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Thus we see that the qa- state annihilates with the quark spins
in a triplet state, S =1, Sz = 0. This is exactly the result given
by the collinear symmetry SU(Z)W.16 Taking into account the SU(3)
quantum numbers of the quarks, we obtain SU(6)w as the natural vertex
symmetry of the quark model.23 Note that the derivation above is
independent of what collinear frame we choose, since SU(Z)W states are
invariant under boosts along the z axis.

Choosing some collinear frame, it is easy to calculate the SU(6)W
symmetric vertex functions. Let each quark be represented by a pair
of indices (a, a), where a specifies its SU(3) nature and a gives its

spin orientation along the z axis. In a collinear frame, the meson-

baryon vertex (Fig. 3) has the form

(aa) (Bb) (8d) M(Ye) D

Baa) (8B) (ye) () ae  ° @)
The matrix
0 i
D = 1_{_1__ 2)
211 o

in (1) specifies that d. and E; annihilate in a spin state S =1,

S_=0.
z

Let us recall the form of the SU(6) wave functions24 for the

B(aa)(Bb)(Yc) (aa)

36 baryons, (8b)*

, and the 335 mesons, M
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(aa) (Bb) (ye)m _ 1 aBa Y (m) Bys _o (m)
3 3 [? . g Cab kg T.® 85 Che Xa

yao B (m) .
il 8 o} Cca Xp ] + DOLBY Ch c)

The superscript m = at+b+c gives the spin projection of the baryon.

(m)
ab £ci * (3)

X is a two-component spinor

1 0

* -1/2) -
X( 1/2) _ ; x( 72) - %)
0 1
and E(m)a is a vector-spinor,
(m) _ 1 3 . @) (o)
where
L 1 -
€ =7 (+1, -i, 0) .
o
€E = (0, 0, l) . (6)
The matrix C is given by
0 bl )
C=410 = " 7
1o, (7)
-1 0
o aBy : ;
B 8 and D are the SU(3) matrices for the octet and decuplet:
1 o} L 0 +
yrob oty A k P
% = 5 W T n (8)
B ) 92 ﬁg ’
- o 2 0



where

and

Dlll = A++
113 1 %+
D = —— T
Y3
123 1 *o
D = —— 1
V6
D222 . A
D233 1 ==

K

12

(9)
(10)
K+
(o]
& (11)
2 0
Vo
. (I2)
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The superscript m specifies polarization for the vector meson nonet.

Using (3) and (10) in (1), we obtain the vertex functions gi-
ven in Table I. The 36-56-35 vertices are all determined to within
a single constant factor by the SU(6)W symmetry. Similarly, the

35-35-%2 vertices may be computed from the coupling

——

1aa)  ,2(8b)  3(vd)

4 (8b) (ye) (0a) Decd g

(13)

The results are summarized in Table 2.

Using the information in Tables 1 and 2, it is a straightfor-
ward matter to calculate the invariant vertex functions which, in a
collinear frame, reduce to those given in the Tables. These invariant
vertex functions are listed in Table 3.25 Common mass factors have
been absorbed in the constants ¢ and d to give the entries a simple
form.

The extension of the couplings in Table 3 to vertices iﬁvolving
Regge recurrences of the listed states is easily made. For example,
the SU(6)w symmetric coupling of two pseudoscalar mesons to a V recur-

rence (quark spin 1) of spin J =L + 1 will be .

’d(J)Ma(J)%wl.. .uL(pl+p2)v(p1+p2)ul' "(pl+p2)uL [<P1P2V> - <P1VP2>]
(e denotes the polarization of the V recurrence.) The higher spin
indices simply couple to appropriate momentum factors. In general,

couplings for excited states with a given quark spin assignment may be
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constructed by decomposing the spin of the states into quark spin
and orbital angular momentum and coupling the quark spin according to
SU(G)W. This will give a unique result whenever two of the states
have no orbital excitation. In other cases there will be more than a
single coupling for each class of SU(6)-related reactions.

Note the presence in Table 3 of factors involving the masses Ml’
MZ’ M3. These factors have a simple kinematic origin. Some of these,
.., (Ml + M2)2 - M32, arise because the SU(6)w symmetry relates
vertices involving different angular momenta., Other factors, e.g.,
M3 in the Pl P2 V vertex, arise because the symmetry relates vertices
involving vector mesons of different helicities. The polarization
vector for a vector meson of zero helicity is proportional to l/MV.26
Hence, within a class of vertices related by SU(G)W, those vertices
involving a zero helicity vector meson will contain an extra factor of
MV relative to those not involving a zero helicity vector meson. This

is the only source of odd powers of meson mass; the angular momentum

factors will always contain factors of (meson mass)z.

- 3. Construction of a Regge Amplitude

The presence of extra "kinematic" factors in the vertex functions
has important consequences when we construct a Regge amplitude. In
general, we find the presence of fixed Regge cuts with branch points

coinciding with the zero energy intercepts of the Regge trajectories.
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This phenomenon has been discussed previously for fermion exchange
processes; here we find cuts for boson or fermion exchange processes
and predict the relative strengths of the cuts in different processes.
The Van Hove mode127 expresses a Regge amplitude as a formal sum
of Feynman diagrams for the exchange of all resonances along a given

t:rajectory.28 Consider, for example, the reaction

e = o (¢}
R o | R 5

*
mediated by p exchange (see Fig. 4). The coupling at a wp T vertex is

o au,ys * J
N2 d(3)e "1 €(w)o p(p*)Y P(m)s P(n)uz...p(ﬂ)qu E(p*)uluz...uJ H

(14)

* *
for a p of spin J. The mwmp coupling is

J
-2 d(J)mp*(J)p(ﬂ)pl p(w)uz"'p(ﬂ)uJZ e(p*)uluz...uJ . (15)

*
The Feynman diagram for the exchange of a p of a spin J is therefore

MI)=21d% (I)m(I) 47
§
+ o+ 2w * ey
Py P, Ti : 'u JV v, Pg Py Py Qy E(m)a h
l... J l-'. J’ l..' J 2... J -

X
& )
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Zidz(J)m(J)4J * -  _aBys

€ Q. p
e m2 5 (wW)o “y “§ s

where Tﬁ?i/(t - mz(J)) is the Feynman propagator for a particle of
]

spin J,

+ -
Pwt, ) =47t oD 2 WPT 7
pllp

and t = Qz. We assume that mo=m to simplify the kinematics.

Summing over J and transforming the sum into a contour integral gives

+ -
& (Hmtay 1 ? ch"'J(P » <P )

1
M=tIMQ) =2, [ dJ - . , (18
k 2 B¢ e mZ(J) J BPB— sin nJ
using the abbreviation
%* - apy$
= 2 A
ZB i Eraba QY p fe (19)

The contour C is indicated in Fig. 5. If we assume that the m2 is a

linear function of J,

J=-a

n’(3) = —2 : (20)

and that dz(J) is analytic, then we can open the contour in the J
plane obtaining contributions from the pole at m2(J) = t and the cut

with branch point J = & This gives
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2 '
= EL D VE_of % 2 GACHEES

sin 7o 8 9. = J\E
Pg
% e Yoty L8 +
-2, A ( 5 : o 'pJ(p.-p'B (21)
t =m (J)) sin nJ Pg
where a(t) = o +a't . (22)
In the limit s = (p+ + p‘)2 +w
2 a(t)-1
7 d (alt)) blalt)) a' 8 +
3?2+ sin Ta(t) ZB Pg Ve
g8 Pg -m G 2 g
-m (J)) sin wJ
where
b(J) = F_(_Z_J_-’-% - (24)
(r(J+1)) )

It is clear that (23) consists of a moving Regge pole term and a fixed
Regge cut, Nonsense couplings along the trajectories are preshmably
eliminated in the usual way be zeros of dZ(J) gt [ Jm0, el =2y 0w

Therefore, for negative t, we can approximate

2
d”(a(t)) blalt)) o' _
sin ma(t) 3 d° ' e
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Then (23) becomes

o -1

+ o t)-1 1
Df(z‘n'dOZBpB [errf(utins)sa() +mso]

o =1
o

+ - a(t)-1 S 1
=nrd Z,p [—ft' s + (1+d(_|'_))] .
&R TP 2t V7 (o ta 8)°> 2 8% a8

(26)

In Eq. (18) it is clear that the fixed cut arises from the pre-
sence of an odd power of m(J) and the assumption that dz(J) is
even in m(J), i.e., analytic in J. If, for example,
dZ(J) = m(J) dl(J), with dl(J) analytic, then the =7 -+ 7w ampli-
tude would have no fixed cuts. In this case, however, there would be
fixed cuts in the amplitudes =m + 7w and ww -+ mw. Hence the pre-

sence of fixed cuts in some amplitudes is inescapable.

4, Experimental Consequénces

The presence of fixed Regge cuts has three important experi-
mental consequences. (1) Asymptotic behavior. At sufficiently high
energies, the Regge cut term gives an energy falloff independent of

29

=8 (2) Polarization. When signature is incorporated in the model

by the replacement

X(e,z ) +% [M(t,zt) + TjTL(t,-ztﬂ ; (27)
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Regge pole terms will acquire the usual Regge phase, but cut terms
will have some complicated varying phase. Thus there can be inter=-
ference between the pole and cut terms, and exchange of a single
Regge trajectory will be able to give non-zero polarization. (3)
Wrong=-signature nonsense dips. The contribution from a single Regge
pole term vanishes when the trajectory passes through a nonsense
value of the wrong-signature. The cut term does not vanish, however,
so an amplitude with a significant cut term will show no dip at
wrong-signature nonsense points.

A qualitative discussion of the third point is easy to make.
We will restrict our attention to processes involving vector meson
exchange. In Section I we gave a simple criterion for determining
the presence of odd powers of MV in vector meson vertices. The
argument required examining the vertex in a collinear frame. Note
that the t=-channel center-of-mass frame is collinear for both ver-
tices, so we can apply the argument of Section 2 directly to t-chan-
nel helicity amplitudes. The factors of m(J) which will appear
in t-channel helicity amplitudes involving various p* or w*
vertices are given in Table 4. Assuming the absence of a cut term
in some particulaf helicity amplitude, this Table allows us to
predict the presence or absence of cut terms in other helicity amp-

litudes. In general, a reaction will have no cuts in some ampli-

tudes and cuts in others. We must pay attention to the relative
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magnitudes of the different amplitudes in order to assess the
importance of cut terms in any given process.

In Table 5 we tabulate the magnitudes of the helicity ampli-
tudes and the factors of m(J) which lead to Regge cuts for a
number of reactions31 involving the vertices of Table 4. The
relative magnitudes of the contribution of a spin J V* exchange to

the various t=-channel helicity amplitudes are given by

*
2 ) ) _ Q) (W)
flu(t-m J),s) Vl V2 € . €y G(J) . (32)
Vl(A> and Vz(u) are the SU(6)w vertex coefficients from Tables 1
and 2, and Ez(u) specify the orientation of the quark spin of

*
the V at vertices 1 and 2 respectively in the t-channel center-of-
mass. Equation (32) is obvious for J =1 and is valid for arbit-
rary J because the higher spin indices always couple to additional

momentum factors at each vertex. In the limit s > « |

|

(P @OF Oy Al ]

In Table 5, then, we tabulate simply

v, O v, ® o) a@ /@A Il

For convenience, we have defined

c(d) dQJ)

g(J) = =3¢ e R
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Genuine kinematic factors (kinematics of 7N = 7N are assumed
for all reactions listed) are tabulated as+vt or t. The factors
of m(J) induced by SU(6)w are determined from Table 4 and tab=-
ulated in the appropriate helicity amplitudes.

The qualitative features of the data for the reaction
ﬁ-p > won indicate that the reaction is dominated by a Regge pole
in the t-channel helicity 1 amplitude. Therefore, the function
g(J) in Table 5 must be approximately even in m(J), i.e., analy-
tic in J, so that the helicity 1 amplitude is purely a Regge pole
term while the helicity 0 amplitude contains a Regge cut as well.
This cut arises from the presence in the amplitude of a factor
m(J) and is referred to in Table 5 as a weak cut. As can be seen
in (26), the contribution to the scattering amplitude of a weak cut
(m(J) gJ)) at t =0 1is suppressed by a factor
(7o' 2n s )—l/2 relative to a pole term (g(J)). A cut arising
from the presence of a factor 1/m(J) is referred to as a strong
cut. The magnitude of a strong cut (g(J)/m(J)) dis larger than
that of a weak cut by a factor of 2 o' n s.

Now in Table 5 we see that the helicity 1 amplitude in
w_p + wn containé a strong cut with a numerical coefficient larger
than that for the pole term in the helicity O amplitude. Therefore,
in this reaction, the cut effects should be appreciable and we

expect no wrong-signature nonsense dip. Proceeding in this manner,
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we may make the other predictions given in the last column of Table
5. These predictions agree with experiment for all the reactions

listed.32

5. Discussion

The qualitative discussion above should be largely unaffected
by the manner in which the SU(6) symmetry of our theory is broken.
Symmetry breaking will alter the SU(3) factors and numerical coef-
ficients in Table 3, but will not affect the mass factors, which
arise solely from kinematic considerations. In Table 5 it is
apparent that the question of dip or no dip depends primarily on
these mass factors. In a quantitative fit of differential cross sec-
tions and polarization phenomena, symmetry breaking effects will be
important and a more detailed theory will be necessary.

Aside from symmetry breaking, an important question concerns
the relation of our work to duality. Since both schemes are based
on identical quark graphs, it seems likely that they may be fused

in a unified approach.



PART III

COVARIANT CONSTRUCTION OF QUARK GRAPH AMPLITUDES

In Part II we described mesons as quark-antiquark composites
and baryons as three quark composites by using non-relativistic SU(6)
wave functions for quarks, and writing the hadron wave function as an
outer product of the SU(6) wave function of the constituent quarks.
Vertex amplitudes for a collinear frame were then calculated with
these wave functions, and the corresponding relativistic form of
each amplitude was guessed. ''Guessing'' involved writing all possible
invariant vertex couplings, evaluating them in a collinear frame, and
solving algebraically for the combination which produced the collinear
amplitude. A much simpler approach is to start with covariant wave
functions and use them to directly calculate the invariant vertex
amplitudes. In this section we shall construct such covariant wave
functions. We shall also demonstrate that our results of Section II
on the existence of cuts in meson exchange amplitudes can be understood
simply from the form of the covariant wave functions.

Since the quarks are fermions, the covariant wave function for a
hadron will be an outer product of Dirac spinors, one for each quark
or antiquark composing the hadron. The Dirac spinors involve momentum
and we must therefore decide what momentum is to appear in each Dirac
spinor. Recall that the essential assumption made in the non-
relativistic calculation was that the transverse momenta of the quarks

could be neglected. Our covariant wave functions must therefore be an
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invariant formulation of this assumption, which we make as follows:
"The momentum in the Dirac spinor for each quark is parallel to the
momentum of the composite hadron.'" The magnitude of this momentum
is fixed, provided we normalize our Dirac spinors to uu= 1. That's
all there is to it. To construct hadron wave functions, we just sum
over the different quark spin projections needed to form a state of
definite total spin. It turns out that the resulting expressions

can be written quite simply, much as the expression 2 u Gc may

F+M
2M '

be written simply In what follows we shall be mainly
interested in constructing the spin part of the hadron wave function
and in so doing we shall neglect the SU(3) quantum numbers of the
quarks. We will then form complete wave functions from the outer
product of the spin and SU(3) wave functions.

The first thing we shall do is list the Dirac spinors used in

describing quarks or antiquarks belonging to a hadron of momentum P

and mass M. They are

1 0
RS 0 (F + M) 1
M E T g /M (E + M) 8
0 0
9 .. 8 v = 2-m (o0
YoM e+ | T VaE+w |t

We shall now construct the meson wave functions, which are of

the form U(P)Gl _V(P)Ué , where we sum over the values of o, and

0, needed to give the desired spin of the meson. For example,
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u(@), S@)_ - u@)_ V),

represents a quark—antiquark in a spin-
V2

zero state, and is therefore the wave function for a pseudoscalar

meson. We simplify this expression as follows:

u(P), V@)_ = u(®)_ v(P),

V2
1\ (0010) [0\ (000 -1)
- M) : 15 @ - M
Y2 24 (E + M) 0 0
0010
¢en__ [3803) ¢ow
2 /2 M (E + M) 0000

L WA+ v -

V2 M (E + M)
(P + M) ve)
- 5 mlm2
2V/2 M

This is the covariant spin part of the pseudoscalar meson wave
function. The value of a matrix element for a specific value of the
indices m, My, is éimply the amplitude for the Dirac spinors of the

quark and antiquark to have their indices equal to m, and m, respec-

tively.

In a similar fashion, and with only slightly more work, we

will now construct the spin part of the vector meson wave function.
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The wave functions for the three vector meson spin states are

712 (u(@), S()_ + ul®)_ I(®)) 5, =0
G(P)+ ?;(P)+ s, =1
u(P)_ v(B)_ 8, = -1

If we're clever, we may write these in the form

(ai C)c g

i 12 -

€y M) — L -
V2 1 3

Here we have used ci

, the 2 x 2 Pauli matrices, the matrix C =(_

(¢ (g
10/ °

and eA(M), the spin polarization vectors for a meson at rest. The

values of EA(M) are EO(M) = (0001), €41 y

M) = = (0 -1-10)-,

1.
€1 = — (0 1-10) . 1In trying such a form, we are guessing that

V2

a simple form for the vector meson wave function can be written using

the polarization vectors.

This means that we really want the polar-

ization vectors for a meson of momentum P, rather than one at rest.

Before we change, we write our expression in terms of Yy matrices,

as before.

(cri c)

i 172

0.0 (P+M)Yu(l"Yo)(?“M)

g W) — u GG ==-E‘xl (M)

vz o M (E +M) V2
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QL+ ¥ y) vy, O+, P)(%_l)

Y
==-¢c. (M)
. M (E + M) V2
Now we switch to the physical spin polarization vectors, EX (P), using
v u v v
the relation Au €y M) = € (P) , where Au is the Lorentz trans-
formation which takes a meson at rest to momentum P. At the same

time, we use the transformation law for Dirac matrices,

M+ P Yo) Ty f + v, ?)

=7 Y , 80 that we may finally write
2M (E + M) i B
the wave function in the simple form ——— (&- - ) .
2 V2

We now have the spin part of the meson wave functions and we need only
to specify the SU(3) quantum numbers of the quarks. To do this we
use the 3 x 3 SU(3) matrices Mi . The rows and columns of these

matrices, respectively, tell which quark and antiquark compose the

meson. We therefore have

- (@M v
1552
Ma for pseudoscalar mesons
2 /2 M
B ew B,
s : Ma for vector mesons.
2/2 M
The adjoint wave , which corresponds to u = G, v =+ v, 1s gotten

*
by substituting P - -P, M ~ M+, and €y > €& -

We will now consider the baryon wave functions, which are of the

form u (P) u (P) u (P) . Here m, indexes the four
“1 % 3 - i
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components of the Dirac spinor. Again we will find that summing over
the values of Tys Ops Og corresponding to a state of definite spin

results in an expression which can be written quite simply. For
(u+ I u+)uc

example, 3 is the wave function for a baryon with

V2

spin 1/2 and 8y =04 - This is so because the first two quarks are

in a spin zero state so the total spin is that of the third quark. The
expression for two quarks in a spin zero state can be simplified in

the same manner used for a quark and an antiquark in a spin zero state.

But it is simpler to use the relation u_ (P) = v_ (P) C 3
o1 m o m mjmi

i J

where C = -i Yy yo . We can then use the results for combining u

and v spinors, which we got above, to write

u u - u_u ) (u+ 3_ - ;+) ¢ . -((® + M) Y5 C)
V2 V2 2 /2 M
uow - U u u03
-1
Therefore - — ((? + M) ¥y C) u_ (P) .
/2 242 M & Iy @y "Wy

This is the wave function for 3 quarks in a spin 1/2 state, where we
have chosen to put the first two in a spin zero state. As in the
case of meson wave functions, the value of the wave function for a
particular choice of %15 Oos and %q is simply the amplitude for the
three quarks to have the indices of their Dirac spinors equal to

Gys Gos and aq respectively. One can remember this wave function by
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noting that the wave function of quarks one and two,

- S (P + M) Ys C)m o » is an invariant and carries no
2 /2 M 1"2

information about the spin of the baryon. The wave function of the
third quark carries the information about the spin of the baryon;

this is clear because us (P) is the Dirac spinor which one commonly
3

uses to represent a spin 1/2 baryon with s, ='03 .

The procedure we just used was to single out two quarks, put
them in a definite spin state, use our meson results for the wave
function of the two quarks, and then include the wave function of
the third quark. In a similar manner, we will now construct the
wave function for a baryon with quark spin 3/2. First, we put 2
quarks in a symmetric or spin one state. Using Y, (P)mi =
v (P) c , and our results for vector mesons, we can write

g m m.,m
: (- -

the wave function for this state as

- (¢, (#-M)C)
1% mym, .

Here A is the spin of the 2 quarks along the Z axis. We may combine

this with the wave function of the third quark to give

— (';_x F=1 Oy oy Pny

which is the product of a spin one wave function and a spin 1/2

wave function. The spin 3/2 part of this combination may be obtained
AC
3

with the aid of the Clebsch-Gordan coefficient [; 1/2 3/2 y
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for combining spin one, 5, = A , with spin 1/2, 8y =03 to give

spin 3/2, s, = 0. We then have

2 £ (¥ - M) C) (P) [1 1/2 3/2] "3
- S—a - u
2 \/Z—M ( A ml m2 o m3 ag

as the wave function for a quark-spin 3/2 particle with 8y W= A-+03.

A simpler form is

1 (y. (M- P)C) Xy
2V/2IM Y Wy Ny By
where
v = H )»03
us ud3 (P)m3 €y [EL 1/2 3/2] g

is a Rarita-Schwinger vector-spinor, and we shall use this form in
what follows. We now have the quark spin 1/2 and quark spin 3/2
baryon wave functions, and we can combine them with the SU(3) quantum

numbers of the quarks to give SU(6) wave functions. These are

Lm0y g 8 B, )

2/2 o

@y (q2)cx2 (q3)m3

quark spin 1/2, and -

1 v
— 0, @mwoey o ou @ L A G, @y

quark spin 3/2.
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(qi) is a 3 dimensional column vector whose first, second, and third
elements are the amplitudes for the ith quark to be a proton, neutron
or lambda-like quark, respectively. Each quark can be in any of six
states, so there are 6x6x6 = 216 states possible for three quarks.

It is useful to group these according to the overall symmetry of the
wave function under interchange of two quarks. That is, there are 56
totally symmetric states, 20 totally antisymmetric states, and 2
groups with mixed symmetry, and 70 states each, This grouping is
convenient because an SU(6) rotation, i.e., a rotation of the six
dimensional space in which the quarks live, rotates the states of
each group among themselves, leaving the overall symmetry of the wave
function unchanged. We will now list the wave functions of the
various SU(6) multiplets. In the following, B denotes the 3x3

baryon matrix whose elements were given in Part 2, while D is
o b

the SU(3) decimet wave function also given in Part 2.
We begin with the wave functions of the 56, which contain an
octet of quark spin 1/2, and a decimet of quark spin 3/2.

56, octet, quark spin 1/2:

- q
rg G- Oy vy @Y €y, o

3 %199 94

+ 0Py C)p L ou (B e it 4

6 V2 M 1% 2 %% ¥

+ (Ys ‘M = 1) C)m2m3 u, (P)ml Eazaaq Bulq
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56, decimet, quark spin 3/2:

xM-7?)C) Y
2 V2 M . Ualle Bg S8ty

There are two 70's. In order to see their symmetry, let us

pretend that there is a vector ¥s associated with the ith quark. Then
: A

_ 1
the vector n = -~ is antisym:etiii ufdzz interchange of quarks
2
one and two, while the vector £ = 1 /% 3 is symmetric

under interchange of one and two. Under interchange of one and three,
or two and three, they mix. We may comstruct our 70's so that under
interchange of any two quarks, they transform just like n and £.
Essentially this means we construct states which are either symmetric
(n) or antisymmetric (£) in quarks one and two, but orthogonal to
states with total symmetry or total antisymmetry. Each 70 consists
of an octet of quark spin 3/2, an octet of quark spin 1/2, a decimet
of quark spin 1/2, and a singlet of quark spin 1/2. We list the 70
wave functions below.

70, decimet, quark spin 1/2:

"non

n- type
(ye M= %) C) u
5 mlm2 m3

1
e a—— +1/2 (Y. M- P) C)
3 /2 M 3 nymg

S U2 G5 - O
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IIEII type

(Y5

M=% C u
; mmy

W

2 /6 M o
(y. M =P) C) u
5 m2m3 ml

70, octet, quark spin 3/2

mn.n

n- type
1 U q
(v, M-9) C) By B B
6M U m Wy, @ 0,q "oy

wUfd € Baq—1/2eaa Baq)
1#38 %y a3t %y

HEH type

(Yum-?)c)mmum,“(e B 9+

1
4 /3 M e i Hgtt

70, octet or singlet, quark spin 1/2

n- type

(ve M=-¥)c) _u B Ye
3 5 . WMy My TG, 0044

2% Ly m-moy v B e

gy Wy Gy U500
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I!EII type
2 (yo M1 - P) C) B9
5 mlm2 m3 u3 alazq
- " (YS ™= ¥ C) m m Bu ¥ Ea o
6 V2 M Wy g ¥s HyUek
- (. M=-?c) u B %¢
iy m2m3 ml “1 a2a3q

We also have 20 antisymmetric states, consisting of a singlet
of quark spin 3/2, and an octet of quark spin 1/2. We list their
wave functions.

20, singlet, quark spin 3/2

&y M=-8¢c)_ u ,"e
4 V3 M W Wil Py b bl

20, octet, quark spin 1/2

(Ye M - %) C) (e B 1-¢ B 9

5 mm, m2 G10,q Og Aty 0y
(ys @-P)o)__ o (e B -¢ B %)

6 V6 M » Tglly By = Hglall Oy Saiy Tty
+ (y —I‘)C) (e Bq-s B 9

iy mmy g aga,q oy Bafad Oy

This completes our list of SU(6) wave functions for three
quarks composing a baryon. To calculate vertex amplitudes we refer

to Figure 3. With each line connecting an incoming quark and an
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outgoing quark, we associate the scalar product of the SU(6) wave
functions of the two quarks. Similarly, with the line corresponding
to quark-antiquark annihilation, we associate the scalar product of

the SU(6) wave functions of the quark and antiquark. This leads to

d

the expression Eab Mdc wabc for meson-baryon vertices. wabc is

the SU(6) wave function for the three quarks in the incoming baryon,

Mdc is the SU(6) wave function for the quark and antiquark in the

meson, and Eabd is the adjoint wave function of the baryon which
is going out. For mesons, we must add the amplitudes associated
+b a &

with the graphs in Figures 6 and 7. We get Ml & M2b MBa for
+ d o} a

the graph in Figure 6, and Ml . M3d M2c for the graph in
Figure 7. These rules lead to the vertex in Table 3.

Up to now we have only considered quark graphs for vertices.
However, we can also write down quark graphs for scattering ampli-
tudes, and it is natural to ask what we can say about them. For
example, in Figure 8 we give a Feynman diagram for meson-meson
scattering via meson exchange. In Figure 9 we give a quark graph
which might also represent such a process. We would like to
find simple rules for using the graph in Figure 9 to get the ampli-
tude for the process. The amplitude for the process is

-+
MMM MM M >

2
t—Mi

+ symmetrization in 1 & 2 and 3 & 4.
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The M's are our SU(6) wave functions. In the limit of SU(6)
symmetry, Mi is the same for all 36 qq states. We therefore may
sum over all orientations of the quarks in spin and SU(3) space.

We have, since Mi is of the form u_v :

g g
- . 1
<:?3M4 ucvc'::> <:va'uc Ml’MZ::> 2 =
t - M
g8 (P+M) Y g4 Py @ 1
= (MM,) (———) MM (———) P T
34 2M 8 127y 2M 5 & = MiZ
) w2 g
(M3M4 ( 2 ois oM e

Thus we see that the first term in the SU(6)w amplitude for

P+ M - M
2M and 5o

meson exchange corresponds to putting on the
exchanged quark and antiquark lines, respectively, and meson wave
functions on external qa lines associated with a meson. We then
take the scalar product. We see that SU(6)w leads in to a simple
form for quark graphs associated with meson exchangg.

Next, we will examine the Regge behavior of this amplitude. At
very high s, E%— is a flip term, while 1 is nonflip, that is,
P flips one unit of quark spin. Therefore, terms with odd powers
of M are flip-nonflip, or nonflip-flip, while terms with even powers

of M are nonflip-nonflip or flip-flip. Reggeization will result

in there being cuts in either nonflip-nonflip and flip-flip, or in
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nonflip-flip and flip-nonflip. This is just the behavior we found
in Part II. Thus we see from the quark graph picture how the cuts

arise and in which amplitudes.
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TABLE 1

Baryon-Baryon-Meson Vertices

+ *
Vertex Spins Value

BBP 1/2, 1/2, 0 - [5 GEed +<§Bzﬂ
B8V 12, -1/2, 1 s <o + < - <)
1/2, 1/2, 0 %[(Ev@ - B + <§1b(v>]

DBP 1/2, 1/2, 0 - %«/’% E’aBY £ B, PYJ
DBV 3/2, 1/2, 1 %,‘ E-)GBY " Bar VY&]

1/24 1/2; 0 0

/2, -1/2, 1 ﬁ EGBY e 2 VY‘J
DDP 3/2, 4f2, 0 %‘- [BGBY p*Bé pY‘El

/2, 1/2, 0 % [ﬁaBY %% Pg
DDV 3/2, 3/2, 0 % [Basy 5088 vY;

3f2, 112, 1 .‘fé" E—)aBY g VY;

172, 1/2, 0 %— EEQBY p*#¢ VY;]

1/2, -1/2, 1 . "%{ ESaBY 2 "YQ

1/2, 32, =i ‘V%‘ ESOIBY p*Bs vYQ

Particle 1 is outgoing; particles 2 and 3, incoming.

N s i
BPB demotes B P° B' .
By «a
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TABLE 2

Meson-Meson-Meson Vertices

Vertex Spins Value

PEY 0, 0, 0 % [(P1P2v> - (PlVP2>]

V)V P o | %_— £<le29> + <lev27J

V VLV, 0, 0, 0 -21- [<v1v2v3>- <v3v2vl>:|
1, 1, 0 %[{vlvzv;- (v3v2vl>]
T -21—[<vlvzv3> & <v3v2v1>:]
S T | % Bvlv2v3>— (v3v2vl>]
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TABLE &

0dd powers of m(J)

in vector meson vertices.

Vertex v Helicity m(J) Factors
NNp* +1 c(J)

0 m(J) ()
s £1 (8) e(d)
NNN* £l c(J)

0 u(J) c(J)
o 0 (b) n(d) d(J)
— £1 (b) ()
— +1 (b) a()
nop" £1 (b) d)
(a)

(b)

Only helicities allowed by SU(6)W.

Only helicities allowed by parity and angular momentum.
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TABLE 5 (cont.)

+ o+ - - -
Z (v pr p) + %% (r p*p p)- i—z (m p+p(_)n)

do o
3¢ (e op)

do
T (yp>np)

+ . d -
% (yp>r n) - a—g (yn>7 p)
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ible with the argument that the exchange of a pair of exchange



49

degenerate trajectories will produce no dip.
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FIGURE CAPTIONS

Dashed line - initial contour; solid line - opened
contour.

Pole trajectory for f+. Dashed lines show path on sec-
ond sheet; solid lines refer to the principal sheet.
Quark graph for meson-baryon vertex

Kinematics for mm -+ 7mw .

Dashed line - initial contour; solid line - opened_con—

tour.

Quark graphs for meson vertices.

Feynman diagram for meson scattering via exchange of
intermediate meson.

Quark graph corresponding to Feynman diagram of Figure

8"
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