson exists, its trajectory will be 4g. One
can use the trajectory notation for particles; thus A5 (1238) means

3/2(7 at 1238 MeV), and A (1920) means N';/‘,_(.;_. at 1920 MeV).

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

- Where the properties of a particle are essentially unknown, it has been ngen the a1mp1eet

posszble assignment merely because it had to be listed somewhere.
' = empirical full widths at half-max with background aubstracted.

For analysis of possible neutral d'ec'ay modes, see Tables 2 and 3 in G of R. Lynch,

Q values apply to decays to neutral particles (unless that mode is forbxdden)

Common electromagnetic or weak decays are listed for convenience. The masses come .
from Table I except for m(""") for which see note on = below, S
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Rcfcr-::nces and N:’-tcs on Individual Particles

-~ .- In addition to the references and notcs below,. many new data were prescnted at the Intcrnauonal
Poe Conference on High-Encrgy Physics, CERN, July 1962, (Procrcdmga of the 1962 International
.. Conference on High-Enecrgy Physics, Interscicence, 1962). " (For a complcte bibliography to
T TI-‘TTI. sce M. Lynn Stevenson, Biblivgraphy on Pion-Fion Interaction, U("RL-??‘)?)

L wy © rcprcacnts the vacuum trajectory, which crossesJ = 1 at m = 0, and ahould croeeJ =
- at about 1 BeV, Its KK decay mode should be K- Kt, l\lKl. Ksz in the ratio 2:1:1,
'lho data of Erwin ct al., Bigi et al,, and Alexander et al. (CERN, 1962), could be either
s ) a0t or Z_"* interaction. Thcse data should not be coanfused w1th the KlK, data of
NS 7 Bertianza ot al, (sco notes on.w below),

T w' W could be the ADG mcu_on [Abnshmu. Booth, and CroWu. l’i\yu. Rev, Lotters 7,35 {1961)].

n = Pevsner et al., Phys, Rev. Lettervs 7, 421, (1961);
: " Bastien et al., Phys. Rev, Letters 8, 114 (1962); K
Carmony, Rosenfeld, and Van de Wialle, Phys, Kev., Letters 8, 117, (1962);
- - Rosenfeld, Carmony, and Van de Walle, Phys. Rev. Letters '8' 293 (1962);
AT . Pickup, Robinson, and Salant, Phys, Rev, Lotters 8, (1962),
C : Chretien et al., Phys, Rev, Letters 2. 127 (1962).

. Maglid.'AWnruz. Rosenfeld, and Stevenson, PPhys. Raev, Letters 1, 178 (1961);
Pevsner et al., Phys., Rev, Letters :l_. (l‘jbl);

- Stevenson, Alvarez, Magli¢, and Rosenfeld, Phys, Rev. 125, 687 (1962);-
~Xuong and Lynch, Phys. Rev. Lcetters 7, 327 (1961); . -
" Neutral mode from Button-Shafer et al,, UCRL- 10&37. and new CERN 1962 data;
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Table 1, Monstrange Daryons,

State U Angular Momaens State

- avml , : bol
Symbol JP - (l.-~}-)p' o tum and P:\rhy." ) Jpz(l"'é—)p Symbo
Pler prin rlicte p-wnve & (f %-- No pa é'ticlﬂ
N_{938) Lt et 3" (x;ﬁ) '
. 5 ‘p-wave L 7 AB ! _
N {1%520) l- d-wave » 2 ?..- No p:\rticle' l
Y 2 . _ 2
5 " + 7*
Na(15>8ﬂ) T {-wave n. 3 3 A6(I9ZO)




'4 Zo

UCRL-10492

Table IV, I = 0 3w ntates, which
necessarily have C = L = -1,

»

T Meson Prvopcrtiou.

o S——

' ?roper;icu of \v3"(l>_. q, L, 4)

o by eomesp sty

odd gqXp~(p,%p,) +(p,Xp,)

- (113.\131)

o >5Pi‘niavnd Parity iilt,i"i CandL oading . Antlsymmetrical on ’Sﬁ?a
o : formation : - plot
.PS(O"_) ,“S(O.') ' odd | odd g~2~r-(wl-~w2l)(\b2-w3)(w3 -wl) mediane
. _.-A(lu'i'-) : VU ) - | odd even g ";"(El'E.z)w};HEz"P.:;)w] v;h:xbc
| | tiRy Ry, orter
E 'V(l--) A(l+)- _odd | boundary
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Table V. lsovector 3w states. For neutral states, C a +i,
so L is even if it applies to the diplon, For charged states

like wTwte r*, L must again be oven if it applies to ate?,
Meson B o - 4‘!‘3;‘,(3' L Lt)

J’p Spatial Cand L| (K Momentum dependence \Miapln) 7Zexroes on
Trans- L - of leading terms Dalitz
formation| = | : R plot

- : 0 - 0.0 . mainly
PS{0 ) S(0) ~ even o..dd. . qP const, symmetric none
AQH V{1°) even |odd | P,  non-symm p=0
- ' + ‘ i S o " Boundary
V(1) AQ17) even |even | . (gXplg-p), _ and verti-
: ‘ ' ' ' : cal median

Wm = > g e = e e
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Figure Captions - |
L Fig.A 1. Par‘ticlea stable againat strong decay,
.-:'Fig. 2, Particles and re sonancea‘. The data and refevre_nc‘ee co.rreapond
_to Table II, ' |
o Fig. 3. Fict'it.ious K;/Z' Here K;/Z arfd R;/Z are sketch.ed ae tw’o:eepnfate |
' quartets, although they would actually be charge-conjugate, and would .
“have equal masses. | | |
(Note to the NuovoCimento editor--thia Fig. 3 is unimportant, reprOducn_
it much smaller than Figs, 2,4,5,)
Fig. 4. Chew-Fra\xtschi plot of the baryons. Theﬁ dots cerr_esponding to the
o rhesona are merely shown for otientation, The notation aed assignments
‘are explained in Table II and its references, 'The asolid linee‘correepond
to "signature l/zh-' the dashed lines to. "signature 3/2": -l; e‘.. Regge -
| trajectoriea of aigna.ture 1/2 can generate particles of spin 1/2 +2n
(namely. 1/2, 8/2, etc. ). These va.lues of J are shown as solid black
linea, joined by solid colored trajectorlee; ‘dashed linee indicatc the
aignature-B/Z set,

. ":Fig. 5a Chew-F'rautschi plot of the mesonse, After this plot was made the -

ko

apin and parity of KI/Z(BBB) was found to be 1", ao both the point and ther |

‘trajectory should be raised fromJ = QtoJ = 1 'I‘here is no 1ongcr any’ .
reason why the spin of K1/2(730), labeled M, should be \mity, if this
: meeon exiata. o

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

.

s Fig. 7. The total ww cross eection 1 aa a function of the dipion total energy- '7":_ :

: squa.red as determined in the physical region [rom the reaction
g 1 255 GeV/e #t + p > pr "0.' The 1ne labeled Ian is the cross . .
e eection given by Eq. (32) with J s l and 6 90° From D D. Ca.xmony,

Reference 17.
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Fig. 8. Dauta-l?abri coordixmtu for three-body nyetomo. -
. Fig. 9. Triangular Dalita plot, Conearvation ot momoentam iorcoo evente
' to Mo {neide eitf\er ths circle or tl'\o txismalo a~a-a in the nonrolauvhiﬂc '
or ‘rt.ala.ttviuttc Iimits re::upectlvely.' _
Fig, 10, Geforbidden decay via emission and reabsorption of a virtual pho.ton.' o
Fig._ 11‘. B Coni’igumtionr that lies on the vertical median of the Dautm plot in ‘
Fig, 9 | - . | |
Fig. 12, (a, b, c). Iaometric projectlon- of “‘lz from Table !V
(d, e). Dalitz plot of w decays and backgrOund (“control ragion') events: |
"{d) is 241 control events, (e) is 270 “"yeregion" ev«nto. The contour
lines ave the projectlom of th'o contours of (c)v fori a 1% meson, ‘From
. S : B |

SteVenaon ot a.l Refex‘ence 25.

~ Fig. 13, Columbia-Rutgers udecays from Re£ 26
Fig. 14, Dalits plot for v decays, ' ' '
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: Antiparticles Parficlés
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o (a)’ The Dalitz plot for 1100 omegas (including a background of 375
- nonresonant triplets). (b) The density of points on the Dalitz plot compared to
" the expected density for a 1~ w plus a uniformly distributed background. (c) The
. dependence of the 77 interaction in the T=1J=1 state as a function of energy.
" . This was obtained by summing the n*a-, 7%, and 777° mass spectra for pion
. pairs from the w decays, subtracting a background, and dividing by the distribu~-
tion expected for 1~ decay into n*n~n?,  Since two of the three mass combinations
.- are independent, an error corresponding to (%N)"’, where N is the number of -
~ pairs per interval before background subtraction, was assigned to each piont.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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