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Abstract

The quark is defined as a flavour vector state in the g colour space
and the antiquark as a vector in the fg*’ dual space. The observables become
scalar in the colour-space built even with a vector and a covector (meson) or
with a vector and a pseudo-vector (baryon). The pseudo-vector is responsible
of the Pauli principle existence and allows a comprehension of the distinction
between baryons and mesons, The investigation of the strong interaction as the
exchange of gluons leads to a crossing rule in contradiction with the JOZI rule
in the general case. The existence and allowed decay of different sort of baryo-

nium is then considered.



Our starting point has been naive questions that everyone starting to learn
about quarks can ask himself : are all hadrons constituted with three quarks
(aq9q) or with one quark and one antiquark {(qq) ? Why a certain class of par-
ticles (the fermions) obey to the Pauli principle and not the other (the bosons) ?
Can we have states with more complicated quark configurations and what should

be such particles, bosons or fermions *?

Many attemnpts to describe the colour symmetry and hadrodynamics have
1
been done ’ 2) and recently a great interest has been rised by the work on the

345 | The string model 6)

topological aspects of the Q. C.D. by Chew et al.
has been an interesting approach of the topological structure of the mesons or
baryons, but all these diagrammatic approaches seemto be a technical support

rather than a true description of the nature of particles.

We have first defined a quark as a flavour vector state in the colour space,
and used the basis of the string model to get the diagrammatic representation of a
meson and a baryon. It appeared then the very simple fact that an observable was
a scalar in the colour space constructed with a vector of the 8 colour-space and
a covector of the %*‘ dual space (the meson) or with a vector of € and a pseudo-
vector of ‘6‘ obtained by the dot product of two vectors belonging to 8 (the
baryon), Moreover, it appeared that the Pauli principle existence was linked to
the presence of a pseudo-vector (antisymmetric) in the observable. The particles
built with an even number of vectors or pseudo-vectors are bosons while and odd

number of pseudo-vectors in an observable gives a fermion.

We have then tried to understand the interactions
as a change in the topology of a system and introduced as a " basic interaction "
the fusion of two mesons,or the inverse process,and we associated a strength )
to the separation process 6). A being the Veneziano coupling constant, We thus
obtained all the 5 ' basic interactions " introduced in the string model by
Artru 6) with the expected strength parameter. Those intriguing results men-

tioned by this author became thus clear. Using then the Graphical Spin Algebra”
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and its extension to the Graphical Vector Analysis ' 9 we obtained a crossing

rule’ which indicated how a complicated quark configuration could give by non lep-

tonic decay a jet of mesons and baryons. Our rule is in complete disa-

greement with the JOZI rule introduced by Imachi et al. 10) which " forbid

the breaking of a junction ", It seems that such a rule is only valid when quarks
1)

of the same flavour are involved, Recently Iguchi and Sugano ! have pointed out

some violation of the OZI rule. and fhjs perhaps have to do with our
,

XY

s "
crossing rule,

We have then studied what should be the baryonium and distinguished between
the mesonium (formed of equal numbers of quarks and antiquarks) which behaves
like a meson and decay into mesons, and the baryonium (formed of vectors and
odd numbers of pseudo-vectors) which behaves like a baryon and always decay
into at least one baryon. We have described the exotic particles thus obtained with
n K 4 vertices, An interesting thing which appeared is that with n < 3 one obtains
only one sort of exotic particle, mesonium or baryonium, but with n> 3 we can
have with a definite number of vertices even a mesonium (equal number of vector
or pseudo-vectors and covectors) or a baryonium, The obtention of the expected

baryons and mesons with the given strength may give an indication of the existence

of exotic particles.



I. THE QUARK

The quark is a quantumn state characterized by various quantum numbers

1
spin J = >

baryon number B = —;

electric charge Q = - —;' or —g—

parity P = +1

flavour f{

colour ¢ (blue, red and green)
isospin I

strangeness §

charm C
beauty b
truth t

The four last quantum numbers have been introduced as to define without ambiguity

a quark with a given flavour. Six different possible favours have been stated with

the characteristics given in Table 1 .

Baryon number 13
Spin J 1/2
Charge Q 2/3 -3
Flavour { u c t d s b
Isospin I 12 0 0 /2 0 0
I, /2 0 0 -1/2 0 0
Strangeness S 0 0 0 0 -1 0
Charm C 0 1 0 0 0 0
Beauty b 0 0 0 0 0 1
Truth t 0 0 1 0 0 0
Mass (MeV) m, m _+ 1500 m_+? m_ m+ 150 m°+ ?

Table 1



We note here that a specified flavour gives to a quark all its quantum num-
bers. If we use the d-flavour of the quark the I, I3 , C, S8, b, t numbers are
specified as in Table 1. The pairsu and d form the basic representation of
isospin SU(2) . The triplet u, d, s form the basic representation of SU(3) .

When we add the C charm state one gets the basic representation of SU(4) and

s0 on,
An antiquark of a given flavour f has the same mass spinand isospin

that the quark of flavour f but all others quantum numbers (B, Q, 13, S, C,

b, t and the parity P) have the opposite sign.

Let us consider a quark as a vector (with three components) of flavour f

in the colour-space g

q:=<f[1c>=;:=g-[—1‘_.=;|——‘—— ¢ 6 (1.1)

and the antiquark a ,its hermitian conjugatelas a vector in the dual colour space E*

N e

-qf:=<lc]f>=.f::=£-}—4'_ ._.._;t"_f..__ éf* (1.2)

We have used a graphical representation of these vectors in the colour-
space analog to that used in the Graphical Vector Analysis” in the coordinate
space, The quark or antiquark kind of a state is thus graphically linked to the

direction of the arrow with respect to the flavour index.

I, THE MESONS

The fundamental hypothesis in the quark model is that the mesons are
quark - antiquark systema. Since all quantum numbers previously defined for a
quark are conserved when dealing with strong interactions one then gets a baryon
number B = 0, a total spin 3.= —; + ';— + : and a parity "q 'ﬂq (-)‘ . For
simplicity sake we restrict our study to the L= 0 relative orbital momentum
state. It appearsthat J=0or I and P = -1. We thus get pseudo-scalar meson
of state JP = 0 and vectorial meson of state JP= 17, It is then obvious to

note that the mesons are bosons and do not obey to the Pauli principle ,

Let us now consider the meson as a colour singlet flavour neutral q q

state ¢



1 c =c¢' 1 C w=C
M=—— £ b ,q 3. = —— & g 3 (L. 1)
3 cct ¢ fl fz V3 T fz

One obtains with the graphical representations of the quark and antiquark :

A

M= —— = fl}—-f— — f, (I 2)

As usual in the Graphical Spin Algebra 7 one gets the summation on the ¢ colour
indices by linking the corresponding lines (iines with the same colour, one outgoing

like a ket, the other doubly ingoing like a bra)

A
1 f

M= T =T, (11. 3)

One can recognize in such a diagram (or directly on (II. 1) ) the scalar product of
— -’¥
vectors fl and fz

order of these vectors :

in the colour-~space, or else, the tensorial product of zero

M L T F (Tg —'.)
= £ . f% = Y 1. 4
7 12 2700 (1. 4)

. P
In some cases it can be of great help to note the J quantum numbers on a meson

graphical representation as to completely define the involved particle.  The ‘,1_3

coefficient may be omitted for simplicity sake
P 1= 1.5 e T
M = fll——;—lfz- 1o 5 =6 1) (11. 5)
J :

When one changes the direction of the arrow in the meson diagram one changes the

electric charge of this particle as well as the 13 , 8, C, b, t quantum numbers,

+
The W is for example graphically represented by

N - N .
nte a4 (1L 6)

s -, A0 N
while the 7 will be up—=a—id (11.7)
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One can for convenience denote by h the (u, c, t) states of the quark

(electric charge 2/3) and £ the (d, s, b} states. One then obtains by including

the spin :
+ 2 J -
M = hpepmey 2 = (h 1)
- » J Id
M = hf—d—qt = (hy) (11. 8)
rS A A ~ A
M® = hte— 4 h or £ b——q Lorhp "f,‘t 2\, "2
= (hh) or (t2) or (hT’n"—' I,E)
with h = u, ¢, t Q= '% flavour states
g=d, 8, Db Q= - ";“ flavour states .

When one limits the quark flavours to the u, d, s states one obtains a

nonet for the 0 pseudo-scalar meson and one other nonet for the vectorial meson

(i) o K K% "y
- (w2) Leld? )
- re® - - o] o
T o laf (ud) £ C-" pry- 4 (ud )
(A) s |4 ot 3 ) ¢t[a7 o+ 1,
-1 T § -
(e l’:‘” (PT) 1 /iad)
x- K e e

When one introduces the charm as a supplementary flavour of the quark,
the lowest meson states are 15 plets and singlets made up of the usual sU(3)

octets and singlets plus three charmed mesons (c f) and three mesons (f¢)

2)
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In the above study we have only considered ground states of (qQ) systems
in § relative orbital momentum states. One can have 0+ states mesons like
the ¢ (0.7) or 6*(0. 98) . These states may come from relative P states of the
(q93) system or belong to more complicated exotic mesons like (qqg§q) in a

relative S-state, as we shall see later.

III. THE BARYONS

The second fundamental hypothesis in the quark model is that baryons are
constituted of three quarks, It explains the fact that the baryon number assigned to

a quark is 1/3 ., The total spin of a baryon in its fundamental state is obtained by
1 1 1
coupling the spin of the three quarks 7= >ttt and one get states of spin

L or < with a positive parity, The baryons are fermions.

2 3

Let us now consider the baryons as colour singlets with three quarks

1 "
B = 1 Z t qfc qfc qfc
1 2 3

1 [1]
, cc'e
6 cc'c"

We use the graphical representation of the ¢ \ .u Levi-Civita antisymmetric
cc'c

tensor as defined in the Graphical Vector Analysisg' R

(111, 1)

and the graphical represen-

tation (I, 1) of the quarks to get afiter summation over the colour indices



Pl
~ e
4 c <’ £ ’ Iy 111, 2)
B = 2. ] —a—if= i % e
ce'cY c’ ¢’
§ S

One can recognize on the above diagram, or directly on its analytical expression
-

-» -—
(111. 1) the triple scalar product of vectors fl , IZ and f3 in colour-space or

else, the tensorial product of zero order of one of these vectors with the cross-

product of the others

}

- —

1
A

/6

-~ —~ ¥
= {.9(f f 111. 3
(fo(f0 1)) (1. 3)

— -
¥
We have first to note that fz A f3 must be a vector of the € dual colour space in
- —
order to give with the vector 17-1 [ ‘g a scalar product. In fact fz A f3 is an

axial vector or a pseudo-vector and we shall denote by f the vector belonging to
% . ‘e*' -~ oy
€ and T the vector belonging to ,» by g and g the pseudo-vectors cons-

tructed by dot products

s - e *
A = e ¥

fhE, =8 €

% =% .

£ 05, =g € ¢

- -
The baryonic number of g is g— and that of g is --;—'

Contrarily to 1:’, g-’ does not represent a quark (its baryonic number is
-% ), it represents an object which behaves like a quark since its representative
vector belongs to ‘C . Hence with true vectors one may construct a scalar which
is the observable meson while with a vector and a pseudo-vector one may construct

an observable (their scalar product) which is the baryon

e
M = f. = 1.

- = - =%
B=f.g and B=1{f.¢g

The presence of a dot product in the baryon state shows
that when two flavour indices are pertnuted the baryon wave-function gets the
opposite sign in the colour-space. This perhaps may explain why even if quarks do
not obey Pauli statistics individually the baryons must obey to the Pauli principle.
The fact that observables must be scalars in the colour-space may explain why
{(qq) or {(qqqq) are not seen while (qq) and (qqq) are seen and why one
may hope to observe exutic states like (qqqq) or (qqdqq) ....
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As for the mesons it may be useful to note the J quantum numbers on a

1 -
diagram and for simplicity sake omit the 'n'— coefficient , so that

A

-'c' - o -
f

-t
B = 7 * (111, 4)
. 5P hio o= JL| Hz"fa)" *'F»'ﬁ. N
& d
- . - N
The &~ is for example graphically represented by I~ = %4_ A
~
a4 (11. 5)
Let us note that the existence of the s flavour in the diagram implies that the £
has a strangeness S = -1 while the existence of two flavours d gives an isospin

I1=1. The electric charge Q is determined by the electric charge of the quark

componerts.

The change of direction of the three arrows of a baryon diagram leads to

the graphical representation of the antibaryon

- 3% hadt 3 - -3 -

- _ P »r _ ¥ * _ #*
B = T ;(33 = fl .(fz Af3)—f1.g (I11. 6)

The antibaryon B has the same spin and isospin that the B baryon but all other
quantum numbers (B, Q,I,S8, C, b, t, P) change in signs as can be seen by
replacing the quarks by antiquarks with the same flavour.

When one limits the study to the (u, d, s) flavours of the quark one
s - +
obtains an SU(3) internal symmetry and an octet for the fundamental _;" states

+
and a decuplet for the fundamental EN states of the baryon

2
AY Y
} A° NI At att
(e ¥ 2 () (ddd,) (dda) («:wd) (arma)
7/ mleey \
(daa) A° ns) 3 3
{Aadh) (A1)
== =0 1 T
z atates
+
states
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It seems moreover that the (ud s) state with JP = '—;' may be assigned to

the A (1405) particle and constitutes the singlet state of the SU(3) internal

symmetry.
When one introduces the charm in the possible flavours of the quark one

gets a 20 plet for the baryon states that form an irreducible representation of

5U(4) 12)

¥
c - states

o
(cu),‘ K

T (udd) _3: {uu.o[)

JAEp e

e \
NI

Here too, we have only considered the ground states of the baryons and not taken

into account a relative orbital angular momentum,



1V, THE INTERACTIONS

In the following we only consider the strong interaction between the quarks,
Such an interaction is known to be independent of the flavour, due to the exchang=

of colored gluons and to conserve the descriptive quantum numbers S, C, b, t.

We shall consider two ' basic ' interactions, the first one corresponding

to a fusion process by exchange of one gluon and annihilation of a (q q) pair of

quarks with identical flavour and the inverse process ( a separation) . We shall
symbolically denote it by
M+M & M
If we use the graphical representation of the mesons we get
z ~
A A ~ oo A f J: A A -~
J;o—»——if 1-')0 ——if = ;ﬁl—»—l--r-- + '"»"'_’_'fz = 0&}-——0--»---}—»—);&
(rv.1)

The exchange of a gluon is thus here represented by a link between the quark lines.

We can associate a strength A to a separation process, where A\ is the

6)

Veneziano coupling constant

>

A A ~

——t{ = A e § (1v.2)
A 2 1 2

The second ' basic interaction ' will be the triple rearrangement between three

quark lines symbolically writtenas M+M+M = B+ B .
We begin with the use of the separation process on the three involved

mesons

A A A A,
§ s fu—- oo i 4

~ A' 3 ~ FN

§, ——f, =X P —— (1v. 3)
é; l—a—-lgg fa f—t——f- - o= —— }”

V7= :hen use the usual pinching rule of the graphical technique to get



A
rs A /
§ A= 8! 4 5
- \ K 3 A
¥ f—s Gl = A gy (V. 4)
R ’4/ \‘ . ”
S i f] X M

We have introduced as a basic hypothesis the pinching rule on three gluon 'lines
and its validity will be shown by the consequences thds obtained. We shall write

the two basic interactions in the following way :

~ " A ~ A A A A A
5'4 13, = “E prom e 2 h—id + & Lﬂ_}
~ -

~ ) ’
=g 3 4 1 (1v.5)
i )= V(g ‘)
2 2 2 2
3 3 -'Fg 3
fl fz f
We have to note that the relative position.of thequark q , q , q in the
k, k, k

baryon and g ! q 2 q 3 in the antibaryon is not important since as soon as a

choice is maid in the baryon the order is correspondingly fixed in the antibaryon.

We can deduce from (IV.5) the strength of a double rearrangement process

a Ay a ”~ A -
5‘1' 4 7_5'1"_'_"""” i 4’ ft‘&,—'\ .'_*_'51’
Lol ~, = A -, Az A, “n (: - ,\"
L;—-.-J{A {l-—-—-o-----.v—-—a{, {ll—q—r‘ S——ik,
and we write it as

A LY} -~ A

£ i I‘-F-I 2 51 ——i g’-i

a L ¥} = A ( A A ) )

¥ S ——§ (1v. 6)
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We note here that the pinching rule has been used as to pinch corresponding quark-
lines and allow the formation of scalars in the colour-space
in
The virtual processes in which quark-lines disappear (or are created of)
the vacuum may be deduced for our fundamental hypothesis (IV.5) . Starting from

a barsron diagram we get

£ : 7
B oo e f—a—i £‘ R 'J—i—l f,
r (\5 -~ S~ e
= R Y - > e e
rd - -
A N P .
§ -l § ' ——i
or eliminating the three convergent gluon lines it comes that
A ) A
5 J
L}
A - a3 “a
i =4 £
y )
A 3
which gives the identity A} =4 1.7

which is coherent with the triple rearrangement virtual process since

e O TS O ND -

An analog procedure gives the double virtual rearrangement process and the

graphical representation of a pomeron
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_‘S‘ -
A N
C A . R |._4__1‘.£| AW "-H—“fq
= f\ =\ L.» <"
’ - Ay
g el e g

(1v.8)

]
K

which gives the identity .
A

With one single interaction one must get too

fl 0---}—’—]----. = 4
Let us now try to identify a special type of diagram with a loop on a quark-

antiquark line :

4
We find (with IV, 7) that 3‘_'._.,_0_,_@"‘ = A ;/f-‘l—»—%j-" (1v.9)

A question may arise. Why do we not apply a separation process on the

loop ?

i }-»—Q—H?L =N §|A—»—< i ‘

It appears that such a process will separate the quark and the antiquark-lines and
lead to non-scalar objects in the colour space. Such a separation is thus forbidden,
We can now determine the strength of the interaction between a baryon and anti-

baryon with exchange of one , two or three gluons,
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i) One gluon exchange :

N - ———
(5
= ,\" A

5 i

Aseparation process may now occur on the different quark lines. As previously indicated

',‘-h)
e id
DY

o

a ny separation must lead to a scalar in the colour space. It is thus impossible

to consider a separation on fl and fz without a separation on f'l and f'z . We

can thus get 3‘ }\' f,
A

§ §:
- i—l ?', ” A
X' R Y W =a £ »—C}»—i{z’

N ;: .
£ 7, ¥

2
and with (IV.9) we find that
A A A l\’
{, § i r—r—i§!
A =
A - < A
'.Fs. ;E;’ :F-. ——f/

A same result should have been obtained by considering directly a separation of the

four quark lines

3

fl- i s “‘ - ,
| 4 }) '\ } , fo ]

A pinch on (fl sz) and (fz £ l) is also possible leading to the value



" _ A3 @6 _ (iv.12)
;cz »—-—4_;‘"

The two processes described in (IV.11) et (IV.12) are in competition and we shall

write it as

A A ~ - A,
£| ,: »lp—v——i I' §. l—"'—'lf?f

=A (A .y = a A, ) (1v.13)
A ﬂl—.—’l{ {l. '_"_’fq ’

3 '

1f the involved quarks have the same flavour one gets zero in the right hand part.
This may perhaps explain why some authors have given this result as an extension
of the OZI rule and called it the JOZI rul(laozvhich " forbids a breaking of a junc-
tion "1.3)Our crossing rule is in complete disagreement with this statement and is

based on a mathematical transcription of the above result,

Let us first recall that the \ coefficient only compares the strength of such a
process to the fusion process. On the other hand, the graphical equivalence (IV.13)
is simply a diagrammatic expression of the crossing rule as defined in the

8
Graphical Vector Analysis ) We can recall it by an analytical transcription of

the diagram involved

3\ ‘f‘/ » '
< Y 4
¢ ' ‘H—- & < —»—-{{:
- s
Z ~ € 4
L AR A N £
- (9 c‘

(1v.14)
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We use the well known relation

CICZC
> ] ¢ Lot T 8 o 6c ot " 6(: e 6(: ! (Iv.15)
c 1c2¢ 1% %% 12 %251
to get " f t f v f '
& £ .0 g o2 o2 1 =f2 2 -
I q_ 4q q° q” - % ¢q £ q’q
C Cc C C C C C C
cl 1 1 <:Z 2 2 < 1 lcZ 2 2

" and we refind the graphical equivalence (without the strength parameter)

:F: 'f«, ﬁl——v—-lf‘, ‘f\'_"—-l‘rl'
- _ (Iv. 16)
i §! ;c;“"—'%i ﬁ = ?.'

- —p -I' -y - - Py s =t
v A 15y = v oy 1 '

(£1A£ ). (f i ) (i fl)(fz.iz) (il.iz)(fz.il)

This equivalence will be of great importance when dealing with the baryonium,

In most cases the interaction between a baryon and an antibaryon occurs

via the exchange process on the gluo:}\lines

“r> B 3
o
+
xe
N
225
:
.
l
S i
)l,,
’uT
)
.‘.—h)cu o
+
= »>
~

Now the last diagram may decay through the formation of an other baryon -

antibaryon system or through the formation of mesons with (IV, 13)

- 2 - 3
(f1£2f3)+ (k1k2k3) A (131§)+ A (fl Z163)+ k (k. k k, 3)
2, - 3 -
AT (e K ) + A (flkl) # a3 (£,x,) (1v.18)

2, = .3 = 3,,
A (£3k3)+k (111;2) + A (£2k3)
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With the pp system one may obtain for instance (among the many opened processes)

A A A
AL A 42 4
::_-,._ :,_ + a. 2 :A’.(Al—b—'a) +r\z( )+(IV.19)
FS o~ A - -]
- a d 4
4 a
prF = 22(n%) + 27 (n+ i) (1v. 20)
= A2 4 23 (%4 %) (1v.21)
= 2% + a3t (1v. 22)
With (IV.20) one gets <o) = )‘2
(™)
o (n°) 1
With (IV.21) one gets Rl . > >
o (n%) AC(1+N) (1v. 23)
o(r)  _o(r]) 2
With (IV.22) one gets = =2
o (n°) o (7°)

ii) _Two gluons exchange :

<':> A * < > — 1 =A'3“| —7 (1v. 24)

3

Lo
1]
2,
)

If one looks at a reaction BB in which two gluons are exchanged one gets

i $ i

(1v. 25)



19.

3
3 - 3 - 3 —
A (fzkz) + N (f1 kl) + A (£3k3) or

One can have an exchange between kz and Kk, getting thus two possibilities

k k k.
(f,6515) + (kK ky) { _— . . (1v. 26)
Mg, k) + X (1K) + A (1, k)
With the pp reaction one may obtain
p+p = A(°) + 2 (0% + 2319
v.z27)
= a3 (nh) #2700 + 2% ()
One gets the same mesons than in (IV.22) and (IV.23) but
e (n) o)
—2— -] apnd —— =1 (1v.28)
o o
a(r) o)

If such a ratio is obtained it supposes that the pp reaction does not produce the

intermediate state as described in (IV.19).

iii} _Three gluons exchange :
If we introduce a separation on the three quark and the three antiquark lines

one gets
Bk e L
A ~ ¢ A 3 ~
£._ *:. = A ‘f'. l——'—-—l‘?fz = A ?z l-—-——,g't (1v.29)
A A A A ~ ~
}, A j'.’ ——t fs ——ify

One may think that there is not any difference between that result and (IV.26) .

In fact, one gees on (IV,26) that in any case on must obtain the meson (flil) if
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there is an exchange of two gluons , but with the excha‘nge of three gluons one may

not detect the production of the meson (fl Tgl) and get for instance
3 - 3 - 3, -
A (flkz) + A (f2k3) + A (f3kl)

- - - 3 -~ 3 - 3 =
(f ) + (klkzk3) ={ A (flkz) + A (fzkl) + A (f3k3)

lf2f3

a3 (€,5,) + A3(fzi;l) + a3(f3fz)

(1. 30)

With the proton - antiproton system where four of the six flavours involved are

identical to u, it will be difficult to distinguish between the two last processes

with exchange of three or two gluons but it seems possible to distinguish between

the first process and the others.

iv) Examples of application :

As an application of the separation and pinching procedure one may consider a

reaction of a meson ona baryon., In such a case one must have only one gluon

exchange

~

&

A

's‘_ ) S a1 1
: A A A ‘\2 A N ’
\ §oed—d o R
% A

14 2 v

=4 f;!—-——lﬁ +4 %1
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- - ot
This process may for instance explain the reaction K p , 7 I since
A A
“S L
a 1 ;
4 4 4 4 ad - et
A
i “ J - SRR A R/
A
A
9 A A A
=AY Ay d—e—qa )
A (1v. 32)
A
- 2 2, -
(sT) + {(uud) — A {(uus) + A (dd)
- + -
K +p — (T) + W
quark -

A second example will concern an exchange of a gluon between a

14)

antiquark of same flavour

“F‘o -~ A ~ ' ~
o+ f—ik s

KT
>
:;‘1
>

f =£z=k =u

fy =4 (ud) + (uud) — (us)+ (uus)
= +
ko= s "4+ p — Ktigzt

We note that such a mechanism allows the change of one flavour by exchange of

one gluon,

305
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V. THE BARYONIUM

As previously mentioned the physical observablesare scalars, built with
flavour vectors in the colour space. One can then imagine more complicated sys-
tems than the mesons and baryons usually detected and such expected objects have
been denominated baryonium in the literature. In fact as we shall see later, one
should have two classes of exotic particles. The first sort of such particles are
bosons and thus do not obey to the Pauli principle, behave like mesons and may
be called exotic mesons or mesonium. A mesonium will be always constituted of
equal numbers of quarks and antiquarks, so that its baryonic number will be zero
and its decomposition by strong interaction will produce baryon-antibaryon pairs
or mesons, The second class of object will call baryonium are fermions and thus
have to obey to the Pauli principle or bosons,and do not obey to the Pauli principle.
A baryonium may be constituted of quarks only or of quarks and antiquarks in non
equal proportions, A non leptonic desintegration of a baryonium will always give
at least one baryon (it corresponds in fact to the conservation law of the baryon
quantum number). '

Let us examine now how one can get the mesonium and baryonium. We
have first to recall the two fundamental rules of our graphical theory of the
particles

1. One may sum only over corresponding lines ,(contravariant like a
quark line and covariant like an antiquark line 0
2. At each vertex the three quark lines must have the same direction y
(ingoing or outgoing).
With these two fundamental rules one may ask ourselves what sort of
scalars one can build with the flavour vectors in the colour-space and thus what

sort of observables one may expect. We shall examine the question with respect

to the number of vertices involved.

1) n=0 :

We obtain the usual meson (baryonic number 0)

- ~ A - .y
M, = (f)f,) = 5’.""’_"5'1. = (f.50) (v.1)
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The first rule indicates that (flfl) or (f-2 fz) cannot exist since they are not

scalars in the coulour-space.

2) n=1:

One gets the baryon or the antibaryon in virtue of our second fundamental

rule
A
&
~ e - -— - - % ladiad .4 - -
= = = A = = =
By = (ff,15) ” fs fo (G ) = f.8 =1f.8 = f.8
%
i - -> - %
with £, Af3 = g pseudo-vectors & CG*
- - .%
A =
04, = 8
bond - %

()
—
>
N
1
)
2

With the scalar product of a pseudo-vector of ?.’ and a vector of ?:" , one obtains

the antibaryon

:

\—
n
Sr?
n
()
-
"
S
"
-
™~
@
[y
"
-
w
%
el )

iy

One may link the existence of the Pauli principle to the existence of an axial vector

- ‘*
g (or g ) in the detected observable,

3) n=2 :

With two vertices the only possible diagram according to the fundamental

rules is the following
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Its structure is analog to that of a meson since its baryon number is zero but the
vectors are replaced by pseudo~vectors. Such an object should then be a mesonium

M_ . The antiparticle .1\_/1-2 is easily obtained by inversing all the arrows

2

o>
Progd

- - -k - e — -
lf2i3i4) = (f1 At ). (i3Ai4) = gy B (v.3)

=(f

o
x>

*
The presence of E or -é axial vectors in a particle leads to the Pauli principle
existence as previously mentioned but when two (or more generally an even num-
ber) of pseudo-vectors are involved the corresponding particle becomes a boson
and the Pauli principle is no more fulfilled.
With the use of the graphical technique (G.V.A.) (or analytically)

one may express M, in a different way, For instance

2
= T (GHENT) < FL () w5
One sees that ;;/\;5 becomes a vector of the i,’ colour space
Tag=T1 (V. 5)

The mesonium M2 has a baryon number equal to zero, a positive parity

and a spin equal to 0, 1, or 2.
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The remarkable thing is that it is impossible to form an other kind of
observable with two vertices and our fundamental rules. A diagram like M2
has already been considered in the previous section and we have seen that through
exchange of gluons in non leptonic desintegration such an object may separate into
mesons or a baryon-antibaryon pair

A (f g) + )\(gf 3 )

£) = + .
£} x(f1f3) k(f2 4 (V. 6)
A (f1f4) + A (f2f3)

+ s R
1f one considers for instance the reaction p + £ one should get as indicated in

the preceding section

D

If we consider only the mesons produced in a zero orbital relative state 0 or 1~

. : + + + s s s s
the mesonium should be in a state 0 , 1 or 2 . Let us consider for simplicity

Kz(u'ﬁ) + ).2 {(udus)

N (us) + N (udid)
2 . 2 (v.?7)
A° (du) + A" (uuids)

A2 (d3) + A (uu' ®)

k39

* pie
by
i

2 ﬂ-—

sake the meson in the 0 state and the mesonium in the 0+ state. In (V.7) we
have consideregzquiprobable all the interaction processes,even if one may suspect
that due to the fact that the u flavour is more often presen  the first process
should be more favorized than the others. If we only look at the meson production
of such a reaction one should get with application of rule (III. 13)
. A% (ud) + A (um) + A2 (d3)
(““d)_é_+ *(us) {Kz(uﬁ)i- x> (us) + ¥ (dd)

1 - —»
AZ(uB) + A% (ud) + X (d7) (v. 8)
32(dT) + A% (us) + ¥ (ud)

2, .= 3 - 3 -
A (d8) + A (uu) + A (uln)

-+
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Even if the same mesons seem to be produced in many of these processes their

branching ratios appear to be different .

In the first case

o-(d3) 32 x 2
== ) = (57) (v.9)
o (ud) AT+ A
while in the last case 2
- 2
3 3 2 :

o (uu) AT+ 4%

The same remark applies for the production of the (du) meson. In the first case

cas) | e@s) . 272 .11
o(ui) o (uid) A2
In the second process "i""(d—ﬁ)—' = 1 and d'(uE)_ = 1 (v.12)
o (ui) & (ud) 2
In the third case —ﬂd—T_IL= 3~ an ﬂ“lf—L= kz (V. 13)
a(ud) A o (uil)
4) n=3 :
i {
) 3 (flfz f5 f3f4)
B3= - - -~ - (v.14)
fﬁ ; = £ (G0 (5 A(EAT))
I

55' - it .
Such a baryonium has the structure f. g of a baryon. One may determine its

-baryon number and one gets as expected B = 1. Its spin will be in the ground

state —;-, or —;’— , or :— and its parity negative,

Its non leptonic desintegration will give at least one baryon as one can see
it by isolating the baryon-antibaryon ‘or using the (IIl. 13) crossing rule. One

obtains


file:///sT/i

By
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_ - 2 2,_-~ 2
= ()5, 6,0,0,) AL, g) + AT (FEK) 07 (ki1
P (£,55E,) + (fzfs)
A (EE.£)+ N (£, L)
234 2’5 (V. 15)

-]" (£,5,£,) + (14{;)

(r (111214) + A (1315)

A baryonium may be obtained by interaction of a baryon with a M2 meso-

nium (if exists ) since

, £ ¥s R 2 & ;
A
- -y - '
'?l' ;l A= ll'.(%a) * AL
---4—(—13 A~
4 A :
(v.16)

In this case too, it appears that the above diagram is the only posaible. This is no

more the case when n> 3,

5) n=4 : _
The first diagram we can obtain is the following

)
;c‘ a
§ -
L v = (flfzf3£4f5f6)
£ ;t“ = (flAfz). ((f3Af4)A(fSA 6))

31. (v.17)
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It has the structure of a baryon in which the vectors are now replaced by pseudo-
vectors. It is effectively a baryonium since its baryon number is different of zero

equal to B =2 . However it is not a fermion but 2 boson since its spin may be

0, 1, 2 or 3 (its parity will be positive), Such a particle will not obey to the Pauli

principle, but this is understable since appears in its structure four dot products

or in other words four pseudo-vectors

N - .3 3 3 3, . -
B, = (flfzf3f4fsf6)- A (flfzgl) + A (f3£4g2) + X (15f6g3) + A (gl g2g3)

a(f )+ A (fzfsfé)

lf3£4
A (f1f5f6) + A (£2f3f4)

_ {A(£I£Zf3) + (8 1,)
(v.18)
MEEE,) + A (£0 1)

ofifa) * A (EE,E))

{A (f£,6,) + M (£8,0,)

A(f

Such a baryonium may be obtained by interaction of three baryons with a strength

X3 since

>
~a%3

(v.19)

g
w
T o
[ 4
]
>
w
o)
2= I A

Let us consider an example of reaction in which a covector (an antiquark) is not
immediately available to fusion with a contravector (a quark) and form a scalar

(an observable). In such a case the only way to get a covector is to form with two
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contravectors a dot product (a covector}and then use it to obtain an observable.
"

For example fi :

A i‘ A -
A ‘3 + [ ! = r\ >_¢_|_--.
L ) WOt T

>—H e+ 3,' H—l‘-g
= (' A A,

>—o—v&’ P A *

If such a reaction occurs one does not see the necessity of each baryon to wait the

=
uaa: :h>

presence of the other baryon to decay into a baryon and a meson, One must thus
think that in such a reaction the remaining baryons must interact. How can they do
since there is not any covector available ? One must then take two vectors (and
why not F;i and T<'3 before they combine to the baryon ?) to form a pseudo-vector

of ‘6 . We introduce for that purpose a virtual state created of the vacuum to get
N

f,

o>
o

PR SOV S y
T , & 3 3
at - )\ E L EEEN o o RELES ] - (\
*. ; ] ~, ~ *I
A *3 ----- =i k; 4 3

[Sagld

”

e

We have thus obtained a B4 baryonium through the formation of a pseudo-vector

with two vectors., Hence one may write

B. + B' =$.ZM +AZM' + 3 B
1 1 o o 4

or with the flavour vectors

)+(klz3)-l(£ )+A(kk')+l(f 5k, 1K)

#1555 12

The search of such a baryonium has been made with the reaction pp — K+K+X 15
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a “
2 - 2 - 5 _o
4 + "=A(su)+7\(su)+kB4
A
d 4
A
AL
A
d » B=2
A J=0,1,2, 3
o n Q=0
= &
where B4 I1=0 I3=0
4 % c=b=t=0
S=-2
P=+

3
We note that the A strength should have been obtained for the formation of the

B‘; baryonium by interaction of pp = or PP "_—:° but the triple rearrangement

is certainly less probable that a double rearrangement
— 3 3
(PPT ) = A (BZ) + A7 (p)
-0 3,.0 3, ++
(pp=’) — A7(BY) + A7 (s7)

(pp) — (B3) + 22 (xt) + A% xh

One can get also a diagram with four vertices which represents a mesonium

M4 since
Lo
{\ fs
= 0,10, 01)
~ _.*

((F{AL,) A (£,0 (55 AE.))

~
n

3 )

- =¥ - -
(83 Afy ). (£, hg,)

A

(v.20)
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-k - =
and we have seen above that g A f is a vector belongingto ¥ and fAg a

vector belonging to "f*’ .

We note that a mesonium is always constructed with the scalar product of
pseudo-vectors or vectors of the same structure,

The baryon number of M4 is zero, its spin 0 or 1 or 2 and its parity
negative.

The non leptonic decomposition of M4 will involve the exchange of one,

two or three gluons and one gets
3 3, 3 3, o~ =
M4 - A (flfzg) + A (gf3k) + N (kf4m) + A (mf5f6)
- 2 - 2, -
A (f2f3) + A (flfs) + A (f4f6)
- 2 - 2, =
A (f2f3) + A (flf6) + N (f4f5)
- 2 - 2 -
A (flf3) + A (fzfs) + A (f4f6)

- 2 - 2 -
M) ¢ AT (T AT (g, )

- 2 - 2 -
A
A (£3£4) + A (flfs) + (f2f6) (v.21)
- Fd 2 - 2 -
ML) + AT (1) + AT (5,0))

A (f Y+ (61

1H2fy 5

M T) + AT ) + A (g, T

(g, T )+ A% ) AT (g, f)
- 2, = 2 -

(g, )+ AP (T + 2%, )

- 2 - Z -
e, T ¢ AT () + A% (6, )

Such a mesonium is obtainable by interaction between {wo MZ mesonium since

: § ' 3 -
A "~ A A veme f
{, TN 4 s A"f - o I

+, L= i,
{1 ?’l &1 "q‘ % R | 3"\

(v.22)

- - 2 - 2 - -
(£, 580 + (Kl k k) = 2%k ) + A (L6,Tk k k)
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16)

One can now imagine an other kind of diagram with four vertices on a square

N /1

1 ' = (f,f,f ?)=M"1 (V.23)

A~

& &

The baryon number of such an object is zero, the spin 0, 1 or 2 and the parity
positive. It is thus a mesonium like M4 . However such a diagram is not easily

expressible in term of scalar and dot products of the flavour vectors as for M4 .

Using the graphical technique for the vector analysis 7) one can see that such a

diagram is expressible in term of the scalar product, the dot product and a rank
- e - e

2 tensor of the vectors fl fZ f3 f4 . Since one has not yet defined the tensor

of higher rank than 1 in the colour space , one cannot give an analytic expression

of M"1 analog to that of M, but one may write it with the Levi-Civita tensors

4

1="2 3 -4
M = > 9 q° q  q ¢ £
4 c,c.c.C ©1 €2 %3 % c,c''c'. c,c' c' c.c'.c' ¢c,c'c'
1727374 17172 2723 3’374 4471
1) ) 1
clpelclyel,
(V.24)

The non-leptonic decomposition of M"1 may lead to a baryon-~antibaryon pair or

with the crossing rule (III. 12) to a pair of mesons

4 4, = - - 4 4 -~ =
AT (e k) F AT (K kG ) o+ AT (fkgk) + A (K, k)

- - 2 s T4 (T
- A )+ (1)
- . 2 - 2 —
A M, (£6,6,0,) = i AT E) A (1)
2 - 2 -
A
A (flf4) + (f3fz)
(v.25)

and the same result by a cyclic permutation of the indices.



33,

Conclusion

We have shown that the observ_ed meson and baryon may be considered
as rank zero tensors (scalars) in the colour space. The existence of the Pauli prin-
ciple is thus linked to the fact that such scalars are often obtained by contraction
of a vector with a pseudo-vector (axial vector) which is nothing but the dot product
of two vectors of the Cg colour space. Such a geometrical insight gives an easy
comprehension of the possible existence of meson and mesonium, baryon and
baryonium. A rule, corresponding to the crossing rule of the Graphical Vector
Analysis 8) has been established. It defines the non leptonic decay of elaborated
quark configurations into usual mesons and baryons. Such a rule is in disagree-
ment, in the more general case, with the JOZI rule stated by Imachi et al. 10)
" which forbids the breaking of a junction ". It means that the JOZI rule predicts
that any mesonium or baryonium will decay into mesons, baryons and antibaryons
while our rule predicts that mesonium may decay into mesons only while baryonium
have always to decay into at least one baryon and mesons. It should be interesting
to verify experimentally such a statement. One has finally to note that we have
introduced in the fusion process a A strength independent of the quarks involved.
It seems however that such a statement is somewhat crude and that one has to
introduce a different strength for each flavour involved. But such a refinement

does not alter essentially our results.

I would like to thank my colleagues for many helpful discussions and
especially Professor Lambert and Professor Giffon. I am indebted to my colla -
borator, Dr. J.Meyer, for many comments and a careful reading of the

manuscript.
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