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ABSTRACT

( :Some discﬁésién is'given of the pdssible real and charge parity

. deéeﬁebacies.of‘K'mesoné. An explicit model is used to illustrate the

‘superselection rule, which forbida the K meson to be a mixture of

"'t intrineic parity states and at the same time conssrve parity in decay.'

The discussion 18 extended to charge parity, the 61 ’ 92 scheme appears
‘to be moré than an exercise in polarization phenomena and to involve a

B radically new basic assumptiqn—-namely, that the _9 and _6 are .
degenerate states. The 7°° 4is compared with the 8, as a'long-lived

-K mason, and a method of experimental distinction is described

#*
This work was performed under the auspices of the U.S. Atomlc Energy

Commisaion.

e - _ . o _
- Permanent address: - Purdue University, Lafayette, Indlana.
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o : The well-known diffiéultj in reconqiiiné 6- and - meson decay "
charactéfistics has led to the éuggesiion; thaﬂ_there are two parpicles of
identical spin and identical maés, except for small pérturbationé,.but‘of

opposite intrinsic parity. The same applies to all particles with odd =

'strangeness. This suggestion hgs generally been coﬁpled with the céscade}
'modei,z which éuffers saveral points of aisaéreement with exper;ment. One
might_#ccordingly conaidér an‘alternativé'model, in which the K 1s a

i single particle with fixed intrinsié parity fhat is neither_ +1 poi -1

sf " . buta mixture‘or the two. The equal masses and lifetimes and fixed abundance

A fat;o for 8 andf 7 modes éonld.thgn be automatic, but decay into pions

"/ §% ' . w§uld‘violéte conservation of pariﬁ&. .These two ﬁossible alternatives are
‘ﬂ,'/i"A - discussed in te:ms 6f a concrete model for mixed parity states.

{ f | The discussion of gegl pgiity can be transferred directly\tp the

e i "charge pafity" of fhe Kp,”whgre*the fundamental.assumptibn'of the 8 »

‘92 1schéﬁe éppears to be that of complete degeneracy between the ©° and @9,

This assumﬁtion is nbt easy to reconcile with tﬁe general notion of strangeness,

ﬁut‘presumably can be tgsﬂed ohly by experiment. The chief point of present

=

-, interest is that the ), 62' scheme is more than an elementary exercise
in polafization_phenomena, and that itS'experimentai verification would be

' tﬁ' 'v. of fﬁndamental significancé for thé pfinciples governing heavy particles.
4 /e ' ,I T. D. Lee and C. N. Yang, Phys. Rev. 102, ?90 (1956).
S, . _

T. D. Lee and J. Orear, Phys. Rev. 100, 933 (1955).
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| Preliminary data suggest that the "K° exists as a real parity
‘doublet or charge parity doublet but not both, ‘The characteristics of the
long—iived "(’o and ‘92 are therefore compared and found to' be very
similar, ‘the ‘strongest distinction seems to be ‘that the regeneration process '
in nuclear matter is accompanied by /\ production when 9 @—-—-7 61 |

by no associated V particles when ‘To — g%,

1. Parti¢les of mixed intrinsic parity
| ~ This section concerns a particuler model of the general discussion | -
by . Wick, Wightman, a.nd ‘Wigner. 3 Suopose a set of fermions /\ Z Z i
~which can be connected by pion emission and a.bsorption, for simplicity, they
‘are all taken to have spin . The intrinsic parity of Z vcannot be
specified absolutely but only as "the same" or "opposite" relative to/\ and
likewise. for any other peir from this set To determine this relative parity,
-a measuring operation is necessary, for the eake of a concrete image this |
may be ta.ken as pion emission. Energy conservation plays no role here -and
18 ignored' all transitions can be regarded as virtual. For /\ Z
perities the same (opposite)’ 4 t]tiix element M(gg) for pion emission with
» momentum k corresponds to a p—-wave (s-wave) pion (higher partial waves
occur upon relaxing. the restriction to spins é » but no new features are
added to the argument). Thus to measure the relative parity of A and
2, ‘we perform an experiment to show the k, dependence -of M(k).
To write an explicit expression for M, define two. 1ntrinsic pe.rity
| functions &f{'_ and ({) for fermions s a.nd let g s ¢_ be the (p, e)
pion wave functions of indieated abeolute_ parity. The corresponding metrix
elements are | |

3

Wick, Wightman, and Wigner, Phys. Rev. 88, 101 (1952).
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<L*Iq ¢+ ' Wp> N )
<%¢ Iy = wr-8,].

.where p% q = 1—, '- ‘,‘ and the 8- functions insure cox'x,servat.ion of .

' parﬁt.y. Total: aﬁgula‘r momentum is of course also conserved, but the

(1)

corresponding indicea a.re sunpressed Now introduce a new basis for the

. terion sntrinate parities, using snstesd of ,, ) the fnctions
q/&+ +F ?’-

-f wof sv - e
e P+ 16l '

"Heré L}’l and \tlz are orthogonal and normalized 1f \{’4. and ly_ are.

TR S Ve ST s
:@_ ,-.:e
t n

AR

Sin%e the basis for the fermion parit.y ﬁmctions cannot ma.ke any observable

»/,-Ldi.f}erence;, Relations (1) must hold without change for . p, q =1, 2. This
m‘?me ir o | |
F S 2 pn 2 ) '
3 ¥y .-f =1,
i B (3)
E _' Re ’0( : {B *g
3

The ithree condit.ions of Eq. (2) and Eq (3) reduce the baais transforma.tion
defined by 3’ and from a four-parameter to a one-parameter group:

1
t.he possible types. of. giﬁtrinsic fermion parities can be expressed in terms

~ of »a._ ging}.e phase angle.

L e .
iRtV )

B
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Consider two classes of fermions with different parity bases* the

"N with basis \P‘f l’) and the /\ with basis ‘Fl s LP2 (O{ P;:O)

Then whichever basis is used for the fermion parities, any process like
}ﬁ{;—ﬁ>n . }.. S R ;v | ]"'(La)”

L ‘&"ﬁ"aihnot conserve parity; for this is equivalent to

oA+ w .

' 'whcfo "cne loft;hand side is a parity éigenfunction and the fight'incnd side

“cannot be. On the other hand, if one writes oown matrix elérnents 'fo.r

Eq. (4a) inj the most elementary way, they are nonvanishing. Take for

example o _ - B
oz BT D s Wt
) - iwz'é M (k) -
R AR I
then — :'_ S
- M(k) , . . 5
<WN l ‘6\) - +(~2 | . - (5)
| . . 3,4,5
In order to maintain varity conservation, a "superselect.ion rule® must

- be invoked to preclude writing any such matrix elements. If femions with
different parity bases existed in the absence of such a superselection mle,
E the fermions on either basis could undergo parity—violating transitions,
such as /\—-—)ﬁ + N—p /\ , where /\ and /\ liave opposite parities.
The combination of the right side of Eo. (hb) is suggestive for K

~ particles. If we regard the K as a virtual (N'-/\) combination, then

b E. P. Wigner, Nuovo cimento 3, 517 (1956)

5 S. Watanabe , unpublished.
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.the above asmgnment of parities for N and /\ would yield parity functions
~ of the character 2 é (\{{'_ + il{l ) for the K. It would clearly be possible
to produce auch mixed-parit.y particles in pairs w:Lth complete conaervation

of parity: | .
| T+ E—A+ A+ D—A+K . (6)

The é;xx.bl's'equent decay of an isolated K into pions would then fi;mrol've an
essential nonconservation of parit.jr, a._é in Eq. (4a). One has therefore an
interesting a;ssociation of. ;Sossibilitiesz .parity cdnsefvat.ion in V—deca&s
implies a parity doublet.l schveme with i'ntx;insic parities 1- and - for.

the decaying € , T partiéleé H nonconsenfatibn of mrit;y inV decay6
i;np}.ies th#t 'c.hel' K may be a pariﬁy singlet 'but with unknown basis (ﬁf , ﬁ ).

Under nonconservation of ,paritry it 15 possible in principle to

determine the parity ratio o //6 and the conplirig constant ratio g/g'
between parit.y—conserving and -nonconservmg parts of the interaction »
prov1ded one knows the exact form of all the matrix elements involved,

My (#l'(ﬂ) and ¥, " (M). Under this scheme each parity basis,_could providg a
different V-particle category; these are hehce'nohdénmnerably in_finit.e in
number. There is no aﬁpex;imehtal' evidence for m-xch.voparti.’clev categories,
'_althongh their péir production is ;’]Ot ihhibitéd , as ﬁot.ed_ above, |

Finally, in“ the périty doublet model the complete degeneracy of 8
‘ aﬁd"' T with respe;:t to strong interactions means that f(l)'r 'al'l» sﬁcﬁ '

. interactions an arbitrary parity basis (2) can be used. The situation is

- T. D. Lee and C. N. Yang, Brookhaven Report BNL-2819, July 1956.
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quite analogous to that of nolarized light which can be analyzed into
rthogonal components on an arbitrary basis- chosen for convenience.
Whatever basis is used for strong interactlons, it must be analyzed into

® and U components when parity-oonserving decay prOcesees are considered.

2. The €, 62 Scheme

The discussion of real parity for K particles can be carried over
directly to the "charge parity" (eigenvalue under'cherge conjugatton:C) of”
the neutrel K. . Here again tﬁo situations ere nossibie:- charge parity
doublet whose members 8 and 85 decay 1ndependently.with coneervation |

of C or a charge parity singlet of arbitrary baais--g;g., the 6 -which _
must violate C conservation in décaying. An original motivation for_the‘
9, 8, echeme7 was the postulate that 'C should in fact be conserved in
neutral particle decays; i.e., that all neutral particles can be representod
as eigenfunctions of C. This postulate entalle a further and more fundamentai
assumption, which should be made explicit; namely, that 6 and 9 or
eguivalently 8° and 9 are degenerate states. This situation differs
somewhat from that for real perity: "the 6 and 1f are completely

degenerate with respect to strong interactions, and we could suppose them

-4

to be produced as 2° (8% 1i7) or any other convenient formv(2). In
contrast to this, the 6°v, 53'= 2-'é (ei;t 162)' differ“raetly in strong
interactions such as production, and are hence anything but'degenerate. In

the absence of such degeneracy the mathematicalvcombinations

M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955).
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e = 2~§,(90ﬂ5 ), - 9 =12 (-6

St e

" have no physical significance. The nondegeneracy of 6° and 68° isa
. . . .,E‘j‘ .\ - 3 N “ ) , .
f—ea’tz;’?e of the strangeness concept that has been so successful for
' . i - B ! ’ . )
interpreting other aspects of V. particles; it would seem to require a

more "elaborate argument than has been given to show how the %, 9,

scheime can be consistent with. strangeness..

5? ' The two cases of degeneracy and nondegeneracy can be discussed

'~ in téms of appropriate analogies. The degenerate case is analogous to

8

‘ pola%ized' light, while the nondegenerate analogy is with radioactive decay

o;‘ zinucleus‘ One can with perfect realism iﬁiagine the initial wave function

-3

| ; of the form \Iloi = 2 (ﬁ,‘;l-f \;’Jz) , whére the componet#.s _%Jl
and :‘?2 are orthogonal. Furthermors, llpl contributes exclusively

to

by . §

spi’tzg :of this appar;"eht independence the system decays with a single mean
¥

| P Y -1 -1 . |
-fli-feg..ft" - ('L’l + ’(2 ) , where ’t’l and »2’2 are the partial

3 decay to one final state, ?12 by fg decay to another. In

*

| mearxjE lives. After .de.c.ay the. (1, 2) coxﬁppnehts ax;e'no longer in the original
e rati% of 1:1 but.-in‘-'tgiel Brariching t_tatio ‘L’z "t’l. The difference from the
| polai%j:zed light cdse ‘i?g?that L’ll and Ll/z 'e}re .ndt- '_c.hemselve‘s_ nuclgar

. “e_ig"‘e_e'_xizfunc_’.cions nor is any arbitrary combination (f lf’:-f' ,5 (f 2

where 1 # i,@ . The; choice between these two ana}ogies -obviously cannot
be ‘"‘a’:.rgu;ed.in ﬁerms of the analogies themselves bﬁt must be decided by

x ext!érnal criteria.
4l '

‘4. Pais and 0. Piccioni, Phys. Rev. 100, 1487 (1955).

14

)

|
:
5]
A

g s
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~associated v&ith K° — 27 . This implies either a real parity doublet
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Tﬁe analogy with radidactive decay suggests that the 'ehange of |
strangeness in the weak v decay is irrelevant to the question of degseneracy
of 6° s e°. Two fac;i];‘iar parameters that serve to distipguis}} nondegenerate
states are energy and charge, and both cf those change for the necleus itself

in radieactive decay.

.‘3. .Coinparisen of ‘Z‘o and €5

_ ‘ Receﬁt observatiorxs9 suggest that only half of the K , particlee. '

" produced in ﬁ" -+ p collisions decay with the short half life’ (~ 10710 sec)
10

(Q‘_’ , 7 ),; ‘or charge parity doublet ( 81 s 62), ‘but not both., 'The

absence of fa cascade comnection for the @' , 77

donbletl_c makes this |
: appeaf '-alsea likely assumption for the 6° , T°.. Uplike the 8%, 6° case,
there is ro isotopic spin argument for a significant lifetime difference
:' between_ ;”t‘rr and 7° decays into 37f (eee Appendix) The half life
" for 't’ 1decay without the dominant /u. + .7/ mode would thus be of
.order 10 to 107 8 sec, and might include a substantia.l fraction of decay

modes like;'l‘ ’t’ °-)7/" + 6" 44/ .

9 Budde s ?Chre’tien, Leitner, Samios, Schwartz,; and Steinberger, Nev;iys

Report R-135 (1956).

10

: 'The charged K mesons can be interpreted as a parity doublet without
.f.

cascade connection s provided thit the anparent equality of e’*, T

'lifetimea is accepted as accidental. A cascade connection is inconsistent
with the failure to observe any fast-decaying (-~ 10 -10 ee:c') "K' ' mesonS

in emulsion, cloud chamber, or bubble chamber observations. Since the
+ _

6 , T % are equally produc'ecf and decay with the same half life,

: + . . ) :
nuclear scattering would induce 6 ~—) 'Zf and T —> 6* to an equal .
. ‘ +
extent and cause no net change in the composition of a K  beam.

11 Block, fiarth, and Blevins, Phys. Rev. 100, 959 (1955).
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The T° would behave in many ways like the ©,, and it would be
of interest to oecide experimentally between them. Like the @, , the Zf;'
cannot decay‘into two pions, has a long lifetime, and may be converted into
a rapidly decaying 6°(91) by nuclear ocatteringf Of course the T° can
decay into three pions, while the O, cannot (if and only if its spin is 0');
however, 'to — BEI may not oompete st.rongly- Q:lth other possible °
‘decay.modes,‘which are Shoredvby the ©,.

The clearest distinction batweeo the ‘tp and Sé .ocoufs.in the o
production of auxiliary V particlea in the conversion from long-lived to
shoft—lived components. The‘regene;ation of 6, from ‘62 by nucle&r_
encounters in matter8 must be accompanied by the averége production in the
same matter of 2 A0 (or X ) particles per regenerated 61..«;nuf'r°_~—fé°
convorsion no variation of strangeness is involved, and oo /ﬁ? .production

is associated with the conversion. O0f course the 'tp

beam must be produced
at an energy below the ﬂro threshold, since this contamination would
produce /ﬂe , though not in the 2/1 ratio.

It is fortunate that the "ZO, 8, distinction ;; éubject to immediate
experimental iest, since the a priori argumenis all rest on new assumptions.
If%observation indicates the long-lived K° to be a T°, relatively little
violence will be done to previous principles: parity can be conserved in
V decay and the 6° and 6° are nondegenerate because of a difference in

'strangeness. Evidence for the 82 instead of the <t° would suggest
abandoning both of these notions and would require correspondingly more

careful re-examination of basic principles.

The author expresses his thanks ‘for helpful discussion to many people
- at the University of California Radlation Laboratory, in_particular_Drs.
" Luis W. Alvaresz, Wendell G. Holladay, and Maurice Neuman.
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‘ APPEﬁDIX .
The decay pfocéss e;——L;zir’ has:strong :estrigtions'resdltingifrom h
the Bose staiistiés_éf ﬁhe final'State;_,For'the decmyv_ir——7317' one
'expécts such reétriétions to be»ﬁéékér,.beCause of the greater cémﬁlexity.'
poséible fof the final state. This'expectation is bd;ne_out:ih the explicit
'computation Below; | | |
| To illustrate the type of argument used, we review the.éituation for
. @ =927 . The final state can have T = 0, 1, 2, and the symmetry on cga;gé
exéhange‘is PT = (fle. The'symmetry on'spacé‘exchange of the two ﬁiéns-}s
: PL = (—l)J, where J is the spin of the 6. The requirementleLPT_;-f 1 '5
means that ' | | ' '
d+ T = even. ‘ y .(Al)
Thus final states with T = 1 correspond to J = 1, 3, 5, .. . If
we further assume that the @ h#s' T = 4 and decays under the selection
rule AT - t4, the final state T = 2 is excluded. Also, in the decay
of a 6" the net charge of the final state excludes T = 0. Thus if
J = (evenf*, only the 8" can decéy in accord with (A1); the observeé élow-
decay of the chargea o¥ mst be attributed to the axpected siight failure
of-isotbpic spin. If J :'(odd)-@ neutral and charged decays aré both allowed
by (Al); thg obqerved lifetime difference must then be interbreted”by shecial
mechanisms.2 The observation that 6° decays inﬁo"zzf° 'indicate512 ihe
vassignment. J = (evenjf . '
| In a three-particle system the exchange of two particles éan leave

the wave function ﬁnchanged (S), multiply it by -1 (A), or transform it .. -

Osher, Moyer and Parker, Bull. Am. Phys. Soc. 1, 185 (1956). -
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ccaﬁ'ding to a two—dimensional representat.ion of the permutation group (D).

!

" The’ various isotoplc spin functions of 3 pions are sesn by direct construction

t

. to have the ‘following symmetries under - Pps

T "'Of ir 2 ‘ 3

t"-ix'
¢
-8 Symm., A - - 85,0 D L8
T _The_;'space wave functions must be constructed entirely from the ’v’ectérs}B
A . (a3)
»z:gﬁé%+$), -

whiq"ih transform as D under exchange. Using the methods. of Reference 13 s

¢ : S , .
we %an construct from (A3) scalars of various symmetries:

1 . .2 2

i r“+ o) , . ()
s ’ . o A
, o (r* - q°)

H (D)

; » 2<l'1‘, D .

: Froﬂl these scalars i‘bﬁl@y others with higher powers of a -and r, but
alwa&s reproducing the property of (Al;) that only the symmet.riea S and
D_ atre present. All scalars have + parity._ '

For basic vectors we have

@, W

| | (45)
S

wit .} respect.ive parities - ‘and + . These may‘bé mitiplied by any number
i ot by e n
&»‘! Verds, Helv. Phys. Act.a 22 339 (1949).

13

Sy
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of scalars (A4). Using the rules for direct products of different
synzmetries ) we ha.va the general classificat.ions

vectors o (s,. &, D) ,
: ' _ (46)
‘pseudovectors (4, D).

| Fo?_ higher angulaf momenta we can always make tensors. from (3;, ﬂ)
cnd psccdoténscrs from . (g: , 3) and (z\' xl S) (only 'p.seudos:calars vanish
automatically). With inclusion of scalé,r factors (AL), the symmetries .on .
‘exchange-dare‘those obtai_.necl from DxDx ... and AxD 5: Dx ... 3
-'namely, (s, A, D) in all cases.. These are hence no general syﬁxmetry
-;'estrictions on three-pion decay when J =2 2, | |

The total symmetry on excﬁa‘nge comes from combining Eq. (A2) with
(AL) and (A5) according to vthe rules D x D - S+ A+D, S8xD=zAXxD=z=D,
etc.: With inclusicn of intzjinsic' parity (-1) for the 7" mesori,-the only

v

‘cases outside of J = 6" that do not allow pLPT = +1 (that is, total

symmetry S) for the final three-pion state are
o,

J o= 0., T
' (47)

e
1
—
+
-
-3
3]
W

' With ‘the same isotopic spin selection rules for AT as for O decay,
on]qr the first case in (A7) is of a.ny concern, and it. cannot cause any
'orderhof—magnit.ude difference in _2’ : and ’L" -decay x'ates Evcn if
d = 0 both charged and uncharged ?.‘ will decay into T = 1 st.at.es at.
'respec_tive rates in the ratio 2/1._ ‘fhe conclusive absence of a ' T ° with

-7

‘lifetime on the order of 10 ' to 108 sec would be further evidence that

the T and © afe}not-independent.
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~ The decay mode ’(°._,h;3z/9~_,, 6Y may be of interest as a possible
" source for the large electronic showers observed in cosmic rays. 14-16 Bacause
the’ 31Y must be totally. symmetric (S) upon isotOpic spin exchange, this
particular mode of decay has some special inhibitlons the final states

can have only T=1 (or T = 3, yhich is presumably excluded by selection

+

rules on the decay process), and if J =17 this decay mode,is entirely

_forbidden._ o

-lLJ”Scnein;;ﬁaskih,.andrclaéser, Phys. Rev. 95, 855 (1954).
;5 ~DeBé§edetti et ai.,‘Nuovo cimento ;g,'954 (1955)._-

M. Koshiba and M. F. Kaplon, Phys. Rev. 100, 327 (1955).



