
1 
06bE,llY1HEHHbiH Y1HCTY1TYT 5I.llEPHbiX Y1CCJlEJlOBAHY1H 

fla6oparopHH reoperHqecKOH ~H3HKH 

M.I. Shirokov 

E- 658 

SPACE AND CHARGE PARITIES 

OF THE PROTON-ANTIPROTON SYSTEM AND 

ITS PION ANNIHILATION 

f/1.,( .J-t~/ 196~ r 1{1, C L" t (90 . 

.Uy6Ha 1961 



t.~.I. Shirokov 

E - 6~6 

SPACE AND CHAR0S PA~:TIES 

OF THE PROTON-ANTIPROTON SYST>:\1 A:-.10 

ITS PION ANNIHILA TIO"l 

• el.l'Hell8WI IHCTlH :1 l 
t'pHWX WC~Hin" ' 

!<1E.J1HOTEKA j 



Abstract 

Sume ~xpetlmenl s wllh t he thre e and fo ur pio n an n ih ilati ons 

o f polarized a ntlpro lone on h yd rogen a r e euaaealed to d e fine apa oe 
and c h a rge par lt l ee o f the p roton-a ntiproton syslem. 

1 

In the paper by Okonov and the author 1 the task has been raised to test whether the space and charge 

parities of the system are namely such as those of the Dirac particle and antiparticle. For this purpose e x

periments with two-pion annihilations p + p .. rr + rr have been s ugges ted. At present the we ight of 

this channel is known to be very small2 (one two-pion annihilation per four hundred pp -annihilations 

apparently) I). In this paper it is shown how to define a variant of the space and charge parities of the 

p p system from the experiments with three- and four pion annihilations by making use of polarized anti
protons 2. 

Let us note that the variant of parities (non-Dirac one) that forbids absolutely two-pion annihilations 

is also <iiscussed. The reason is that experimental difficulUes do not allow to consider the presence of 

:;uch annihilations to be well established. Indeed, it is necessary to exclude the annihilation 

p+ p .. rr + " plus 1r
0 

- meson or y - quantum of a iow energy (the abovementioned variant does not 
forbid such annihilations). 

On the other hand the absence of the two-pion annihilations would not a defin ite evidence in favour of 

this variant (since other explanations are possible ). 

The experiments suggested will allow us to test the hypothes is by Okonov 6 which explains the 

s uppression of the two-pion c hannel by assuming that p p annihilates mainly In the singlet s tate. 

The variants as in 

parities p and p 

charge parity of the 

2 

are denoted by I "PP' GJrp I where tr~P is the produc t of inirinsic space 

and cpp Is the multiplier + l or + 1 in the expression H- 1 )I + s for the 
pp syste:n. 

I) Tht .. ta rt doo~ n o t rontradlot with lhe Almp l e st etatl e llo al theo r ies o f mul tlpl" p ro du c ti o n thal al v e a corr.,ct 
mean multlpll<"lt> If vo lume of t he lnt.,r ac tlon 18 laken to be equal lo len F e rmi v o lumes, I. e. abo u t 

10 · 4 77 3 (h/ m"" )& 
3

•
4 

Appa rPntly It &llt<'ee wo rse wtlh s tatlatt e a l th,. o rl " " wh t oh '"" ' Ume th e o rd lnar )' vo lu m" o f the 
lntPrartlon 47T/,, (h/m <' )&. Talt lna Into a ccoun t the IT TT ln t e r a n tl on a nd o t her a r (lum e nle th <>l'e t h e orl"'' 1dv•• " 
roru~ct m~"an muhlpllclty bU't at the ll&me U me the w etaht o f th e two - p i on ohAnnel turns o ut t o be o f abo ut f' evf" ral P""' 
cent. :'5et> for cxRmplt~ b . 
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In the Appendix i~ :s shown ~hot ~hE:' an!)ul ar dis'ributiono{0,¢,0)of the reaction p.., p -+ IT++ rr + IT
0 

in ~ he vur ian: l - 1. -11 { whic1l iorbids ~he t·::o-plon annihilation) r:mst vanich at the points (J ,.. ()' = 90°, 

dJ ()0 or lSQO, wl:ile in other variants i\ '~· r.ot obliqatc~y that a {Cl')0
• oo, Ql)

0
) equals zero. 0' is the angle 

I 

betwe~n the :iirectinn Pa o• •t,f' 'n·-·;pr.t bea:r. and total r-:or:1er.tu::J p of the IT+ and IT- mesons 

( m the .:: . :r..s. of the :ea~! ior. ); 0 is t 1c -mql<> between ;11 
an:i the ~omentum 1J of the IT+ :neson rela

tive to the Lorentz ~ys·e:r. w~ere tnc t 1tol r.c :e'1tt.:-r. c: " + and IT- equals zero; c/> is the angle between 
I I ,J 

the ·.re~tors [ tJ
8 

. p l an.:l [" (! .1 , Sf'C Appendix . a( f). <h , tJ J r:~eons the angul ar d istr ibution integ-

rated o\·er the az::nutai angle 6 1 of the ve.::~or -p' (.;ee Appendix). In thi s case it is of no importance 

v:het:-ter p ~r p are polorize.i or no:. 

I 
I: a ( 90", 0°, <)1)0 ) I) then ~he inteqral of a( fJ, cf> . () ) over a certain neighbourhood of the poin: 

( QO". n". <J'l") can net ex··ee.-l a ccr lain fract ion of the total cross section a of the three-pion chan-

nel . 
, I 

One con show that i n the same variant the angular distr ibution at 8 _, ¢_; 0\-. ¢+ . 0 ) of the react i on 

f>+p-+IT- + IT .. L IT+; rr t (inteqraterl over<$ r:1ustvanish when c/>_ .ch+ equal fl ' orl80 ' and ()_.,. (:)+ · 

Since thJS i s true for any values of the angles e and ()- ( = e ;) then the integral 

" r dcos 11
1 

0 

1 ~ I d cos 0_ 7f ,
1 

a ( 0_, a, 0_, ~; 0 ) 
a , ,, • .rr 

(1) 

::1us! also vanish. 
I 

"!e have the fo~lowlnq t:lefini'ion:. !or the on'!les: 0' and ¢ denote spher ical anqles of the total :no-

--nentu'T. .,; of the two " - "!lesons (in thE' - .m. r. . of the reaction) wi th respect to the following three 

or's z
8

, y
8

, x
8 

: the art z
8 

~s parallel to 'he lnddent bee"ll, the ort Ya !s directed, for example* 

alnn.1 'he antip: o•::-n poln~'zot'or. -.·p,~•r.~ 0_ rm.:l ¢>_ are spherical onqles of the momentum ~- of 

one c~ the IT- meson~> ( :n • !u· Lorl'nt?. syste'l where the total :r.or:1entu:n of the two IT- r:1esons e.:juals 
I I I ' I I l 

zero } reckoned from :he o~·" z y x: the ort z 1 P; the orl y'(l[ i 8 · p J . e,.. and ¢., are reckoned 

fror:; the SOJC'Ie ort S Z
1 

}'
1 

X
1 

• 
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The formula (A.2 ) of the Appendix provides the expression of ~- in terms of the momenta ~-

and p;- of the two "- mesons relative to the c .m.s. of the reaction. 

3 . 

Let us note that the study of the angular distribution of the annihilation pions allows one to test 

whether the space, charge and combined parities ore conserved in annihilation process. 

Namely, it follows from the invariance under space reflection 1 and from the fact that 

" mesons have definite parities that 

I I 
a(fJ,¢,0) = u(0 , -¢,0) 

for the three-pion annihilation and 

(2) 

for the four-pion one, see 7 . 

From the invariance under charge conjugation C it follows 

( 
I I 

u 0,¢,0) "'a( rr-O,if>;rr-(}) 

a ( ()-' ¢_; ()+' ¢+; o' ) .. a ( ()+. - ¢+; ()_. - ¢_; e' ) 
(3) 

Finally from the invarionce under I C it follows that 

(4) 

The angular distribution possess these properties in any variant of parities . 

4 

P,P ad 

The presence of polarized antiprotons 2 allows us to suggest the following simple experiment •r · · 

termlne the ( p p ) space parity. It is necessary to corr.pare the signs o: the ;:jtlantitie~ \1 , and 

( see Appendix ), defined for the reaction tJ + p.. rr+ + rr- + " :> 
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as follows 

' 
TT '? 

I rr 
d ens. fJ f d co.~ fJ 

" 

rrlz 
,( d I 1 1 

1" 12 
1 1 

rb :'/ ( 0 , 0 , ~ ) - ( d rJf II ( 0 , 0 , ¢ ) I 
rr/ 2 

\1 - ,. 
- rr '2. 

\2 
TT I TT rr/ 2 I I 1 3rr/ 2 1 I / 

r a cos o I a co• o [ r deb u < o. o • ¢ >-I a¢ "' o. o • ¢ n 
rr/ 2 ° - rr/2 rr/ 2 

(5) 

I I I I I I 

Here !I ( (). () , ~ ) """' P ( 8, 0; 8 , ¢ ) + P ( 8, 18Cf'; () , 4) ) where P(8,~;o',cp') - is the 

anqular distribution of the reaction in the case when p- ( or p is polarized. Thus, 1t is necessary to 

' choose cases when p :s coplanar with the vectors p and p (i.e. ¢'r 0° or 180° ); to devide a 
this statistic into four oarts and compare the s igns of the right-left asymmetry for the cases of the back-

wards and forwad e i:.issicn of the rr0 10esons in the c .m.s. The magnitude of the allowed dispersion of 

angles ¢ near 0° and 180° depends on the absolute magnitude of t;1 and ~ and on the anti

proton energy. From the Table 1 it is seen that the relative siqn of t;1 and ~2 defines the variant 

of the space parity. 

as 

In the case of the four-meson annihilation the all afore-mentioned is true for t;
1 

and t;2 defined 

, 8_ 11'. "' rr/ 2 :lrr/ 2 
~l • ( d co• 8_ ( d co• 8+ J d ~ tJ [ f d¢

1 
H- J aJ H 1 

0 0 o -rr/ 2 rr/ 2 

" ()_ rr rr/ 2 
'\ ... f d co• 8_ (, d co• 8+ ( d co• U ( ( a¢' H 

0 0 0 -rr/ 2 

3rr/ 2 
- f aJ H 1 

rr/ 2 

(6) 

I I 
Here H means the sum I P ( 8_ , a ; 8+, {3; 8 , ¢ ) (comp. formula (l) ): it is implied that p 

a,{3• (}rr 

(or p ) are polarized. 

Note that the discovery of the reliable cases of the two-pion annihilation and the coincidence of the 

signs of t;
1 

and ~ would mean that the variant of parities is a Dirac one. 

en at 

van! 

Jar c 

a lor: 

o! t. 

See 

ann 

Okc 

the 

butf 

pole 

ce c 

abs 
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vanant 

l-1 . +ll 

Dirac variant 

I - 1 , - 1 ! 

I +1, +l ! 

I +1 , - 1 ! 
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Table 1 

2 

Relative sign of 

~1 and ~ 

+ 

+ 

3 

(R+ L )-(U + D ) 

vanished at 

points 

() = (}' = 900 

¢ = 00, 18(!> 

~ 

---------

1 ( 90° 90° ) - 0 

' 

More difficult experiments (when both antiprotons and protons of the target are polarized ) would 

enable us to define the variant of the charge parity. We can inquire whether the value 

a/4 I I -3w/ 4 3~r/4 1 -~r/ 'J. 
., f de/ G(0,¢,0 ,¢) + ( dqf G - 1 d¢ G-[ d¢'G (7) 
~/4 J w/ 4 w/ 4 -3~r/4 

( R + L ) - (U + D) 

vanished(seeTablel ) at points Oa0'- 90°, ¢ • 0° or 180°where G(0,¢; 0
1
,qf) isthe angu

lar distribution of p + p .. , + + "- + " 0 in the case when both antiprotons a nd protons are polarized 
a long the same direction perpendicular to the beam. 

The distinctive indication of the var10nt C p p .. - 1 is the vanishing at the point 0 = 0' = 90 ° 

of the function 

1(0,0
1

) (8) 

See Table 1. Instead of F one can use the angular distribution of the unpolarlzed p and p. 

6 

From the space and charge-parity selection rules in the Dirac variant it follows that the two-meson 

aMlhilation ~ay go only through the triplet states of the pp system, see, for exomple, the Table ~ in 1. 

Okonov 6 suggested the following hypothesis to explain the supression on the two-pion annihilations : 

the aMihilation of P P is poss ible only in the singlet state of this system. Then the angular distri-

bution of the a nnihilation " mesons mus t not depend on the azimuth ¢ ' even if antiproton are 

polarized. In particulary we mus t have ~~ ., ~ = 0 and 1 ( 0, 0') .. 0. f)uite generally any dependen

ce of the angular distribution of the annihilation products on the polarization of p- or p must be 
absent according to this hypothesis. 
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In conclusion I express :ny gratitude to Prof. M.A. Markov, V.I. Ogievetzky and E.O. Okonov for 

the discussion. 

App e ndix 

Three-Plon <\nnihllatton 

1. For the reaction p + p .. ,. + + rr- + ,. o the space and charge 
parity selection 

rules are of the form 

--rr - (-1 )la + l + 11 
PP = +1 

C- (-da+s+l 
pr; 

la is the orbital angular momentum of the pP system; 
l is the orbital angular :nomentum of the ( ,.+ ,.-) s ystem; 

+1 (AI) 

I ' is the orbital angular momentum of the ( ,.+ ,.-) - ( rr 0
) s ystem; 

s is the total spin of p and p . There are no any simple consequences of (A.l) which had took 

place in the case of the two-pion annihilation (such as the prohibition of the s -state annihilation ) and 
which allowed us to distinguish the variants I ,. - C-P I by the energy behavior of the cross 

Pp' p 
seC'tion. The determination of the variant, generally speaking, needs experiments with polarized antipro-

tons and protons. 

2. We will obtain from (A. l ) some relations between the amplitudes <"P"! IRi pamamb > 

of transition from the initial state characterized by the presence of p and p (their re lative momentum 

being ;J
8 

and their spin projections on the 1J8 direction being m
8 

and mb respectively ) into 

the final three-pion state which may be caracterized by momenta ,r and -,; . 1;• denotes ,.+ 
r.1omentum in the Lorentz system, where the total momentum of ,.+ and ,.- is equal to zero ( the 

:nomentum of ,. - in this system is - p ). In the c.m.s. of the reaction this total momentum is 
-p' 7,8 Ii ~. ~ and p are the momenta of ,.+, rr- and rr

0 in the c.m.s. of the reaction than 

p 

:l 

.. _. .. (PI + p~) . ~) 
P + (pt + P2 ) (~~~ =-=---
1 ( ~ . .. ~)2 

.. .' 
p 

El?_ 
(-- - 1 ) -

T 2 2 
VPl+K. 

( A.2) 
1(12 1(12 

.. ... 
p + p 
1 2 

.. 
- p3 

2 
where E12 = ~,_ + 1<

2 

l 
+ ;-; + I( and '-.2 <-* ... )2 7 

K. 12 = V e~. - P + P see 
12 1 2 I 

2 

( " is •he >r.ass of the rr meson, the velocity of light is the unit of velocity). In 
7 

we have obtained 

the 

<p 

whe 

(J• 

ra. 

pc 

\ \ 

c 

c 
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the following expressiOn for < pp' IR' p
8 

m
8 

mb > : 

< P '1'1 R I Pa ma mb '> = Rma, mb (8 • cf>; rt' , ci/ ) = ~ · ( 2j + ] ) ,_'2J;T / 1.17 \<''T,;"" 

I, j , m 

ol ( - 17,0,17-cp) of ( - 17,8
1 

,17 -¢ ) <1m I R'l mamb> 
o,m :n,flla+ mb 

where 
_ , __ 

< lm jRl\ m m~ '£ I~~ elm < u' !RJ I sl > 
8 1',1 s v 2 J + 1 /m 1'0 · 8 

8 

( A.3) 

(A.4) 

(J' and cb' are spherical angles of p with respect to the axes z
8

, y8 , x8 , the axis z8 be:no pa-
rallel to p 

8 
: 0 and c/> are ·;, spherical anqles ~ith respect to the axes i l I : the axis i ;,;:: 

parallel to p1; the a xis I is parallel to [ p'. p .] see 7 . '1y deiinition 
a 

ol ( ·1>z,0, '11, ) .., e-im 1>2 tp l (cos t:))e ·in ·I'll 
~n :nn 

where the function 1'1 diEers fro:n the function o/ defined in 9 by the ·cultipl!er ;n - '11 a:1 ~ '::·:n 
mn , mn 

cides with the funct ic n d1 "iefi ned in 10 
:n,n 

\'Je mulliply I he sum::tan::l. in the right hand part of (A..4 ) by C;sp( -1/a '- s' 1 'Nhich is e~ual :o • 1 

owing to (A . I ) ani use the following properties of the Clebsch-'"iordan coefiicients: 

cfma + mb ~ (-1) ! - s-la 
s:n8 • mb 18 0 

Csma·mb 

ll :na 1z :nb 

( \.5 ) 
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We find that the right hand s ide of (A.4 ) ls the n the r.1atrix ele:nent < /m ] .~lj - mb - m8 > rr.u lt:plied 

by c- c-nl+ 1 i.e. pp 

<: 1-n IRT , m8 -nb > = Cpp(-1 )1+ 1 < 1m jRI I - mb - m8 > (A .6 ) 

Let us now substitute the riqht hand side of (A.6 ) for <1m ;n.!; m
8 

mb > !n the n qht hand si:ie of (A.3) 

and use the equations (for the inteqral j ) 

OJ ( - 11,0, TT-<1>) = ( -1 )j - m Of ( -IT , IT - 8 , 1T + 1J) = ( -l)j -n Df71, n( -1T , IT -f-l, 77 - <J> ) 
m,n m, -n 

( A.7 ) 

We obtain a following consequence of the invariance under charqe conj ugation C : 

I A I I 
R (8.¢; 8¢>1 = C., R (+rr-8, ¢, IT -8 , -¢ ) 

ma mb pp -ma , -mb 
(A.8) 

In the same manner we can obtain (see 7 and ll ) the consequence of the invariance under space ref

lection: 

' ma + mb 1 ' 
Rm m ( 8. ¢ ; 8 I ' ) "' 77,... (-1) R ( 0 . - ¢; 8 • - ¢ ) (A.9) 

a• b p~ - m8 - nt,b 

The ¢ ' dependence of R ( 8 . ¢ , r/, ~ ) is known, see (A.3) . Therefore , the equation ( 1\ .8) 
ma mb 

and (A .9) can be divided by the sa me multiplier exp.i (m8+ mb ) ¢1 . In the following we wil l not write 

down the argument ¢ ' . 

The relations (A.8) and (A.9) and some of their combinations are written in the Table II for d lffe rent 

variant.s. The following notations are taken: R ( 8, ¢, () ' ) = a a nd analogously 
- '!2, -'h 

R = b , R .. c, and R = d. T he1. R ( (), -¢. 8' ) = a' and ana logous ! y 
-Y,, +% + •1,, -lf, +'11, +111 -'h, -\ol 

for b, c and d ; R < IT - 8, ¢ . 77 - o· ) = 8,. R ( 77 -8, -¢ . IT-e• l .. 8 • -'/, , -If, -v,, -v, 
and anolo:')ous-

ly for b, c and d. 



;1l:e:l 

(A .3) 

\, 7 ) 

! ref-

.9) 

.8) 

e 

sly 

gous-

Variant 

I - 1 • ~1 I 
') iraC" variant 

I - 1. - 1 I 

I ~ I , +1 1 

1 ~1 , - I I 

1 

I 

a "' - d 

11 

T ab l e 1/ 

c 

,., 
c - c 

a = - d b "' -b c .. -c 

a= a c = c 
.. ....... ...... . ........... •••••• 0 ................. .. 

a = -d }), - b c .,., -c 

IC 

-/ 
a = a 

a = - 8 

_, 
a = a 

_, 
d '= d 

d = _:/ 

d = -cl 
_, 

d ~ d 

3. If the beam and target are polarize:! in some direction Jta ( perpendicular to p-+ a 
anqulllr rl!stribution of IT+, r;-, IT 

0 is of the form (co11p. for ex. ll ): 

- I I + ,,2 py [ -Jm w_ cos¢>+ Re IV_ sin¢ I 

- P YPY [ Re IV_,_ cos 2¢ + lm IV-, - s in 2 / + Re IV-,+ I 

"'"' 

) then the 

( A.lO) 

The magnitudes P y and P y of the antiproton and tarqet proton polarization are defined usually as 

th<.> mean value of the y -component of the spin operator tJ / 2. The coefficients IV in ( .<\.10) are 

cxpresse:l i n term:; of the transition omplitu:les a, b, c, d as follows : 

(A. II} 

IV-,+ - be • 2 
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F:o~ the T abl e II one c:1n see ' kJ 1 b • .._ b -:r b = - b l<>pPrdin·) en :he variant, i.Q. b 

-:J oe:; nc! ~hanc:e i ' !' slnLJ \c: ,.1Jf1'1'1t') :hen .'Ul ::' :·n• r.1 rr - 0 Jn.i "- f)' :or 0 an I 0' respec

:ive!y. ':Je sill :all the iunc:i~n b e·:._,n (or o·J..J) :d:-~ ret'pect to the poin! () = (}' - 90~ (for any 

\1l..:eof c!> ). Fro.,., ' 'lc '!',,ulell nnl h.l:) .tlcllo·.·,sth'lt·:~hen rr =- 1 u ~1i ~~- 0° an:il80" 
~ 

"" t".e coellkients :v_ ani IV_ .Jr<~ even it;n-~• ions A.t:, res10ect to :he ;:x)lnt 0 = 0' - 'l 'l" on·i when 

"pp = .._ 1 they :r:e c i i one:' . T>te ft.,.,,.•:cn.; ~~'-. - mi w., t being in all variant!' even ones in ., .-. ~.e 

·;a: ionts vanish at the point:::. 0 · 8' = <)()0 • </> 0° an:i 1800 or on the !me 0 - f)' .. 90° , ¢ .· o:

bltrory. !='urther ·.·:e c,Jn sef> that in •he •;qnant I - 1. -1 I all :..~nc:icns a.b,c, d .ml r.:onsf>·lUI'ntly all 

IV -coefficients-.•onishut thepoints 0,.,0' 9'1 ° , cf> ,. () " o:- 180° . The~u.,nUy 

2rr 
f dd c ( e. c1>. o'. d ) (r ( I)' <1> . ()1

.) vanishes in th:s puint too, see Sect ion 2 of the basis 
0 

text. 
Now we must qet fro-r. the expe:lmental data the multipliers of cos ¢ ' and cos :2 c!>' i n 

Eq. ( A.. 10) and al so the 1uantit y 0y 0 y Re IV.,; J n so:ne cases it is not necessary to know the bd Javr

c u: ol these coefficients as iunctions o f 0 . c!> . ()' but it i s sufficient to rleol with so11e i nteqrnls of them 

o\·er thes;? anqles. T he necessary manipulations are jus t the means fer i istinquishinq between varian' s. 

T hey are exposed i n the Sections 2, 4, 5. 

Note that to determine "'f>p it woul d be sufficient to use only the i nvari anoe. However, in 

~his case it turns out to be necessary to know siqns of the p and p pol arizations (i.e. ·.vhether 
- . . . 12 0 y and ~ y a:e positive or neqat.ve quonl!l!es ) comp. . 
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