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A new class of multiparticle Veneziano formulas is constructed. The amplitudes correspond to a subclass
of nonplanar Feynman diagrams without internal vertices which we call minimal diagrams, just as the
current multiparticle Veneziano formulas correspond to planar diagrams. For simplicity, we have not
examined diagrams with more than one crossed line. The 7-point function is represented by an (r—3)-dimen-
sional integral, as it is for planar diagrams. While the new formula has many properties in common with
the old one, the three-particle channels of the Feynman diagram have a more complicated spectrum which

suggests a system of three quarks.

1. INTRODUCTION

HE object of this paper is to discuss a generaliza-

tion of the multiparticle Veneziano formula

which will possibly be of interest in connection with the
quark model.!

The ordinary four-point Veneziano formula may be
regarded as corresponding to the Feynman diagram of
Fig. 1(a), in the sense that the Veneziano amplitude has
resonances in those channels where the Feynman
diagram has intermediate states. By interchanging the
external particles, we may obtain two further Veneziano
amplitudes which correspond to the other two box
diagrams.

An alternative four-point Veneziano-like formula was
proposed by Virasoro? and generalized by Mandelstam.?
The amplitude represented by this formula has inter-
mediate states in all three channels, and corresponds to
the Feynman diagram of Fig. 1(b). The set of channels
for which Fig. 1(a) possesses intermediate states is a
subset of that for which Fig. 1(b) possesses intermediate
states. We therefore refer to Fig. 1(b) as a “non-
minimal” diagram. The Veneziano formula for such a
diagram involves a double integral, as opposed to a
single integral in the ordinary Veneziano formula. We
are not concerned with nonminimal diagrams in this
paper. For the four-point function it is a trivial observa-
tion that all minimal diagrams are planar, and possess
intermediate states in two of the three channels. The
Veneziano formula itself therefore exhausts all minimal
diagrams.

The five-point Veneziano formula of Bardakci and
Ruegg and of Virasoro?* possesses resonances in the five
channels 12, 23, 34, 45, and 51, and it therefore corre-
sponds to the Feynman diagram of Fig. 2(a). Now,
however, there is a minimal nonplanar Feynman dia-

* Research supported by the U. S. Air Force Office of Scientific
Research, Office of Aerospace Research, under Grant No.
AF-AFOSR-68-1471.

1The main result of this article has been briefly reported by
S. Mandelstam, Lawrence Radiation Laboratory report
(unpublished).

2 M. A. Virasoro, Phys. Rev. 177, 2309 (1969).

3 S. Mandelstam, Phys. Rev. 183, 1374 (1969).

¢ K. Bardakci and H. Ruegg, Phys. Letters 28B, 342 (1968);
M. A. Virasoro, Phys. Rev. Letters 22, 37 (1969).
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gram, Fig. 2(b), in addition to the planar diagram.
Intermediate states are present in the six channels 14,
45, 34, 12, 23, and 25. The five channels with inter-
mediate states in Fig. 2(a), or in any similar diagram
obtained by interchanging external lines, do not form a
subset of the six channels enumerated above. Figure
2(b) is therefore a minimal diagram.

Our aim is to derive a new five-point Veneziano
formula with resonances in the six channels where
Fig. 2(b) possesses intermediate states. The formula,
like that of Bardakci and Ruegg and of Virasoro, will
involve a double integral. We shall also obtain a
formula for minimal diagrams with more than five
external lines, but we shall restrict ourselves to diagrams
with only one pair of crossed internal lines. The dimen-
sionality of the integral in the 7-point amplitude is again
the same as for a planar diagram,’ namely, 7-3.

Our present formula is subject to the usual ambiguity
regarding the addition of nonleading terms.® As with
the planar-diagram formula, we can select a particular
amplitude on the basis of simplicity of the spectrum of
resonances.” For planar diagrams it turned out that the
original single-term formula was that with the simplest
spectrum, but the nonplanar Veneziano formula is
different in this respect. To obtain the simplest spectrum
one has to multiply the integrand by a certain factor,
which is equivalent to adding an infinite number of
nonleading terms to our amplitude. One may then
redefine the single-term amplitude by the new formula.
When we refer to factorization properties in the re-
mainder of this section, we always imply that the ampli-
tude has been so defined. In certain channels we have
only examined the leading trajectory, and the formula

8 H. M. Chan and S. T. Tsou, Phys. Letters 28B, 485 (1969);
C. J. Goebel and B. Sakita, Phys. Rev. Letters 22, 257 (1969);
K. Bardakci and H. Ruegg, Phys. Rev. 181, 1884 (1969).

6By a nonleading term we understand any term where the
integrand is multiplied by one or more powers of the #’s, and
possibly by polynomials in the scalar products of the external
momenta. We do not imply that the leading trajectory in any of
the channels is absent, but, in at least one channel, such a trajec-
tory will lack its lowest member.

7K. Bardakci and S. Mandelstam, Phys. Rev. 184, 1640
(1969); S. Fubini and G. Veneziano (unpublished); Nuovo
Cimento 564, 1027 (1968).
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Fic. 1. Planar and nonplanar four-point
Feynman diagrams.

/

(a)

may require further modification when other trajectories
are considered.

The new amplitude has all the general properties of
the planar multiparticle Veneziano amplitude, but the
spectrum of intermediate states is not always the same.
If our Feynman diagram is divided by cutting two
internal lines, it turns out that the factorization prop-
erties are identical to those of the planar amplitude.”
The degeneracy of all resonances, on the leading or
nonleading trajectories, is the same in the two cases. On
the other hand, if the Feynman diagram is divided by
cutting three internal lines, the spectrum is more
complicated than that of planar diagrams. Even on the
leading trajectory, all resonances other than the lowest
are degenerate, and the degeneracy increases with the
angular momentum. The resonances on the leading
trajectory of the planar Veneziano amplitude are not
degenerate.

The difference between the two spectra can be
interpreted on the basis of a simple physical picture. We
imagine an intermediate state to consist of two or three
neutral scalar quarks, depending on whether the
Feynman diagram is divided by cutting two or three

|

5
Fic. 2. Planar and minimal
nonplanar five-point Feynman
diagrams.

(a)

N

(b)

internal lines. The spectrum of particles on the leading
trajectory of a two-quark system is nondegenerate,
whereas the degeneracy of the particles on the leading
trajectory of a three-quark system increases with
angular momentum in precisely the same way as in our
new Veneziano amplitude.® The quarks may be given
spin and SU(3) degrees of freedom without difficulty.
The picture should not be interpreted too literally,
needless to say, since the spectrum of particles on the
nonleading trajectories is very much richer than the
simple two- or three-quark spectra.

We do not intend to treat the quark model per se in
the present paper; some results have been outlined in
Ref. 1, and we hope to give a more detailed exposition
in a subsequent paper. It is by no means obvious that
the particles on the leading baryon trajectory are
degenerate; this particular feature of the harmonic-
oscillator quark model has no experimental verification
as yet. One can construct a relativistic quark model
with planar diagrams alone, and in such a model no
resonance on a leading trajectory is degenerate [with
neglect of spin and SU(3)7]. However, there are certain
advantages to a model with planar and nonplanar

(b)

8 The degeneracy of the three-quark spectrum has been discussed by P. G. O. Freund and R. Waltz Phys. Rev. 188, 2270

(1969).
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diagrams, where the spectrum of resonances on the
leading baryon trajectory resembles that of the har-
monic-oscillator quark model.

The amplitude which we propose in the following
section is not the only possible five-point amplitude
which corresponds to Fig. 1(b). An alternative formula
has been constructed by Burnett and Schwarz,® who
have independently examined a similar problem. The
ambiguity is probably a reflection of the ambiguity
regarding nonleading terms. Our set of equations can
readily be generalized to the 7-point amplitude, as we
shall show in Sec. 3. We believe that the possibility of
such a generalization, and the ansatz regarding simplic-
ity of the spectrum, can be used to resolve the ambi-
guity. In the absence of any alternative proposal for the
7-point amplitude, we shall provisionally assume that
our set of equations should be adopted.

To avoid any possible confusion we should emphasize
that our nonplanar amplitudes are completely different
from those of Kikkawa, Klein, Sakita, and Virasoro.?
These authors regard the original Veneziano amplitude
as the Born term, and they allow only planar diagrams
in this approximation. In higher orders of perturbation
theory they obtain planar and nonplanar diagrams. Our
nonplanar term is an ordinary Veneziano amplitude
with linear trajectories, and is to be regarded as part of
the Born term.

2. FIVE-POINT NONPLANAR AMPLITUDE

The general form of the nonplanar amplitude will be
similar to that of the planar amplitude. Associated with
each of the six channels 14, 45, 34, 12, 23, 25 of Fig.
2(b), there will be a variable w14, %45, %34, %12, U2z, Uss.
Two of these variables will be independent, the remain-
ing four dependent. Each channel will have a trajectory
function au4, o4, a3, 012, @a3, a25. The five-point non-
planar Veneziano formula will then have the form

A=/ duraduosJ T up P~ 1. (2.1)
0 P

In this and in all subsequent expressions, the product JT
runs over the six channels. One can replace the integra-
tion variables #14 and #s5 by any other pair of variables,
provided one changes the Jacobian factor J—! suitably.
We now have to find formulas for expressing the
dependent #’s in terms of the independent #’s. Asin the
case of the planar multiparticle Veneziano formula,
the formulas must satisfy the following requirements:

(1) It must be possible to set the #’s for two non-
overlapping channels equal to zero simultaneously,
since the amplitude can have simultaneous resonances
in two such channels.

8 T.) H. Burnett and J. H. Schwarz, Phys. Rev. Letters 23, 257
(1969).

0 K. Kikkawa, S. Klein, B. Sakita, and M. A. Virasoro (un-
published).
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(il) If a particular # is equal to zero, the #’s for all
overlapping channels must be equal to unity, since the
residue at a pole in any channel must be a polynomial
in the overlapping variables.

(ili) If a particular # is equal to zero, the remaining
integration should reproduce the four-point Veneziano
formula, since the residue at the lowest pole in the five-
point amplitude should simply be equal to the elastic
amplitude.

All these properties are satisfied if the dependent #’s
are given by the following four equations:

Urathost+urousa=1, (2.2a)
Urathast+uionas=1, (2.2b)
uzatost uosugs=1, (2.2¢)
Urat a5t Uss— U1 —Uoz3—U25=0. 2.3)

Before discussing Egs. (2.2) and (2.3), we outline
briefly their original motivation. We took as our starting
point a formula proposed by Virasoro!! for generalizing
the amplitude of Ref. 3 to the five-point function.
Virasoro’s amplitude has resonances in all ten channels
17(1<4<5,1<7<5, i< ). Five of his variables u,; are
independent; the other five are determined by the
equations

Uit Usttjit U= 2.

Since our amplitude has resonances in only six of the
channels, we must set the remaining #’s equal to unity.
When we do so, we obtain Egs. (2.2), together with the
two equations

Ura+ U5t U34=2 y
1o+ Uost+t95=2.

The five equations have no nontrivial solutions, and we
cannot obtain our required amplitude as a special case
of Virasoro’s. An obvious modification which one may
attempt is to replace the last pair of equations by (2.3),
and the resulting set of equations turns out to be
suitable.

Let us return to examine Egs. (2.2) and (2.3), and to
verify that the requirements (i), (ii), and (iii) are
satisfied. It is possible to set two nonoverlapping #’s,
such as #14 and u95, equal to zero simultaneously, for if
we do so, and if we set the remaining #’s equal to unity,
all equations are satisfied. With regard to the require-
ment (ii), we may set #14=0 and solve Egs. (2.2) and
(2.3) to obtain the result

%34:M4,,=u12=:i:1, M23+%25:i1. (24)

The choice of the minus sign is excluded by the range of
integration, and we observe that the #’s for the three
overlapping channels are indeed equal to unity. Finally,
if #14 is set equal to zero, it follows from (2.4) that the

1t M. A. Virasoro (private communication).
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remaining integral is as follows:

/]_ldugﬁu%_"‘%—l(l —%25)“0‘23‘1 . (25)

Equation (2.5) is precisely the four-point Veneziano
formula for the Feynman diagram obtained by con-
tracting the external vertices 1 and 4 of Fig. 2(b). Thus,
subject to the condition that the factor J—! behaves
suitably, we observe that the requirement (iii) is met.

Another point which we can verify is that the range
of integration in (2.1) remains invariant when the
integration variables are replaced by any other pair of
nonoverlapping variables. In fact, we could replace the
restriction 0<#14<1, 0<u5;<1 by the restriction that
all six #’s be positive.

The proof that our amplitude has single-particle poles
at the correct positions and with the correct angular
momenta is identical to the corresponding proof for
planar amplitudes. We shall not examine the Regge
asymptotic behavior in this paper.

The Jacobian may be defined as follows:

u12u45(u12+u45)
J= (2.6)
U1+ Ua5+Us3s

Such a Jacobian transforms correctly when the pair of
integration variables #4, %25 is replaced by any other
pair of nonoverlapping variables. The Jacobian is
certainly not defined uniquely by this requirement,
since it is subject to the usual ambiguity associated
with nonleading Veneziano terms. Equation (2.6) ap-
pears to be the simplest possibility. The Jacobian would
have the correct transformation properties if the
denominator were omitted, but such a choice turns out
to be unsuitable when we generalize our results to the
7-point amplitude. If the variable 14 is set equal to zero,
we notice from (2.4) that the Jacobian becomes unity.
We have thus completed our verification that (2.5) is
identical with the four-point Veneizano formula.

We shall conclude this section by giving an inter-
pretation of Egs. (2.2) which will be helpful in generaliz-
ing them to the 7-point amplitude. The Feynman
diagram of Fig. 2(b) contains three plane polygons, 1234,
1254, and 3452. Associated with each polygon we define
variables v, w;, and w;, which correspond to the
integration variables of the corresponding plane
Veneziano diagram. The v’s, w’s, and #’s are defined in
terms of the #’s as follows:

V19 = U1aU195= U12U34, (2.7a)
V41 = U14U145= U14U23 (2.7b)
W1 = U19U123= U12U 45, (2.7¢)
Wa1= U14U143= U14U25, (2.7d)
X34 U34U143= U34U25 , (2 -78)
%45~ Uash145= U523 . (2.71)
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The rule for constructing the v’s, w’s, and #’s is to take
the u for the channel in question, and to multiply it by
the u’s for all channels which consist of the particles in
the original channel together with particles which do not
form part of the relevant polygon. Having defined the
v’s, w’s, and «’s, we can rewrite (2.2) in the simple form

metva=1, (2.8a)
wiptwa=1, (2.8b)
w3ata5=1. (2.8¢c)

Equations (2.8) are precisely the equations that the
variables would satisfy if they were regarded as Vene-
ziano integration variables for the plane polygons.

As we mentioned in the Introduction, we have to
modify our formula by the addition of nonleading terms
if we ask for the simplest possible spectrum. We cannot
derive the new formula until we have treated the
factorization properties in Sec. 4, but for completeness
we shall quote the result at this point:

1
A =/ duradnasT L T] wp P11 —waomy a193005,)~ P175
0 P

(2.9)

X (1 —w1om14825%45)~PP5(1 — tha3043 8 050045) P3PS,

3. r-POINT NONPLANAR AMPLITUDE
Six-Point Amplitude

Before proceeding to the general r-point diagram, we
shall treat the six-point diagram (Fig. 3). There exist
11 channels with intermediate states, namely, 15, 45,
56, 23, 36, 34, 12, 456, 346, 154, and 156. To each
channel there will correspond an integration variable u
and a trajectory function «, and we shall subscript the
variables with the indices of all the particles in the
channel. Note that we have to change the notation
usually used for planar diagrams; we cannot use a
notation where each # and « has only two subscripts.
We require eight independent equations of the form
(2.2) and (2.3) in order to express the 11 #’s in terms
of three independent variables. The generalization of
these equations can be found by using the require-
ments (i), (ii), and (iii), with the last requirement
appropriately modified.

Equations (2.2) are most easily generalized by using
the interpretation proposed at the end of the previous
section. The diagram possesses three plane polygons,
12345, 12365, and 4563. Corresponding to each of the
polygons we construct Veneziano integration variables
2, w, and x, which are defined in terms of the #’s. Making
use of the rule given at the end of the last section, we
find the following definitions:

Vi2= %12, V23 U23U236= UzsW154, V3a= U34U346,
Vas= UgsUa56, Vs1= U1sU156, (3- 13)
W12=U12, Waes™= UasU234= Ua3U156, W36= U36%346,
Wes= Uselass, Ws1=U1sU15e, (3.1b)
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X45= UssU154U2154= Ua5U154U36 5

K63 = UzeU236U1236= U63U154U%45= X35, (3 1 )
1c

X56= UseU15622156= Us62U156%34
X34~ U34U234U1234= U34U156U 56— K56

In attaching subscripts to the v’s, w’s, and «’s, we
always read the plane polygons in the same sense
(clockwise for the v’s and w’s, counterclockwise for the
#’s). Such a notation will prove convenient for the
r-point amplitude. The pairs of variables x5, %63 and
¥56, %34 turn out to be the same, as they should if they
are to be interpreted as Veneziano integration variables
corresponding to the polygon 4563. It is easy to check
that all such consistency conditions are consequences of
our definitions of the variables v, w, and «.

The required equations are now obtained by demand-
ing that the v’s, @’s, and «’s be related by the usual rules
for plane diagrams. Thus, from the polygon 12345 we
obtain the following five equations, not all of which are
independent:

V12 051023= 1 ) V51 010045= 1 , Va3t v12034= 1 s

(3.2)
Va5t sa051=1, v3zatv23045=1.

Reexpressing (3.2) in terms of the #’s by (3.1a), we
obtain the equations

it u1sostisattise=1, (3.3a)
Urstrset Urothasttase =1, (3.3b)
UoghisatUrazattzee= 1, (3.3¢)
UgsUase U1staatlasetzss= 1, (3.3d)
U3aU3ast Uosthastisatbase= 1. (3-36)

Similarly, from the polygon 12365, we obtain Eq. (3.3a)
together with the following four equations:

Uasth1seU12t3etzes= 1, (3.3f)
Urstrsaturastsetass=1, (3.3g)
U3st3a6+ UnsUselisethase= 1, (3.3h)
Wsslaset U1stacr1sattaas= 1. (3.31)

The Veneziano variables for the polygon 4563 are
related by the simple formula A

IR € 25

and from (3.1c), the corresponding relation between
the #’s is

Xastx56=1 )

(3.3))

The generalization of Eq. (2.3) can be found from the
requirements (ii) and (iii). We obtain the following two
equations:

Ua5U154U36~ UseUisetas= 1.

(3.4a)
(3.4b)

U3a6 UseUis6 Uasthiss— Uaslhase— Uza—Usze= 0 ’

U1sU346 Us6 Uas—Uase— U3sh156 —Uset154= 0.
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It is first necessary to verify that (3.3) and (3.4)
contain eight independent equations. Three of Eqgs. (3.2)
are independent, since they are the equations connect-
ing the three dependent variables and the two independ-
ent variables of the planar five-point function. Hence
three of Eqgs. (3.3a2)-(3.3¢) are independent, a fact
which is not difficult to verify directly. Similarly, three
of Egs. (3.3a), (3.3f)—(3.3i) are independent. There are
thus five independent equations in the set (3.3a)-(3.31)
and, together with Egs. (3.3j), (3.4a), and (3.4b), we
have eight independent equations in all. The reasoning
just given does not eliminate the possibility that fewer
than eight equations are really independent, but one
can solve the equations explicitly in certain limiting
cases, for instance, when the variable #354 is infinitesi-
mal. If this variable and the variables w15, #s; are
regarded as independent, one obtains a unique solution
for the other variables. It follows that the set (3.3) and
(3.4) contains precisely eight independent equations.

The"six-point nonplanar Veneziano amplitude will
again be given by the integral

f dursdussduyseJ 1 H up %P1,
P

0

(3.5)

The three integration variables may be replaced by any
other triplet, and the Jacobian factor must be defined
in such a way that the result is independent of the
choice.

Itis a straightforward matter to verify that Egs. (3.3)
and (3.4) do fulfill the requirements (i), (ii), and
(iii). The last requirement must be generalized from
the corresponding requirement for the five-point ampli-
tude. If any of the variables #1s, u15, Or s is set
equal to zero, the remaining integral must be the
integral for the nonplanar five-point amplitude, since
the diagram obtained by contracting any pair of vertices
12, 15, or 23 in Fig. 3 is the five-point nonplanar dia-
gram. If one of the variables 145, uss, 234, OF 236 is set
equal to zero, the remaining integral must be the integral
for the planar five-point amplitude. Finally, if one of
the variables #ase, #ass, %154, OF %155 is set equal to zero,
the remaining integral must be the product of two four-
point Veneziano integrals. All these conditions are con-
sequences of (3.3) and (3.4), provided that the Jacobian
factor behaves suitably. We must of course write down
this factor before we have defined our amplitude, but we
shall first generalize our prescription to the 7-point
diagram.

General r-Point Amplitude

We now require a formula for the amplitude corre-
sponding to Fig. 4. The particles have been numbered
in ascending order from 1 to 7 along the upper perimeter,
from 741 to i+ j along the diameter, and from i+ j+1
to i4j+%k—1 along the lower perimeter. The total
number of external lines is r=14 j+%k—1, while the
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| 2
| 2
4
.. . . — L3
F1e. 3. A minimal six-point Feyn-
man diagram drawn in two alterna- 5 3
tive ways.
4/ N6
6
(a) (b)
total number of channels in which the diagram has i1
intermediate states is T =Umeren L] teeetmenin, 1 H1<m<i+ 7,
=1
(=DG-DE-D+E-DG-D+E-1) (k1) i+j<n<it+j+k—1 (3.7g)
+G=DE=D+3i(—~D)+35G~1) Tt =tmme, 1< m <! i j—1 (3.7h)
1p(h—1)—
Fakk—1—1. (0 . b irl<n<w<itjth—1 3.79)

The diagram is symmetric in the particles < and j, and
also in the groups of particles 1 — (:—1), (i+1) —
(i-+7+1), and (i+j+1) — i+ j+E+1).

We again begin by constructing the variables v, w,
and x, which are defined according to the prescription
at the end of Sec. 2. With regard to subscripts, we adopt
the notation that v;,, corresponds to the channel with
particles / to m in clockwise order along the polygon
12(i+1)(G+ 7). A similar notation is adopted with re-
spect to the variables w and the polygon 1i(i+ j+k—1)
(i+7), and to the wvariables x and the polygon
1+ 1)@+ /) (E+7j+1)GE+7+k—1), except that the
particles are taken in counterclockwise order in the last
case. The definitions are then as follows:

i+j+k—1

Vim=Ul..om H Uleeemnoss (i45+k—1) 5
n=i+j+1
1<I<i, i<m<it+j—1 (3.7a)
=, 1<I<K/<i—1 (3.7b)
Vmm!’ = Umm’ 1+1§m<m’§¢+]—1 (3'7(:)
itj—1
Win =Uleein-++ (i+j+k—1) H } Uleeei(i41) eoemnees (i45+k—1) 5
m=1i+
1<I<i, i+j+1<n<it+j+k—1 (3.7d)
i+j—1
Wi =WUlewei H Ulewii(p)eoem, 101D (37(1’)
m=1+1
wr=w, 1<I<I<i—1 (3.7¢)
Wan' =Unn’ $+]+1Sn<nlgl+]+k_1 (3'7f)

Up’ (i+5) = V1(p'-1) »

1<p<p'<i+j (B.7))

W' (i45) S Wi(n'+1) »

Vp'p=V(p+1)(p'—1)

Wn' 1 =W (141) (n'41) )
Wit =W (it jrh—1) (n+1) ;W (itith—DI =W G413,
WI=Wan) @—1), Wun=W(n-1) (w'+1),
Wy ) =Wiw-n, 1SIKULE,
i< <n<idjAh—1 (3.7K)

Xq’ (i+i+k—1) = Xi(g'—1)
i<g<¢<i+j+k—1.

X' ¢ =X (¢+1) (¢'~1) 5
3.7)
In (3.7j)-(3.71), we have simply equated the variables

from complementary, and therefore identical, channels
from the point of view of their respective polygons.

i+j

i+j+1 i+j+k-I

n

F16. 4. A minimal #-point Feynman diagram.
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The generalization of Egs. (3.3) to the r-point func-
tion is now obtained in the same way as Egs. (3.3)
themselves; we require that the o’s, w’s, and #’s be
related by the rules for planar amplitude. In other
words, they satisfy the equations

vp+]] vE=1, (3.82)
P

wp+[[ws=1, (3.8b)
P

xp+H]] xp=1, (3.8¢)
B

where the product P is over all channels which overlap
with P. By making use of (3.7) we can reexpress (3.8)
in terms of the #’s.

To generalize Eq. (3.4), we select one particle L in
the group 1—i—1, one particle M in the group
i+1—i+j—1, and one particle N in the group
i+ j+1— i+ j+k—1. There will be a separate equa-
tion for each choice of L, M, and N. The first term of
the equation will consist of the product of the #’s for
all channels which include particles 447 and L but not
M and N. In the next two terms the channels include
particles 447 and M but not L and N, and 447 and N
but not L and M. The last three terms are obtained in a
similar way with particle 7 replacing particle 447, and
they occur with a minus sign. Thus,

-1 i+j N-1 N-1 L-1 N—1 otjt+k—1

(II II II+IIH II +II II II )

=L m=N+1 n=1+j =0 m=1+1 n=1+7 =0 m=N+1 n=N

L M—1 itjtk T i1 itk

Xotgmen—(L IT II + 1T 1T 1II

=1 m=1 n=N+41 I=L+1 m=M n=N+1

i M-1 N
+ IT II II )#eeomneecivirn—1=0. (3.9a)

I=L+1 m=1i n=i+j+1
The series of subscripts 1- - -/ in the first term is omitted
if /=0, and the series #: - - (14 j+k—1) in the second
term is omitted if z=1-4 j+k. There is one equation for
each value of L, M, and IV satisfying the inequalities

ISL<i—1, i+1<SM<itj—1,
i+ j+1SN<i+j+k—1.

We now verify that the total number of independent
equations is such that r—3 of the #’s are independent.
The three polygons 1i(i4+1)(i475), 1i(i+j+k—1)
(i+7—1), and  i(i+1) i+ )4+ 1)+ j+E—1)
contain i+ j, ¢4k, and j-k particles, respectively.
The planar s-point Veneziano amplitude possesses
3(s—2)(s—3) independent equations between the vari-
ables, since s—3 of the 3s5(s—3) variables are indepen-
dent. Equations (3.8a)-(3.8c) thus provide 3(i+j—2)
X(i+j—3), 3i+k—2)(i+k—3), and 3(+k—2)
X (j+%—3) independent equations, respectively.

Not all the equations in different sets of (3.8a)—(3.8¢c)
are distinct, however. An analogous situation occurred

(3.9b)
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with the six-point function, when Eq. (3.32) appeared
twice. The variables v, and wyp, with 1<I<l/<i—1,
are defined in exactly the same way by Egs. (3.7b) and
(3.7¢). It is easily seen that Eqgs. (3.8a) and (3.8b) for
these variables are identical. The number of indepen-
dent equations must be reduced by the number of such
variables, which is $(:—1)(—2). By observing that the
variables defined by (3.7c) and (3.7h), as well as by
(3.7f) and (3.71), are the same, we conclude that the
number of independent equations must be further
reduced by 3(j—1)(j—2)+3(k—1)(F—2). The total
number of independent equations (3.8) is therefore

3+ =2+ j—3)+ 3+ —2)(i+k—3)
+3(+E—=2)(j+k—3)—5(G—-1)(G-2)
—3(—1D(G~2)—3(k—-1)(k-2).
The number of Eqgs. (3.9a) is equal to the number

of combinations of L, M, and N satisfying (3.9b),
which is

(3.10)

(—1)(—1)(k—1). (3.11)

To find the number of independent variables, we
substract the total number of independent equations,
given by adding (3.10) and (3.11), from the total
number of variables (3.6). The result is equal to
i+j+k—1, ie., to r—1. The above reasoning does not
prove that all these equations are really independent,
but we can again obtain explicit unique solutions in
certain limiting cases. The proof is thereby completed.

As in the case of the five- and six-point amplitudes,
we can show without difficulty that the variables #
satisfy the requirements (i) and (ii), and the equivalent
of the requirement (iii). We therefore have a suitable
form for the r-point nonplanar Veneziano amplitude.

Factor J

For certain purposes it is convenient to take a subset
of the v’s, w’s, and «’s, rather than a subset of the u’s,
as our independent variables of integration. With a
suitable choice of the subset of the s, w’s, and «’s, each
u can be expressed explicitly as a square root of a
rational function of the integration variables; the
functional dependence is more complicated if one
attempts to express all variables in terms of a subset of
the #’s.

The new choice of integration variables also allows us
to obtain a general expression for the Jacobian. To be
more explicit, let us take the set of (r—3) variables

V1p, 285p<it+j—2 (3.12a)
i+ j+2<n<li+j+k—1. (3.12b)

This set includes all the v’s and w’s whose first subscript
is 1, except those w’s which are defined identically to the

Wizy Win,
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v’s by (3.7b) and (3.7¢). The Jacobian will then be
given by the equation

i1 k-1
J={ 11

m=i+1 n=i+j+1

UmeeenWneos (i4-j+k—1) 30 ..m}

i+7j—3
X IT (A=2101040)) (1 —216-1y%15)
=2
k-2
XA —wuwigriren) I I—wiawin). (3.13)
n=i+2

We may also select a value of L satisfying the in-
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equality 2<L<i—1 and take the variables
v, L<pZlitj or 1<p<L-3 (3.14a)
Wi, Wem, 1+ j+2<n<i+j+k—1. (3.14b)

Again this set includes all the distinct #’s and w’s whose
first subscript is L, except the variable wy, 141y, which
is given by the equation

i4-j—1 ig+k—1
II vem=wz: II wia. (3.15)
m=1 n=t-+j+1

Equation (3.15) is a consequence of (3.8a) and (3.8b).
With these integration variables, the Jacobian adopts
the form

ikl I-1 i-2 i4iml k-1 il
J=wr{ I we}{II II v o o023 { II Umewenhnews (iitt—Dicem}{ T (1 =00p000p41)}
n=i+5—2 =2 l'=L m=1i+1 n=1+j+1 p=M+1
L—4 i+itk—2
XA =vp6rpv01) IT A=v2000en) A —vn6-vwr) l—wrwririrr-n) [I (=vi0004n).  (3.16)
p=1 n=i+j+2

The Jacobian defined by (3.13) or (3.16) transforms correctly if we change the value of L or if we change from
the variables (3.12) to (3.14). We can write down a similar Jacobian if we take the 9’s and the «’s, or the w’s and
#’s, as our independent variables, and the Jacobian transforms correctly when we pass from one such set of variables
to the other. Furthermore, if we change variables in such a way as to make one of the #’s an independent variable,
and then let that variable tend to zero, the Jacobian will factorize correctly into two Jacobians associated with
smaller diagrams. The proof that the requirement (iii) is satisfied is therefore completed.

Once we have the Jacobian corresponding to a given set of independent variables, it is a straightforward but
usually very tedious matter to obtain the Jacobian for any other set of independent variables. We can thereby
obtain the Jacobian if we take a subset of the #’s as our independent variables. Equation (2.6) for the five-point
function can thus be rederived. For the six-point function, a convenient choice of independent variables is #;s,
3, and #54; the Jacobian is then given by the formula

(1 - u15u154) (1 —%2314154) [Mseum(u451/t456+1415u156) +M34u456(1436M346+M23u156)]

(3.17)

(wrsm3a6+wset1a5) (Uasthsset-1sst-1436)

4. FACTORIZATION PROPERTIES
Two-Particle Channels

We shall first investigate the factorization properties
when a diagram is divided by cutting two lines. The
spectrum of intermediate states in such a channel is
exactly the same as that of a planar diagram. Rather
than displaying the proof for the 7-point amplitude, we
shall investigate the simplest nontrivial example, which
is the seven-point amplitude. We shall therby indicate
the line of reasoning without becoming involved with
too great a proliferation of subscripts.

We divide the Feynman diagram of Fig. 5 as indi-
cated. Our aim will be to express the integral in the form

2 frn(12,p7) gmn (B, p 5) 125" (4.1a)

where the variables pr represent the momenta from the
upper half of the diagram, while #z and p» represent

the #’s and momenta from the lower half of the diagram.
If the functions fm, are identical to the corresponding
functions in the planar amplitude, we may assert that
the spectra are identical. It may not be immediately
obvious that we can make this assertion, since, accord-
ing to the method of Ref. 7, we should select two
variables from the lower half of the diagram (uss and
ez, for instance), and write the integrand in the form

2 foun (12, 07) gmn’ (Useyther, p)ttr2s™.  (4.1b)

However, the two procedures are equivalent by virtue
of the following two theorems:

(a) The variables up are functions of uss, usr, and
%123, as may be shown from Egs. (3.7)-(3.9).

(b) The set of functions fu, include fun(n—1y as a
subset. This is one of the results of Ref. 7.

Proceeding accordingly, we begin by writing the
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7

F16. 5. Factorization of a seven-point diagram
in a two-particle channel.

Veneziano integrand for the amplitude corresponding
to Fig. 5:

— 71, —asc~1y, —an—1,, —ag—l,, —agi—ly,. . —asgi—1
I = J g0~ gy it Ly g5y gty o —arser
X u457—a4s7—1u12—~a12-—1u23—a23-174123—a123~—1u34—0134—1
X thog OB Vg 0T Yo 2881 Ny marssl

X tho3a5~ 0B Mgy @30T Vg5 2254571,

(4.2)

The first six factors after the Jacobian involve variables
from the lower half of the diagram alone and they are
irrelevant to the factorization. We shall attempt to
express the remaining factors in terms of the variables
» and w which refer to the polygons 123456 and 123476.
Since these variables are related to one another by the
formulas for planar diagrams, we shall then be able to
repeat the reasoning of Ref. 7.

The v’s and w’s which we shall require are defined as
follows:

UV19=W12= %12, V23=W23=U23, V13— W13= U123,

V34= U34MU347, Vo4 = U234U2347, V35— U345U3457, (4-3)

Vo5= U2345U23457, W37 U3a7U3475, Waor= U347U23457.

One can then rearrange the Jacobian and the last eleven
factors of (4.2) to give the expression

Tyt g—a2s— 1y, —a1as—ly, 4—a34—lv2 4—a234—1
—_ — — —1, —p2—
X 35845 Ly, —e23as— g 07 207 (p3+p4)

(4.4)

Xw27—p72—2p7 (potp3tps) (us 4570034 57)—2p5p7 i

The linear combinations of the o’s in the last three
indices have been expressed as scalar products of the
momenta. We have used units for which the slope of the
Regge trajectories is unity, and we have taken a time-
like metric with all momenta directed into the diagram.

The last factor of (4.4) is not a function of the v’s and
w’s. Tt will now be shown that the product #s4s:223457 is
a function of variables from the lower half of the
diagram alone, so that it is irrelevant to the factoriza-
tion. We use the three equations

STANLEY MANDELSTAM 1

WasrUsasrhozasr— tert-Use— g7

—Ua5U345M2345 — Uarlhsarthazer =0, (4.5‘d)
U56= V45U35025 , (4.5b)
Wer= WarWsrWar , (4.5¢)

which are particular cases of (3.9), (3.8a), and (3.8h),
respectively. From (4.3) and the further equations

V56~ Usels67, Vas= Uaslhes7,

we can rewrite (4.5b) as an equation for the #’s as
follows:
(4.5d)

Similarly, we can rewrite (4.5c) as an equation for
the #’s:

UseUs567= UasUasTU345U2345U 3457123457 -

Ue1U567= UsrUa57U347U2347U 3457023457 (4-58)

We can solve (4.5a), (4.5d), and (4.5e) to give the three
eXpI'CSSiOIlS U3457U23457, U345U2345, and U347U2347 in terms
of the variables Uast, Uer, Use, User, Uss, and W47, which
all refer to the lower half of the diagram. The last factor
of (4.4) may therefore be ignored.

We still have not specified our independent variables.
It is convenient to take the set (3.12), which in our case
is the following:

V12, V13, U14= V56, W14= Wrg.
The Jacobian will then be given by the formula
(4.6)

The first two factors of (4.6) refer to the lower half of
the diagram and may be ignored. -

We can now substitute (4.6) into (4.4). After re-
moving the last factor of (4.4) and the first two factors
of (4.6), we arrange the remaining factors in two groups
as follows:

J= %567u457(1 - 7)12'013) (1 "7)13'056) (1 -'Illswm) .

Vg W12 lpygmas 1y smanas—ly, —asi—ly, —as—l
X 035735 Ly 245~ 1(1 —935915) "1 (1 —v13056) 2,  (4.7a)
Wgy PP 2P1 (Petp gy, = 01—207 (2t pitps) (1 —v1swre)~1. (4.7b)

The expression (4.7a) contains precisely the same
factors as the six-point planar amplitude,” apart from
factors which involve variables from the lower half of
the diagram only. We can write (4.7b) as a function of
W12 =112, W13= 713, and wy by using the ordinary relation
between the Veneziano variables for planar diagrams.
The expression is thus equal to

1 —915wq¢ T P1207(p5+p4)
|il *'1)12‘01371076:1
X (1 —'1)121J13“LU76)_"7L2”7 (p2+p3+p4)(1 —'211371’/76)_1
= (1 —13w76)22377(1 — 01901 3076~ 20207

X (1 _v13w76)~p72«2p4171—1 .

“.8)



1 NONPLANAR MULTIPARTICLE VENEZIANO FORMULAS...

In its dependence on the variables 12, v13, P2, and ps,
(4.8) again has exactly the same form as the correspond-
ing expression for the planar amplitude. The factoriza-
tion properties of our present amplitude in the channel
123 are therefore identical to those of the planar
amplitude.

Three-Particle Channels

Now let us turn to the factorization properties of an
amplitude when the diagram is divided by cutting three
internal lines. The simplest nontrivial example is the
six-point amplitude, and we shall examine the factoriza-
tion properties of the amplitude corresponding to Fig. 3
in the channel 154. It will turn out that this case is in
fact too simple to illustrate the general features of the
problem, and we shall later have to study a more
complicated example.

The general method of procedure is the same asin
Ref. 7. We express the integrand of the Veneziano
formula as a function of variables from the left and
right halves of the diagram and the variable %354, and
then we expand in powers of #154. The residue at the nth
pole will be proportional to the coefficient of #154" 1. As
we shall restrict ourselves to the leading tra]ectory, we
need keep only the lowest power of #is4 for a given
angular momentum, or the highest power of the angular
momentum for a given power of #;54.12

The integrand of the Veneziano formula will be

—1, —a1s—1 —rar— — — 36—
Ty g5y g sy ey gganel
—, 1 —ara— — 34— —, -
X agyg~ o1z lyggmase—ly g masi—lyy o—ausi—l

X346 Vo561 Vo 54010

(4.9)

The Jacobian will consist of a product of factors from
the two halves of the diagram when #13=0, and it will
therefore not affect the factorization properties of the
leading trajectory. The next four factors of (4.9) involve
variables from one-half of the diagram, and they may be
ignored. In evaluating the remaining factors, we shall
express the o’s as scalar products of the momenta p1, pq,
P2, Ps, and pi+ps+ps. As we are neglecting lower
powers of the angular momentum, we need only keep
the products pips, pipe, paps, and paps. We shall also
combine the #’s into products which occur in Eq. (3.3).
We obtain the result

u12—2p1pz(u56u456) 21’”’6(%3414346) 2p4p2

X (s6t34m156) 224001154~ 21547L,

(4.10)

To express the #’s in terms of u15, %23, and #154, We
begin by rewriting the factors of (4.10) with the aid of

12 Again, we should really choose a minimal set of variables
from each half of the diagram, and express the amplitude in terms
of these variables and #154. However when u54 is equal to zero,
all the variables from a particular half of the diagram are func.
tions of this minimal set; in our case the relations are simply
wistaas=1, tas+uze=1. Hence in the approximation to which we
are workmg, we need not select minimal sets.

1729

T 8

{
I
i
1
|
[
I
I
I
I
I
I
|
|
|
I
|
!
I
1
|
i

F16. 6. Factorization of an eight-point diagram
in a three-particle channel.

(3.3). The expression then becomes

(1 —w15pt154ma304156) ~2P1P2
X (1 —w15m1500360346) 2178 (1 — 145001 540250 456) 2P4P2
X (1 —sasth154136) 24700150254~ (4.11)

Although (4.11) is not yet a function of the required
variables, we can make further approximations in the
leading order of the variable #;5. When this variable is
zero, all overlapping variables are equal to unity, so
that we can drop factors of #156, %346, and %456 when they
are multiplied by a factor of #154. On doing so we obtain
the expression

(1 —m15t154195) P12
X (1 —s15t154236) 271761 — t45t1540093) 2P 472
X (1 —s4508154136) 274701154154~ 1

(4.12)

The integrand has now been expressed as a function of
the required variables. We could reduce the number
of variables still further, since the two equations
tyst1uas=1, ugstuse=1 are satisfied when #;5:=0. It
will not be helpful to do so, however.

By writing each of the first four factors of (4.12) as
the exponential of a logarithm, we can isolate the lowest
power of u#154 for a given power of the angular mo-
mentum. Our final approximation is then

> () (2pruaspares—2p1urspertse— 2pathaspaties

n=0

(4.13)

— 2P amasPettse) "5 L,

The six-point amplitude is still somewhat too simple
to illustrate the general features of our result. The line
5123 contains two particles between the points 5 and 3,
one in the final state and one in the initial state. The
lines 543 and 563 contain only one particle each. Let us
therefore examine the eight-point amplitude (Fig. 6).
The integrand of the Veneziano formula, with neglect
of factors which depend on one-half of the diagram only,
will be
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1y, — — a1y, —ars—ly  —aws—ly, —ausi—ly, —ass—ly. —asrs—ly  —asers—ly . —auwsei—ly,  —a3iss—
T T I R T

X%3478 a3478— 1u123-am 174126_0‘126—1“1678 a1678“1u1456—a1456-1u1567—0&1567*1_

(4.14)

On expressing the o’s as scalar products of momenta, neglecting powers of zero order in the angular momentum and
rearranging factors, we obtain the result

19 2PIP2Y PSPy 2008 (475005701 123) 2P PP (U350 458U 126) TP (Uasellaserthazg) PP
X (wzrstt34750126) P72 (U3 4500750 1678) *P5 P (U560 375U1456) 227401567 41507

(4.15)
(4.16)

—_ — — — 2 —
= Pyg 2PIP2Y T 2DED gy oy 2DTD8 e  2D1DY s 2PED2  (2DID Gy 0 2DTP2y 2PEPBY;  (2PTPAYyy o 15671

We now express the v’s, w’s, and «’s by (3.8a), reexpress the ’s, »’s, and #’s in terms of the #’s, and put all
#’s which overlap the channel 1567 equal to unity when they are multiplied by the variable #1567. The expression
then becomes

(1 —urem15611670 15670 23U 2341 238) ~ 2P 1P2(1 — Useut1565a70t15670 3002342 348) 22524 ( 1 — Ugrttrgrttserttserthagthosgliasg) 2P7P8
X (1 —ures156m16700 15670 3502380 348) 2P1P8(1 — wse1560 5671001567023 34%38) 27572 (1 — U16041560 1670 1587 W3 U240 345) 2P
X (1 —wermsrsrttserssrsertbastbosatiass) PP (1 —usemrsettsertb sorthaghiasgitass) 2578
X (1 —ugyrurertbsertirserthsattasatisss) P10 U 567 21571,

4.17)

As in the treatment of the six-point function, we can isolate the lowest powers of #1567 by writing each factor as
the exponential of a logarithm. Our integrand thus approximates to the expression

2. (W)Y 2P Py+-2PsPy+2P1Pg—2PPy—2P Ps—2P;Py—2P5P3—2P7Py— 2P P ¢} "y, 215511 (4.18a)
n=0
where
Pr=prusemssernier, Ps=psusethasetiser, Pr=prsrturentvser, (4.18b)

Po= pousgiiosatioss, Pi=psmsattosattzsg, Ps= Psthsgitasstsass.

One can repeat the foregoing analysis with the general 7-point function. One again obtains an expression of the
form (4.18a), with more complicated formulas for the P’s. To write down the formulas it is convenient to change
our notation slightly. Each of the external lines 1, 5, 7, 2, 4, 8 will be replaced by a series of lines which we denote
by 18, 58, 76, 2B, 48, 88. We denote the correspondlng momenta. by pas, where a takes the values 1, 5, 7, 2,4, 8.
The expression for the P’s may then be written

Pa= Z ?aﬁyaﬂ . (4.18(:)

Ifa =1,5, or 7, the factor y.4 is equal to the product of the #’s for all subchannels on the left of the diagram which
include the particles j and oB. Simlarly, if a=2, 4, or 8, the factor y.s is equal to the product of the #’s for all
subchannels on the right of the diagram which include the particles ¢ and 8.

In order to investigate the factorization properties of our amplitude, we write the expression within curly

brackets of (4.18a) as the sum of factorized terms as follows:

ﬁ? (n!)"{(4/9)(2P1—P5—P7)(2P2— Py~ Pg)+(4/9)(—P1+2P5— Py)(—Py+2Ps—Py)

+(4/9)(—P1—Ps+2P1)(—Py—Py+2Ps) —5(Pr+Ps+Pr) (Pot-Put-Ps) } srser™ L.

Let us begin by neglecting the last term within the
curly brackets. The remaining expression has been
written as the sum of three factorizable terms but, since
the sum of the initial factors and the sum of the final
factors is zero, the expression is really equal to the sum
of two factorizable terms. On raising it to the #th power,
we obtain the sum of (#+41) factorizable terms. The
residue at the nth pole in the amplitude is proportional
to the coefficient of #156;"~1~*157~1 in the integrand, and
we reach the conclusion that the #th resonance on the
leading trajectory is #-fold degenerate. Our spectrum
of resonances on the leading trajectory is thus identical

(4.19)

to that of a system of three scalar quarks bound by
simple harmonic forces. In fact, we may relate the tensor
(2P1“P5—P7)k("‘P1+2P5'—P7)l(—Pl—P5+2P7)m to
the state where the three quarks are in the kth, /th, and
mth level, respectively. The spurious states are elimi-
nated by the fact that the sum of the expressions in the
three brackets is zero.

The last term in the curly brackets of (4.19) compli-
cates the spectrum, and the degeneracy of the nth level
is now equal to 3n(n-+1). It is possible to remove this
extra degeneracy byjadding nonleading terms to our
amplitude. As we explained in the Introduction, we
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shall therefore redefine the single-term amplitude so
that the spectrum of resonances does not possess the
unnecessarily large degeneracy.

Modification of Formula

The modification consists in multiplying the inte-
grand by the function

IT (A=) roe=exp(X X 07 prpissrs").

r>8 r>s n=1

(4.20)

The product is to be taken over all pairs of particles
from different groups 1 —¢—1, ++1—1:¢47—1, and
i+ j+1—i4j+k—1in Fig. 4; r or s is never equal to
1 or 7. The variable z,; is equal to the product of the #’s
for all channels which include one and only one of the
particles 7, s, and one and only one of the particles , 7.
The #’s in this product are never simultaneously equal
to 1 within our range of integration, so that the quantity
1—2z,s never vanishes. By expanding the exponential in
(4.20) as a power series, we can write the amplitude as
the sum of a leading term and nonleading terms.

Before proceeding further, we must verify that the
extra factor (4.20) does not destroy the property (iii),
namely, the factorization of the Veneziano integrand
when one of the #’s vanishes. We first examine a
division of the Feynman diagram which is such that
the points 7 and 7 are on the same side (Fig. 5). The
upper half of the diagram becomes a planar amplitude
with no factor (4.20), but the lower half is again a
nonplanar diagram which requires such a factor. We
denote the z’s for this new diagram by 2/, and we denote
the new particle which results from the factorization by
the symbol 7. By making use of the fact that the #’s for
all channels which overlap the division are unity in the
limit under consideration, we obtain the result

7 in the upper half of the diagram,
(4.21a)

(4.21b)

s in the lower half: Zrs=1245;

7 and s in the lower half: Zrs=2rs

Hence, in this limit

Z PrPser" =Pt ZB Psztsln_"ZB: Pr?szrs,n ) (4-22)

where Y p represents the summation over the lower
half of the diagram. We thus observe that the exponent
in (4.20) becomes equal to the exponent for the lower
half of the diagram, as is required.

Now let us examine a division of the Feynman dia-
gram which separates the points 7 and j (Fig. 6). Both
halves of the diagram are nonplanar and require a factor
(4.20). We denote the 2’s from the left and right halves
of the diagram, considered as separate diagrams, by 2’
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and z””. When the variable # from the intermediate
channel becomes unity, we obtain the result

r and s in the left half

of the diagram: (4.23a)

— ’.
Zrs=2rs 5

7 and s in the right half

of the diagram: Zrs=2rs ; (4.23b)

7 in the left half, s in

the right half: 2,s=0. (4.23¢)

Equation (4.23c) follows from the fact that the variable
3,5 contains a factor of # for the intermediate channel in
this case. From (4.23) we may immediately write down
the equation

Z PrPsern =ZL: Prpazrs/n‘*‘% pTP‘ngg”", (4:24)

where > 7 and > g represent summations over the left
and right halves of the diagram. The exponential
factorizes correctly, and we have verified the require-
ment (iii) for all cases.

We next verify that the inclusion of the extra factor
(4.20) does reduce the degeneracy of the spectrum
implied by (4.19). We again examine the behavior of
the exponent in (4.20) when the variable #1557 corre-
sponding to the division of Fig. 6 approaches zero. Now,
however, we are interested in the higher particles on the
trajectory, and we have to keep terms proportional to
#1567 if they contain a factor of the angular momentum.
We therefore improve (4.23c) by including terms
in the variable #;567; the equation then adopts the form

7 in the left half of the diagram, s in the right

half of the diagram: z,s=%,Vsu1567. (4.25)

The variables y in (4.25) are the same as those intro-
duced in (4.18c), namely, the products of the #’s for all
channels including the partles 7 and 7 if 7 is in the left
half of the diagram, or the products of the #’s for all
channels including the particles s and 7 if s is in the
right half of the diagram. The improved version of
(4.24) is thus

Z Prpszrs =§ Pr?szrsl""z PrPserl
»
+(ZL: Pr%)(% Psya)user.  (4.26)

We notice that the last term of (4.26) is equal to one-
half the sum of the last six terms in (4.18a), together
with the factor #is; from outside the bracket. All
remaining terms in the exponent of (4.20) contain
higher powers of #1567, and they will not contribute in
the approximation to which we are working. The ex-
pressions (4.18a) and (4.19), when multiplied by the
factor (4.20), will therefore be equal to
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2. (W) "Y2PPy+2PsPs+2PP3—P1Py—P1Pg—PyPy—PsPg—PrPy— PP} 156" 45611

n=0

= i By Y5@2P1—Ps—P7)(2Py—P;—Pg)+3(—P1+2P5—P;)(—Po+2P4—Py)
n=0

+3(—=P1—Ps+2P7)(—Py—Py+2Ps)} "urser™ o161,

(4.27)

No term corresponding to the last term in the curly bracket of (4.19) is present, and the amplitude has the desired

factorization properties.

It is also necessary to show that the inclusion of the extra factor (4.20) does not affect the spectrum of resonances
in the two-particle channels, where we are interested in leading and nonleading trajectories. We shall again restrict
ourselves to the seven-point amplitude (Fig. 5), though the result can generally be proved true. For the amplitude
under consideration, the first term in the exponent of (4.20) will be

DPsprtbariasribazarthastasstosas— PsPribasthastihzashassrhosasthosasti123aM123011 Popotbastbastisasthaastihasatlosarihiasethiazr
+ Pspsthasthasribzathaarthosstossr 1234019347~ P1D 1T asT 47U 3457 23070 23357%1234%12345

From (4.3) and the further definitions
V45= Ua5U457,

we may rewrite (4.28) as

+ P7P2M47M457“3457%234142345%12341412345+ Drpsttarthasit3a3asUo34%2345U12342%12345 - (4-28)
V147= U1234U12347, W4r= UgrUas7, W14= U1234U12345, W24= U234U2345, (4-29)
Psprtbarttaaribazartibastiaastazas—t Psvasv14(P10ssV25+ Pavssvest Psvsaves) + prwmwia(prwsswes+ powsswast pswsawes) . (4.30)

By using the relations between the »’s or w’s, which are Veneziano variables for planar diagrams, we can further

modify (4.30) to read

1—210013

Pspribaribsatibagarthastzastiasas—t psvss(1—0vs6) | p1t-po

(1 —'012‘013’056)2

+ pswqe(1 —wre) {PH‘P:

The first term of (4.31) involves variables from the
lower half of the diagram only, since we have already
shown that the product #ssus347 is a function of such
variables, and we can prove a similar theorem regarding
the product #ssstesss. The remaining terms may be
expanded in powers of vy3, and all variables from the
upper half of the diagram occur in the combinations

(p16notpavia™tps)vis®. (4.32)

These are precisely the combinations which occur in the
factors for the channel in question when it is analyzed
according to Ref. 7. The remaining terms in the ex-
ponent of (4.20) will be similar in appearance to (4.31),
except that the coefficients of the scalar products p,p,
will be raised to a higher power. Again all variables from
the upper half of the diagram will occur in the com-
binations (4.32). The factor (4.20) will therefore leave
the factorization properties in the channel in question
unaltered.

There remains one important property which must be
verified before we can claim that the factor (4.20) does
not destroy any of the required characteristics of our
amplitude. We must demonstrate that the amplitude
still has Regge asymptotic behavior, or at least that we
have introduced neither exponentially increasing func-

1—v33
)
(1 —1113'056)2

1-"7112'1)13 1_7)13

(4.31)

3
(1 —'012‘0131076)2 (1 —v13w76)2

tions in the physical region, nor fixed power. Since we
have not studied the asymptotic behavior of our ampli-
tudes, we shall not carry out a general investigation of
this question. One property which is easily verified,
however, is that any four-point amplitude which is
factored out of our general amplitude possesses Regge
asymptotic behavior. We feel that a fixed-power
behavior or an exponentially increasing function, which
might be introduced by the factor (4.20), would also
affect the four-point amplitude. We thus have a
plausibility argument that the factor has no adverse
effects of this type.

The verification for the four-point amplitude is
simple. We may represent the factored amplitude dia-
grammatically as in Fig. 7, and the factor (4.20) will be

(4.33)

The four-point Veneziano variables #;2 and #1; satisfy
the relation #13=%—u1s. Thus, if we write (p1+ p2)2=s,
(p1+ps)?=t, the amplitude will be equal to

(1 —ulguls)ﬂ"“" .

1
/du12u12_5~1(1—%12)_7,—1

’ X1 — a1 —auge) o200 | (4,34)
where S=a,(s), T=a,(f). The method used to verify
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F16. 7. A four-point diagram factored out from a general
minimal nonplanar diagram.

that the usual four-point Veneziano formula has Regge
asymptotic behavior can be applied to (4.34), and leads
to identical results.

Our general amplitude, with the extra factor (4.20),
thus has all the desirable properties of the original
amplitude. If a channel appears as a two-particle
channel in Fig. 4, its factorization properties are
identical to those of planar amplitudes. The three-
particle channels of Fig. 4 have more complicated
factorization properties, and the spectrum of particles
on the leading trajectories is identical to that of a
system of three neutral scalar quarks bound by simple
harmonic forces.

We may remark that the factor (4.20) can also be
applied to planar diagrams. Without this factor, reso-
nances on the leading trajectory would be nondegener-
ate; they will now have a degeneracy corresponding to a
three-quark spectrum. In a model with only planar
diagrams one would not introduce such a factor, as it
would merely complicate the spectrum. If we have
planar and nonplanar diagrams, however, the effect of
such a factor would be to eliminate all nonsymmetrical
quark states. We hope to discuss the details in a
subsequent paper.

Note added in manuscript. The prescription described
in the foregoing sections can be expressed fairly suc-
cinctly in the Koba-Nielsen formalism.!* With each
point of Fig. 4 we associate a variable y, the y’s satisfy-
ing the inequality

ViriSNS eSS Sy, (4.352)
Vi< Sym< - S-Sy, (4.35b)
Viri<Viri1< SS9 (4.35¢)

These inequalities are interpreted in the usual projective
manner if the point « separates y;;; and y;.

18 Z, Koba and H. B. Nielsen, Nucl. Phys. B12, 517 (1969).
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We first quote the formula without the extra factor
(4.20). Before writing the integrand in its most general
form, we make the restriction that y;,;=0, y;= . The
formula then becomes

/ Ay - -[dyiridy,dyi]- - dysire-1y,

X II I

s>t;s, 1741 8>y 8, b0

(ystyo—2eere,
(4.36)

(ys —y t)-flznm t+est

where

ese=b—1if s and ¢ are adjacent points
=0 otherwise,

and b is the intercept. The differentials within the square
bracket are to be omitted. The product IT is over all
pairs where 7 and s are in the same group of particles in
Fig. 4, the product [T’ over all pairs where 7 and s are
in different groups. The plus sign in the last factors of
(4.36) is analogous to the plus sign in the expression of
Galli, Gallardo, and Susskind.

To rewrite (4.36) when we do not restrict the variables
Viyi and ¥;, we must first find a projectively invariant
manner of expressing the factor y,+y.. We can do so by
introducing the variable ¥, the harmonic conjugate of
¥, with respect to y;,; and y;. This harmonic conjugate
is defined as the value which makes the cross-ratio
s=Yi10) Fs—3/{(s—2) Fs—yi14)} equal to —1.
One can then write the projectively invariant equivalent
of (4.36) as follows:

/(dyldj’l .o

X[y, d5:dyrdyedy, Ay, ]« - @Yirivi1@Firin
IL{(ys—y ) Ge—=Fa)}oreretestree
s>t
XIT {(ye=5) (v —7s) y2eretvs) iz - (4.37)
8>t

where

e:=b—11if s and ¢ are adjacent points
=—b41if s=i+7, t=1
=0 otherwise,
vs:=1if both s and f are equal to 7, 7/, or 7/
=0 otherwise.
Note that differentials such {dy:d¥:}'/? are really a
single differential, since %, is a function of y;.
In order to obtain the amplitude with the minimum
number of degenerate trajectories, one must also include

factors analogous to (4.20) in (4.36) or (4.37). The
extra factors in (4.36) are

, { y sy t }—I’spt
- NN ’
s>t Oetyo)®
1 J, C. Gallardo, E. Galli, and L. Susskind (unpublished).

(4.38)
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while the extra factors in (4.37) are

{1_

We could replace y, and ¥, in (4.39) by 7, and y,, or we

Os=yid) Vs =) (Fe—yiys) Fe—y:) | "PeP
(=5 (yers—ys) '

I
(4.39)
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could take the square root of the product of the factors
with and without this replacement.
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The model previously proposed is extended to include multiquark trajectories. Once any trajectories
with more than a single quark and antiquark are included, it is necessary to include trajectories where
the number of quarks plus the number of antiquarks, which we call the total quark number, is arbitrarily
large. The necessary factorization properties of the multiparticle Veneziano amplitudes will hold provided
the intercept of the leading trajectory is a polynomial function of the total quark number, and the de-
generacy of the levels on all but the leading trajectory will increase with the order of the polynomial. It
is possible to construct two different models depending on whether one allows nonplanar duality diagrams.
The model with nonplanar diagrams resembles more closely the nonrelativistic harmonic-oscillator quark
model, and the nonplanar duality diagrams must be associated with the nonplanar Veneziano amplitudes
discussed in a previous paper. One can introduce SU(3) symmetry-breaking by making the intercept
depend on the number of strange and nonstrange quarks separately, and one then obtains a modified Gell-

Mann-Okubo mass formula.

1. INTRODUCTION

RELATIVISTIC quark model has been proposed

and applied to meson trajectories by Mandelstam!
and by Bardakci and Halpern.? In the present paper we
wish to extend the model to other trajectories. We shall
discuss the general properties of the multiquark
trajectories, as well as the symmetry properties of the
three-quark states. The spin and unitary-spin degrees
of freedom will only be mentioned insofar as they are
connected with the symmetry properties. We hope to
treat the more detailed spin properties of the baryon
trajectories in a subsequent paper.

Within the framework of the model presented in I,
it appeared that one need not introduce resonances
consisting of more than two quarks. Once one requires
the presence of three-quark states, however, it is
necessary to introduce trajectories where the number of
quarks and antiquarks is arbitrarily large. We shall
examine such trajectories in Sec. 2. For baryon-anti-
baryon scattering, it has already been pointed out by
Rosner? that exotic resonances with two quarks and two
antiquarks must occur in the intermediate states, and

* This work was supported by the U. S. Atomic Energy Com-
mission.
1S. Mandelstam, Phys. Rev. 184, 1625 (1969); hereafter

referred to as I.
2 K. Bardakci and M. B. Halpern, Phys. Rev. 183, 1456 (1969).
3 J. Rosner, Phys. Rev. Letters 21, 950 (1968).

one can apply similar reasoning to more complicated
reactions. Following Delbourgo and Salam,* we shall
refer to the number of quarks plus the number of anti-
quarks as the total quark number, and resonances with
an arbitrarily large total quark number must be present.
Our model in its present form does not appear to
require trajectories with a net quark number greater
than 3, though it can certainly accommodate such
trajectories. Until we know how to extend our model
beyond the narrow-response approximation, we cannot
answer the question whether trajectories of baryon
number greater than 1 occur in this approximation, or
only in higher orders.

If our model is to be at all acceptable on experimental
and theoretical grounds, it is necessary that the mass
of the lightest particle with a given total quark number
be an increasing function of the quark number. As long
as the resonances with a total quark number of 4 or
greater are sufficiently heavy, they will decay rapidly
into resonances with smaller total quark numbers, and
they will not appear experimentally as narrow res-
onances. We therefore have to inquire whether the
model allows different trajectories to have different
intercepts. The question to be investigated concerns the
factorization properties of the multiparticle Veneziano

4R. Delbourgo and A. Salam, Phys. Rev. 172, 1727 (1968).



