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1 . Introduction 

New experimental facilities of LEAR at CERN and 

at Brookhaven and KEK1 ) , which make possible

precise measurements of a number of specific me sonic 

channe ls into which the pp system annihilates ,  have 

initiated renewed theoretical interest in some of 

the fundamental questions related to the physics of 

the pp system , in particular the features following 

from the underlying quark-g luon dynamics at low 

energies . 

In spite of a considerable increase of experiment­

al information and improvement in extracting the 

branchi�g ratios for pp annihi lation at rest  into 

mesons 2 ) , the experimental · data and theoretical

understanding are at pre sent f ar f rom being ideal , 

with several important ratios either not yet measured 

or only very poorly known . As a consequence of that 



and for lack of a re liable operational microscopic 

theory of quarks and gluons , there ex ist a number 

of alternative mode ls 3 1 4 > claiming to be able to

explain some selection of the data with apparent 

disregard for the others . In the case of pp 

annihilation into mesons , many �uthors have 

attempted to describe the annihi lation within the 

quark-model approach4 ) by emphasiz ing the importance

of either quark " rearrangement " or quark-antiquark 

(qq ) " annihilation " ,  or combination of both types 

of diagrams (F igs . 1 -5 ) with two possible elementary 

vertices 3P0 ( the pair-creation model ) and 3s1 ( the

one-g luon-exchange model )  for basic qq annihi lation . 

For a given qq vertex and given nonrelativistic

initial and f inal state wave functions , pp annihila­

tion into mesons can in principle be evaluated , leading 

to model-dependent pred ictions when compared with data . 

At low energies , however ,  the non-perturbative effects 

become important and none of the models using 3P
0 

or
3 s1 vertices for qq annihilation are thorough ly

reliable , although the f lux -tube model6 ) prefers the
3P

0 vertex over the 3s1 one .

It is therefore desirable to generate awareness 

of the fact that there are hierarchies in the rel iability 

of QCD-based models . 
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2 .  The quark-l ine ru le (QLR) 

Consider , for example , the quark-line diagrams 

(QLD) shown in F igs . 1 and 2 .  These stand for all 

the diagrams that can be generated from them by 

adding g luon l ines in an arbi trary way . Starting 

from nothing but QCD , it  is impossible to decide 

if one of the two diagrams should dominate over 

the other and , if so , which of them . It is one of 

our main points that thi s  question can be settled 

by analysing the data that can ( and shou ld ! )  be 

obtained in the near future . The tests to be 

d iscussed below are independent of the unknown gluon 

contributions to the diagram under consideration . 

They depend only on the quark f lavour f lux within 

the diagram , the so-called quark-line ru le (QLR) . 

This progranune has already been outlined in  Refs .  5 -8 .

Two main effective mechanisms in the quark-line 

picture of pp annihilation can be distinguished : 

annihi lation and rearrangement ( e . g . Figs . 3 and 4 ) . 

As has been anticipated , we wi ll analyse ·consequences 

of assuming that either of the two mechanisms 

dominates over the other ; which of them dominates 

depends on the unknown g luon dynamics . From the out­

set , it is of course unlikely that the two 

dif ferent mechanisms should be equally important . 

If  the QLR is valid , an ss state can only be 

produced in pp annihilation together with strange 
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particles . It is therefore very important to 

determine experimental ly if indeed (and to what 

extent) the production of ss f inal states without 

associated production of strange particles is sup-

pressed ; namely , if all  mesons in a given annihila-

tion process are non-strange , 

pp -+- ( ss )  + Ml +  M2 + M n '  ( 1 )

i . e .  they contain neither s nor s quarks , then the 

QLR demands that the pp production amplitude 

T ((ss ) M1 . . .  M ) for the above process shou ld vanish9 ) 
n 

If we write the 11 and n ' mesons as 

n = x ( (uu ) PS+ (dd ) PS ) /l2+y ( ss) PS+gluon contribution ,

11 '= -y ( (uu ) PS+ (dd ) PS ) /l2+x (ss ) PS+g luon contribution ,

and define K by 

K = (y  /x ) 2 , ( 3 ) 

then no g luon contribution to the pseudoscalar-meson 
2 2states means x +y = 1 ,  and K is  related to the 

pseudoscalar-meson mixing angle e PS by

or 

-1 2 2 K = tan ( e ideal - eps > = x / ( 1 -x )

x 2 = 1 / (l + K) ,

with e ideal the ideal m ixing angle & ideal � 3 5 . 3
° .

( 4a )  

( 4b )  

Present evidence suggests that there i s  no 

noticeable g luon contribution to the n and n ' mesons . 

We assume therefore that there i s · none . If that is  so , 

it  i s  obvious  that neither n nor n ' can be produced 

( 2 )  
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from the gluon sea of the pp system . For pseudo-

scalar ss pa i rs , the suppression of the reaction in

Eq . ( 1 ) implies that n and n ' mesons are mainly

produced via their (uu+dd) content such that 

The relation ( 5 ) is also valid when some of the M1 ,

M2 , • • •  ,Mn mesons coincide with n and/or n ' . For the

phase-space corrected cros s sections a (= cross

�ection/phase space) Eq . ( 5 )  implies 

and 

( 5 )

( 6 )  

These relations are valid for any linear combination 

of pp , nn , pK , nX or 66 initial states ; that is , the 

results are independent of initial-state interactions 

leading only to i sospin mixing . 

We emphasize once again that testing these rela­

tions is  important . If  one of them is violated , e ither 

the n-'Fl ' mixing is more complicated than presently 

thought of and/or the QLR is not valid .  

3 .  Annihi lation into two mesons 

It is clear that more detailed predictions can be 

obtained if among several QLR�al lowed diagrams cer­

tain ones dominate over the others . In the two-meson 

annihilation channels 
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., , , 0 0 , pp + n n , n n  , n n , n n , n n and 0 0 1T ,r ' 

which at low energies proceed from the initial pp 
3P

j states , with J = 0 , 2 ,  the amplitudes for n n , n n

and n 'n '  production ·are , according t o  Eq . ( 5 ) , 

proportional to each other . The same is true for 

n°n and n°n '  amplitudes .

In the annihilation channels  

- 0 , 0 , 0 0  d 0 pp + n p , n  p , nw , n  w , n  p an n w ,  

which at low energies proceed f rom the initial pp 
3 s1 states , the amplitudes nV and n "'V , with V = p 0 , w ,

are also proportional to each other . 

The f inal-state mesons we consider are mixtures 

of qq states such as ( n  and n '  have been written ou t  

i n  the preceding section ) : 

(uu ) PS = 1 ( n° 
+ x n  - yn ') ,

12 

(dd ) PS = l {-tro 
+ x n - yn ' ) , 

( ss ) PS 
= yn + x n

(uu) v = 1 ( p o 
+ w ) ,

12 
(dd ) v 

= 1 
( II) - P o ) '

fi 
( ss > v = -� . 

In our approximation ,  the vector mesons w and � are 

ideal ly mixed . 

According to the QLR , the interaction yields 

certain coherent mixtures of gg that are not 

( 7 ) 

inf luenced within the physical mesons . The production 

cross  section of these is computed by taking the 
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scalar product of. the qq linear combination 

produced with the linear combination of the 

physical mesons , i . e .  v ia mixing . It is  the main 

implication of the QLR applied to QLD ... s that certain 

quark-state production amplitudes vanish . Since , 

under our assumptions , g luon components of mesons 

are not produced , we need not take them into account . 

The proportionality of the amplitudes f or n , n ' 

production can be used to obtain an independent 

determination of K in terms of measurable branching 

ratios . We define � for the mesons M = ( tr0 , n , n  ... , P o , (I) ) : 

where 

q M 2 .tf+l c-"-> 
qn "'M 

B (pp -+ n "'M ) ·  

B (pp -+ n�1 )  
. s , 

is  the meson c .m .  momentum , tf is  the 

( 8 )

orbital angu lar momentum between the two mesons in the 

f inal state and s is the statistical factor , i . e .  

s = 1 /2 ( 2 )  for M =n (M = n ' ) .  At low energ ies , .e.f = O 

( .t f = 1 )  dominates for M ,  a pseudoscalar (vector) meson .  

The prediction l\i=*, independent o f  the particular 

meson M ,  is  compared with present data in  Table 1 .  

we see that the values of K are still rather con­

fusing ; an average value is found to be 

K = 1 . 0 + 0 . 7 . av -

Expressing this result in terms of the mix ing angle 

e PS ' we obtain 

( 9 ) 

which i s  to be compared with the theoretical predictions 
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from the quadratic { linear ) version of the G ell­

Mann-Okubo mass formula , where K becomes approximate­

ly 1 . 0  (0 . 3 8 )  when e PS is -1 0° ( -23° ) .  Tables 3 -5 g ive

the values of K determined by assuming the dominance 

of the annihilation QLD (Fig . 1 ) . We see that in  this 

case the data f avour e PS � -20° .

However , the dominance of the rearrangement QLD 

(F ig . 2 )  leads only to the relations 

x 2T ( ff0w0 ) + T ( n n )  = 2xT ( w0 n ) ,

xT ( p 0w0 ) + T (w n )  = xT (ww0 ) + T ( p 0n ) ,

T ( p 0p 0 ) + T {ww ) = T { p 0w ) + T (wp0 ) ,

(10) 

from which no meaningful experimental test is  pos sible 

without additional assumptions . 

For the annihilations pp + p op o and ww , the

dominance of the annihilation QLD (Fig . 1 ) leads to a

def inite prediction that 

- - 0 0 a ( ww ) = a ( p  p ) • ( 1 1 )

Experimentally , the branching ratio B ( p 0p 0
) is 

(0 .1 2!0 .12 ) %  from Diaz et a1 .10> and (0 . 4!0 . 3 ) %  f rom

Baltay et al .11 ) , while for B (ww ) it is (1 . 4!_0 . 6 ) % f rom

Bloch et al .1 2 ) . We conclude that present data do not

support the prediction ' a (ww ) = o (p 0p 0
) obtained f rom

the assumption that the annihilation QLD {F ig . 1 )  

dominates . 

The prediction of the rearrang ement QLD (Fig . 2 ) 

is the triang le inequal ity9 > 

! 1a ( p 0p0 ) - 2 �) 1 2 � a (ww )

� i la ( p
0

p
0

) + 2 /a ( p
0

w )  j 2 . 
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TABLE 1 

M B ( ri .. M ) x 1 03 B ( nM ) >< 1 03 

� Phase-space 

correction 

lT O 0. 5:!:_0 . 1 9a ) o .  4 6+0 . 1 3
a ) 1 . 3+0 . 9 .t=O 

0 . 1 33+0 . 02 7b ) 4 . 6±,2 . 7 1 . 2 

P o 1 .  4:!:_0 .  8e) 2 . 2+1 . 7f } 3 .  9±.5 . 3 
9 .  6:;-1 . 6d ) 0 . 9+0 . 6 6 1=1 
6 . 43+1 . 3

c ) 1 .  3 4:!:1 6 . 1 6  
5 . 3 (+2 . 0-0 . 8 ) 1 . 6+1 . 4  

Reference s to Table 1 :
a ) M .  Chiba et a l . , Phys . Lett . B202 ( 1 9 8 8 ) 4 4 7  and 

Phys . Rev .  D3 6 ( 1 988 ) 202 1 
�­

b } L .  Adie ls et a l . , CERN-EP/88-1 4 2  
c ) M �  Foster et al . , CERN-EP/88 -1 4 2  
d ) KEK E6 8 ,  M .  Chiba et al . , Proc . IV LEAR Workshop ( 1 9 87 }  
e )  P .  Espig at et al . , Nuc l .  Phys . B3 6 ( 1 97 2 ) 93  
f }  c .  Baltay et a l . , Phys . Rev . 1 45  (1 9 6 6 )  1 1 03 

+ -
1T ,,. 

+ -
2 1r  2 n  

3 . l+O . 6a ) 

Ref erence s to Table 2 :

TABLE 2 

1 2+3
b )

1 2 .  6:;-1 . 3 a ) 

3 .  2:;:-0 . 4 C )

1 .  7+0 . 7d )

a ) M .  Foster et al . ,  Nucl .  Phys . B8 ( 1 96 8 )  1 74 
b )  c .  Ba ltay e t a l . , Phys . Rev . 145 ( 1 9 6 6 ) 1 1 03 
c ) P .  Espig at et al . , Nuc l .  Phys� B3 6 ( 1 97 2 )  9 3 

K 

o . 26:!:_o . 1 2
o .  2 5:!:_0 . 07
o .  97:!:_0 . 3 1

0 . 24:!:_0 . 1 6  

d )  C .  Ghesquiere , Symposium on NN Intera ctions , Liblice , 
CERN 7 4 -1 8  ( 1 97 4 ) 43 6 
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TABLE 3 

3 B ( l"IW )  x l O Phase-space 
correction 

1 6+1 a)
l 4;2c ) 

average 1 5+1 
used for x2 

1 0 . 4+0 . 9 5b) 

4 . 4�1 . 4c ) 

References to Table 3 :

1 . 1±_0 . 1  7 
0 . 47+0 . 1 8  

a )  M .  Chiba et al . , Phys . Lett . B202 ( 1 988 ) 4 4 7  
b ) L .  Adie ls e t  al . , CERN-EP/88-I"4"2"' 

1=1 
1 .  6 

c ) KEK E68 , M .  Chiba et al . ,  Proc . IV LEAR Workshop ( 1 9 87 ) 

B ( p  ol'l )  >< 1 03 

2 . 2+1 . 7a ) 

9 . 6;1 . 6b ) 

5 . 3 (+2-0 . B )
c ) 

TABLE 4 

5 . 2+0 . Sd ) 

4 . 9;3 . 6e ) 

average 5+0 . 5  u sed 

for x2 

Ref erences to Table 4 :

2 
X 

0 . 7+0 . 6  
3+0 . 8  

1 . 7:!:_0 . 6

Phase-space 
correction 

R.=1 
1 . 6 

a ) c .  Baltay et al . ,  Phys . Rev . 1 4 5  ( 1 9 6 6 )  1 103 
b ) KEK E68 , M .  Chiba et a l . , Proc':"""""IV LEAR Workshop ( 1 9 87 ) 
c ) L .  Adiels et al . ,  CERN-EP/88 -1 4 2  
d ) M .  Chiba et al . ,  Phys . Lett . B202 ( 1 988 )  4 47 
e ) LEAR PS 1 82 ,  s .  Carius , Ph . D .  Thesis , Royal Ins t .  of 

Technology , Stockholm ( 1 986 ) 



o .  4 8+0 .  l a ) 

0 . 1 4�0 . 03 b ) 

0 .  206+0 . 01 4 C )

o .  2 5+;. 03d ) 
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TABLE 5 

3 B ( ri ri ) x l O  

o . OBl±_0 . 03 1  c}

References to Table 5 :  

x4 Phase-space 
correction 

0 . 21±_0 . 1 2  

0 . 7±_0 . 4 t=O 
0 . 4 8±_0 . 2 2 1 . 2 2  
0 . 3 9±_0 . 2 

a )  s .  Devens et al . ,  Phys . Rev . Lett . 27  ( 1 97 1 ) 1 6 1 4 
b ) G .  Bassompierre et al . , Proc . 4th European Antiproton

Symposium , Barr , Vol . 1 (1 97 8 ) 
c }  L .  Adiels et a l  .• , z .  Phys . C3 5 ( 1 987 ) 1 5  
d )  M . Chiba et al . , Phys . Lett . B202 ( 1 9 8 8 ) 4 4 7 

1 . 2 
2 . 3
2 . 7 5 

51+7a } 

27�1 2b ) 

4;2b ) 

References to Table 6 :

TABLE 6 

4 6+7 . 2a)
2 5�9b ) 

1 3;6b ) 

a ) J .  Duboc et al . , Nuc l . Phys . B4 6 ( 1 97 2 ) 4 2 9  
b } B . Y .  Oh e t  al . ,  Nucl . Phys . B63  ( 1 973 ) 1 

TABLE 7 

PLab/GeV a (p oK+K-) x ! 03 /mb 

2 . 4 5-2 . 60 4 5+1 5a ) 

Reference to Table 7 : 

c';l )  B . Y .  Oh et al . ,  Nucl . Phys .· B63  

+ - 3 a (wK K ) x l O  /mb 

3 2+1 7 a ) 

( 1 973 ) 1 

R 

1 . 1±,0 . 3 2  
1 . 1±._0 . 9 
0 . 3±_0 . 3  

R 

1 • 4±_1 • 2 



- 5 4 -

Experimentally , B ( p 0w ) = (2 . 26:!:_0 . 23 ) % 1 3 ) , ( 0 . 7:!:_0 . 3 ) % 1 4 > 

and ( 3 . 9 4:!:_0 . 5 9 ) % 1 5 ) with an average value Bav ( p0w )

= 2 . 0% .  On i.nserting the numerical values , we find 

that the prediction of the rearrangement QLD is 

5 . 6% < B (ww ) < 1 0 . 7 % , 

which is to be compared with Bexp (ww ) = ( l . 4:!:_0 . 6 ) % .

The data concerning Eq . ( 1 1 ) ,  however , allow us 

to give two different interpretations . First , we note 

that this relation is satisf ied within two error bars 

by present data . Thus , the dominance of the odd part 

of the vector meson-meson production amplitude 

T (p 0w ) = -� (wp 0) (or , more importantly ,

the dominance of Fig . 1 , as  seen below) is not 

excluded . Second , the data suggest that a ( p 0p 0 ) is

zero compared with a (ww ) . Then , in Eq . ( 1 0 ) , T (p 0p 0 )

vanishes , so that now 

0 . 0 T (ww ) = T ( p w ) + T (wp ) ( 1 2 )  

from the dominance of the rearrangement . According to 

this the maximal possible value a (ww ) wou ld be obtained 

if T (p 0w )  were symmetric , so that we must have 

B (ww ) � 2B ( p 0w ) ,  in agreement with experiment . The 

equality B (ww ) = 2B (p 0w ) follows if T (p 0w ) were

synunetric indeed . This agrees with one (Ref . 1 4 ) 

and strong ly disagrees with the other two experimental 

values for B (p 0w )  (Refs . 1 5  and 1 6 ) .
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4 .  Annihilation into three mesons 

The methods developed in Sec . 3 are easily 

extended to the annihilation into three mesons . 

The number of unknown amplitudes , when written 

in the quark basic (Eq .  ( 7 ) ) ,  becomes very large 

a!}d no simple relation connecting them can be found 

without additional assumptio�s , except 

one between n and n ' . Table 2 shows the spars� 

present data on the production of n and n ' , together 

with more than one further non-strange meson . Since 

the .phase-space corrections are unknown and may be 

large at low energies , no f irm conclusions follow 

from these data . without phase-space corrections 

they favour a large negative value of 8 PS ' whereas 

a phase-space correction factor of 3 would imply 

ePS � -1 4 0 .

Other interesting relations involving higher 

powers of K are 

( 1 3 )  

with M ,  M1 and M2 denoting any meson out of 0 
,r ' p o or 

More relations between different amplitudes may be 

derived if one of the OLD dominates over the others 

(see Figs . 1-5 ) .

Cl) .  '
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Ifl ? ) the rearrangement (F ig . 4 )  dominates ,

w� obtain from the QLR and the pp initial state that

T ( (uu ) (uu ) (uu ) ) = T ( (uu ) dd ) (dd ) )  = T ( (dd ) , (dd )  , (dd ) )  = 0

for any space-time quantum numbers and any permutation 

of the individual qq . Th is pred icts 

- 0 0 0 - 2- 0 0 0 -
a ( p p p ) =  a (www ) , x a ( p p ,r ) = o (ww n ) , 

x4a ( pOff01TO ) = o (w n n ) and x 6 o ( 1T01TOffO ) = a ( nn n ) .
( 1 4 )

Since the K meson cannot be directly produced by the re­

arrangement QLD (Fig . 4 )  owing to the absence of s 

and s quarks in the initial pp state , its production 

should be suppressed . 

If , on the other hand , the annihilation (F ig . 3 )  

dominates , the amplitude vanishes if (for any space­

time meson quantum numbers ) any two of the three meson 

states M1 , M2 , M3 are qq and QQ with Q�q . As always in

. the ca�e of annihilation , this �emains true for any 

initial-state interaction that only resu lts in isospin 

mixing . Thu s , we predict 

3 a (www ) = a (o0p 0w ) , o (ww n )  = a ( p 0p 0n ) ,
- 2 - O o - 2 - o O 2 ( w n w ) = x o (p n w ) , 2 o ( w n n ) = x a ( p ,r n ) ,

- 4 - 0 O - 4 - O O o ( n n w )  = x o ( tr ,r w ) , 3 a ( n n n )  = x  a ( ,r tr n ) ,

3 a (p 0p 0p 0
) = o (wwp 0

) ,  a ( p 0p 0n ° ) = o (wwn° ) ,

2- 0 0 0 - 0 2- 0 0 0 - 0 2x a ( p ,r p )  = o (wn p  ) ,  2x a ( p ,r ff ) =  o (wn ff ) ,

( 1 5 )  

4 - 0 0 0 - o 4 - 0 O O - O x a (tr ff p )  = a ( n np  ) and 3x o (n ,r 1r ) = a ( n n n  ) .

The K-meson production is , however , al lowed by the 
+ - -

annihilation QLD (F ig . 3 ) . From T ( K K (dd ) ) =
= T (K°K0 (uu ) ) = o ,  where K and qq can have any
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space-tL�e quantum numbers , it fol lows that 

which i s  val id for any initial-state interaction that 

leads only to isospin mix ing . We should note that 

with M1 and M3 K-mesons , the M2 in Fig . 3 may be an

ss s tate . Thu s , the n meson may also be produced 

together with KK through i ts ss component . For these 

proces ses it follows that 

xT ( K+K-n ) + yT ( K+K- n ') = T { K+K-n° ) ,

xT (K°K0 n ) + yT (K°K0 n ') = -T (K0i0n° ) .

The K mesons may also be produced through the 

mix ed diagram in F ig . 5 ,  which introduces only the 

minimal number of annihilations . Since , i n  this case , 

T (K+ K- ( ss) ) = T (K°K0 ( ss ) ) = T ( K°K0 {dd ) ) = o ,  the

consequences are 

y2 o ( K0R0n° ) = o { K�0n ') = Ka ( K°K0n ) ,

a (K+K-n ' ) = Ko (K+K-n ) and a (K°K0 P 0 ) =o { K°K0w )

( 1 7 )

( 1 8 ) 

only for the annihi lation from the pp initial state . 

It also follows that for any initial state that can be 

reached via i sospin mixing , o ( K+K-� ) and a ( K0i0
� ) 

shou ld be small  compared with the corresponding 

cros s section . We shou ld also note that a ( K0i<0p 0
) 

o-o = a (K K w ) fol lows from both diagrams for KKM production .

Without change , K can be replaced by K everywhere in  

the above rela tions . 



- 5 8  -

At pre sent , experimental data on three-meson 

production in pp annihila tion are sparse and 

severa l branching ratios important from the QLR 

stand -point have not yet been measured . Thu s , most 

of the QLR-pred icted re lations (Eqs . ( 1 3 -1 8 ) ) will  

have to wa it for their verif ication in future 

experiments . 

Since it is expected tha t the QLR wi l l  be better 

satisf ied at higher energ ie s , it is  interesting to 

observe that ex is ting data on Kie-1 production in the 

GeV re� ion support the QLR prediction that o (KKo 0 ) =

= a (KKw ) (see Table 6 )  • 

5 .  Conclusions 

\'ie have discu ssed in detail  somf! of the con­

sequences of the QLR for annihi lation of pp into 

two or three mesons . The se depend only on the quark 

flavour flux within the diagram to be tested , i . e .  

are independent of gluon contributions (which are 

es sentially unknown) . The importance of comparing n 

with n '  production has been emphas ized for testing 

the Qt..R . With pre sent data , only a modest experiment­

al estimate of K is possible (Tables 1 -5 ) . Expres sing 

the re sults in terms of ePS ' we have found that thi s

mixing ang le can only have va lues restricted to 

0 -26  < Ops  < -2 . 2 ° . 

The dominance of the annihi lation QLD (Fig . 1 ) , 
0 however , impl ies that e PS � -20 , in agreement with
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with recent 1 1 ) es timates of the mix ing angle .

A.rnong the relations which test  the two-meson 

production mechanisms those involving o ( p 0 p 0) ,

o ( p 0w) and o (ww) seem to be dif ficult for the QLR

if  the experimenta l data remain as they are .

Experimenta l re su lts  with smal l  errors in these

channel s  are therefore eagerly awaited . For the

annihi lation channels pp + three mesons , the QLR

predicts many relat ions . However ,  only some of them

can be tested at present .
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