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The spin-1 zero-mass “photon’” of the (conformal) Veneziano model persists in the spectra
of all “new” (conformal) dual models of the Bardakci-Halpern type. In these generalized
models, however, the “photon” does not, in general, decouple through statistics.

The conformal Veneziano! model (all Ward identi-
ties? working) involves unit leading-trajectory in-
tercept, and hence a spin-1 zero-mass “photon” I'.
As far as we know, this particle is not related to
the real photon (of electromagnetism). In any case,
T’ decouples from the model via Bose statistics, so
it is no problem. Recently, Bardakci and the au-
thor introduced a new class of dual-conformal
models® that includes spin. In each of the simple
examples we discussed, I' appeared again in the
spectrum. What we want to show here is that this
feature is completely general: For any model of
our type, I' persists in the spectrum. Moreover,
it does not in general decouple through statistics;
for example, in the additive models, it couples to
baryon-antibaryon pairs. For models with spin-
orbit forces, we cannot determine the coupling un-
til after the gauge states are removed.

We begin by describing our models in general
terms.* We assume we have found a set of con-
formal generators J,,, constructed as Fourier
components of a density J(6):

J, = f”da e='m?J(0) (1)
mo2m J, ’
where the density is itself constructed of sums of
bilinears in local fields and currents, which we de-
note by {n(6)} and {V(6)}, respectively. The {V(0)}
carry Lorentz and internal-symmetry labels, while
{n(6)} in general carries Lorentz and fifth (etc.) op-

erator labels. For reference, we record the pro-
jective subalgebra of the J,,

[doy T2y ]=Fd 4,
[J+1’J—1]= 2J45

(2a)
(2b)

together with the equation for mass-shell states
v),

Jo )= o) . (3)

We can exhibit the dependence of J,, on the exter-
nal 4-momentum p" (n=0, 1, 2, 3) in the form

(4)

where the (assumed known) number a and the op-
erators Ah, B, are p'-independent (though the op-
erators may depend on fifth operators). In the
sector where fifth quantum numbers are zero, we
have a vacuum state |0) such that®

A%10)=0, m=0

Jm —apzém,0+ p.Am+ Bm)

>

=

(5a)

B,0)=0, m=>-1. (5b)

Equations (1)-(5) complete our statement of the
generalized models; it includes, of course, the
ordinary Veneziano model. Now we want to show
that any such system contains a “photon” I"'. The
particle will occur in the sector with zero fifth
(etc.) quantum numbers, so we will confine our-
selves to this case.

Consider Eq. (2a). By differentiating with re-



3 PERSISTENCE OF THE “PHOTON"... 3069

spect to p*, we obtain

[Jo, AL 1+ AL, p-A_ ] +[AS, B ]= AL, (6)
Differentiating again by p” gives

[Ab, A%, ]+[AY, A% ]=0. )
Equation (7) tells us that the symbol

M™ =[AEAY] (8)

is antisymmetric in (u, v). Taking this together
with (6), on the vacuum, we establish the identity

Jo AL, [0) = (1= ap?) AL, [0) + p, M ]0) . (9)

This statement already suggests quite strongly
that there exists a spin-1 zero-mass state whose
wave function at p* =0 is just A*,|0). Motivated by
this, we shall now attempt to construct such a
state as a solution to Eq. (3).

Turning our attention then to Eq. (3), we seek a
state of the form

IT) = ag(P)AL10) +- - -, (10)

where a,(}?) is the unknown weight of A% [0), and
the dots indicate a linear combination of the com-
plete set of states generated by the action of J, on
AY,|0). In general, this is an expansion in terms
of all states with spin 1 in the first sector. In
practice, this is a set of about six states,® which
we however will denote quite generally by

{alyt, i=0,1,..,n; dg=A~,
(11)

{PUMZ#}: i=0,1,...,m; pVMZ,;1=PyM'i’1‘

on the vacuum. We have suppressed the subscript
(=1) with the understanding that from now on we
are in the first sector. In our quark models, the
states (11) are the only ones that appear, but we
remark that our proof goes through similarly if
we assume the existence of higher-indexed oper-
ators, such as, e.g., pypopM ", etc.

In general, we need all these states in |T") be-
cause they are mixed under the action of J,. To
exhibit this explicitly, we assume we have calcu-
lated the coefficient matrices L, N, L, and N in

n m
Joaly|0) = Z Ly; af;[0) + Z Ny by MEHI0),
i=o i=0
(12a)
Joby M= Ly; b MESI0)+ 3 Ny afy)0)
i= i=
° =e (12b)

We already know some properties of these ma-
trices: From (9), we read off that

Lo; =(~ap®+1)3, ; ,

13
Noj =8o,5 - (13)

Further, from simple counting of powers of p*,
and the form of J,

Li;==ap®>+x; (N=1),
Ly ==ap®+; , (14)
Nj=pny,

where X;, X;, and 7;; are independent of p*. All
other matrix elements are independent of p*. This
is all we shall need to know of the coefficient ma-
trices.

Now we write a general |T) as

D=3 0y + 3 B ABMED  (15)

in terms of the unknown functions «;, B;. Substi-
tuting into (3), using (12), and identifying (operator)
coefficients, we arrive at the following n+m +2
linear equations restricting the » +m + 3 unknowns
a;B; and p*:

al +p*pr=a, (16a)
aN+BL =8, (16b)

where for simplicity we have adopted a matrix no-
tation in which a and 8 are now row vectors. Now
we construct solutions at p2=0: At p*=0, an evi-

dent solution to (16a), using (13) and (14), is

a=[a0, 0,0, 0;] (17)

This leaves us with the system (16b), being m +1
equations in m +1 unknowns. There is a unique
solution

B=aN(1-IL)1, (18)

unless det[1—L]=0. This possible exception, a
“dynamical accident,” does not occur in any of the
models we have studied, but, for completeness,
we note that even then, the photon will persist.
Assume that, in fact, det[l1 - L]=0. What is hap-
pening of course is that the naive intuition of Eq.
(9) is breaking down, in that the normalization of
the M*¥ terms has become infinite relative to the
initial guess AX,. So, staying at p>=0, we take
the trivial solution to (16a), namely, a=0, in which
case (16b) is just (L=1~1L)

BL=0, det[L]=0. (19)

This guarantees us at least one solution I" whose
wave function is entirely of M('f)” type.

In summary then, we have shown that any system
of the form Egs. (1)-(5) contains a “photon” T,
and, barring the “dynamical accident,” the wave
function of T is indeed

IT)=AZ, 10} +O(p). (20)

We find this interesting. For example, in the most
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general case of physical interest, that of broken
SU(3) and SU(2), one would introduce the broken-
symmetry assumption by assuming that

AR =Comt +CaVE  +CaVHE+C V1S | (21)

Then, after all the coefficients in the algebra are
determined, we can be sure that I" will exist and
transform as in (21). In this sense, T is the
“pivot” for symmetries and symmetry breaking in
the theory.

Since I persists in the spectrum, it becomes im-
portant to know whether it couples into the theory.

J

.
RONITE o

for Fermi quarks, and all signs + for Bose quarks.
In either case, the term in brackets is symmetric
with respect to {}, 05} ~ {m ,m,m,}, so the over-
all coupling is antisymmetric. Hence, I couples
to (Fermi) baryons, and, in general, couples to a
conserved ninth (baryon-number) current. This is
a disturbing aspect of the additive models, but in
any case these models do not have realistic spec-
tra. In the “realistic” models with spin-orbit
forces, the problem of gauge states prevents a
quick answer: T is a real state [satisfying

(K, -K,)|T) =0, I=0], but no other state is so
simple. The individual (K-degenerate) contribu-
tions to the baryon states do couple to I', but until
we isolate “real” baryons, we cannot state their
couplings.

One further remark is worth making. In Ref. 3,
we also found a “photon” in a model where only the
first J-identity was working (and all the K-identi-
ties), i.e., for which the mass-shell equation was
of the form J, [¥) = -nf¥), #=0,1,.... We can show
that this also is completely general,” i.e., T al-
ways appears for »=0: In this case, one need re-
member that there is another commuting conformal

group

In the old “orbital” Veneziano model, its coupling
to two ground states of momentum %, and %, is

q(O !E_Tr+le\/'2-0(l)-k2 '0>k1”€'(k1—kz), (22)

where q=—(k, +k,) is the “photon” momentum and
€ its polarization vector (with €- ¢=0). Because
the coupling is antisymmetric with respect to the
two ground states, it vanishes after Bose symme-
trization.

On the other hand, in the additive models, we
calculate the I" coupling into a baryon-antibaryon
pair as

2 Q(1) &,
2y, (D8 (D, (106,575 100, ~ €y = )81 1m Bty Or gmg + Ot gy O1 m Bt
2m1613m2611m3 - 612m1511m2613m3

- 513m1512m2511m3 - 5llm1513m2512m3) (23)

K,=-a'p*+p-Al +B.,

(24)
[Kl,Jm]=0’ Jo +Ky= N, —pz’

where N, is the “sector operator.” In the first
sector (N,=1), the mass-shell equation (for »=0)
is then equivalent to

(Ko +p2)|¥) = ) . (25)
By the methods above, we establish the persistence
of I" again; this time its wave function begins with
AtL.

Finally a conjecture: It seems quite plausible
that the “photon” may transcend even these gener-
alized models, in the sense that I" may follow di-
rectly from conformal invariance. Such a theorem
is evidently true for our models, but proving it
generally requires a knowledge of the most gener-
al form of a conformal system.

Note added in proof. Our argument here is for a
class of stable resonance models. Perhaps the
most intriguing possibility is that in a unitary mod-
el, conformal invariance will continue to force a
“singularity” at spin 1, zero mass (Pomeranchuk
trajectory, cut?).
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‘We are excluding models with terms linear in the

currents, such as that introduced in Ref. 3 for symme-
try breaking: Ady=AJ§+A%, Ad, =AJE. These models,
containing in general an arbitrary parameter A, do not
satisfy all the Ward identities. This is another example
of the general theorem that conformal invariance fixes
all the parameters in the theory except a slope.

5It is with Eqgs. (5) that we exclude the models men-
tioned in Ref. 4.

SFor example, in the general case of broken SU (3) and
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SU (2) the set would be A%, VH), VIS, VI T8 THE
where A", is a linear combination of all the other vec-
tors including 7%, as in Eq. (21).

"Here we are speaking only of the models with nonzero

spin-orbit forces.
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Elastic scattering of two spinless particles with equal or unequal masses is considered in
Feynman-diagram models of the Van Hove type with the usual couplings and with arbitrary
spectra of masses, spins, and coupling constants, including infinitely large masses and spins,
It is shown that if the amplitude defined by analytic continuation of the sum of all lowest-order
diagrams with s-channel poles has no unphysical or % -channel singularities, then for fixed ¢
this amplitude is not bounded by any power of s as |s| =« in any infinitely multiply connected
domain which excludes only neighborhoods of the poles. Since a dual Born term with no « -
channel poles can be represented entirely by the sum of s-channel pole diagrams (or by the
sum of {-channel pole diagrams), this bad asymptotic behavior cannot be canceled in the Born
approximation in a dual multiparticle theory. Regge asymptotic behavior is also supposed to
be associated with duality, and consequently one sees that Feynman-diagram models of the
Van Hove type cannot exhibit duality. The result is independent of the order of summation of
diagrams. It depends crucially on the requirement that coupling constants be real.

I. INTRODUCTION

It is well known that it is possible to construct
Feynman-diagram models'™* with simple couplings
which exhibit Regge asymptotic behavior in one
channel. At first, one might hope that by intro-
ducing infinitely many particles and adjusting all
the masses and coupling constants, a mcdel of the
Van Hove type'™ possessing Regge behavior in two
channels could be found. The existence of dual-
resonance models*® would tend to support this hope
if implicit poles in ¢ were allowed in the sum of s-
channel pole diagrams. One might even hope that
some model of the Van Hove type could fully incor-
porate duality, in which case the infinite sum of
s-channel pole diagrams would be equal to a sim-
ilar sum of ¢-channel pole diagrams. However,
we will prove that the asymptotic behavior of any
such generalized Van Hove model (with the usual
couplings”) is unacceptable from the point of view
of duality. The factors which are primarily re-
sponsible for this negative result are (1) the ab-
sence of ghosts and (2) the simple couplings of the
arbitvarily high-spin particles which ave present
in the model. We prove that if the sum of all low-
est-order diagrams with s-channel poles has no
implicit unphysical or #-channel singularities,
then for fixed ¢, the amplitude defined by this sum

is not bounded by any power of s as |s|— in any
infinitely multiply connected domain which excludes
only neighborhoods of the poles. No assumption is
made about the domain of convergence of the sum
of diagrams other than its existence.

From the point of view of applications of the Van
Hove model, the result indicates that outside the
usually accepted region of applicability the model
is quite badly behaved.

From the point of view of duality the result is
mildly unfortunate because of its generality. It
implies that no dual multiparticle theory with tra-
jectories and daughters of any shape or spacing
can correspond to a ghost-free theory with the
simple and conventional couplings’ of the model.
Of course, the results of this paper do not imply
that all dual multiparticle theories must have
ghosts. Thus, there is no contradiction between
the present conclusions and the general belief that
the Veneziano model with unit intercept is free of
ghosts.

Although duality and positivity do come into con-
flict within the fairly general framework treated
here, the results which are obtained do not rule
out the possibility of a ghost-free dual Feynman-
diagram model associated with a somewhat more
complicated theory such as a theory with nonmini-
mum derivative couplings. Abarbanel® has con-



